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ABSTRACT 

 

In the present study, an attempt has been made to improve the electrical, dielectric 

and thermal properties of magnesium aluminate by doping with the binary mixtures 

of transition metals: Zn, Cd, Ni and Co and following five series of the doped 

compounds have been synthesized Mg1-2xZnxNixAl2O4, Mg1-2xZnxCoxAl2O4, Mg1-

2xZnxCdxAl2O4, Mg1-2xNixCoxAl2O4 and Mg1-2xNixCdxAl2O4 (where x = 0.0-0.5) by 

a cost effective and an energy efficient urea assisted microwave combustion method. 

The quantitative analysis shows that the experimental values match with the nominal 



 

compositions and lower Zn content in all the samples is observed due to the volatile 

nature of Zn. Sharp and high intensity diffraction peaks are obtained with hkl values 

of (111), (220), (311), (222), (400), (422), (511), (440) (531), (533), (622) and (444) 

which closely correspond to the standard pattern of spinel MgAl2O4 (ICSD ref. code 

No. 00-021-1152, a = 8.08 Å, Vcell = 528 Å3). The absence of any extra peaks in 

these patterns indicates that the synthesized samples exhibit a single-phase structure. 

While in the case of (Zn-Cd)x  and the (Ni- Cd)x the pure spinel phase is produced 

till x = 0.3 while at higher dopant content, the extra peaks in the patterns appear 

along with the peaks for the spinel phase. The density of the doped samples 

increases gradually with the increase in the dopant content due to the larger molar 

mass of the double doped samples compared to the undoped magnesium aluminate 

The crystallite sizes are found to be in the range of 10-13 nm with the doped 

samples having remarkably smaller crystallite sizes than the undoped one (47 nm). 

The bulk density of the doped samples is lower than the undoped ones due to the 

enhanced porosity. The agglomeration of crystallites produces two types of the 

regions in electron micrographs, a region of large grains as well as a region of the 

small grains and the particle size of the samples is found to be within the nano 

regime. No appreciable changes are seen in the heating and cooling curves in 

differential thermal analysis (DTA). The samples are found to be thermodynamically 

stable up to a temperature of 1773 K. The decreasing resistivity with an increase in 

temperature validates the semiconducting behavior of the samples. However, 

magnesium aluminate is considered to be a small polaron semiconductor in which 

energy is required for the mobility of charge carriers. The formation of charged anti-

site defects, electron-hole (Al3+ in A-site) and traps (Mg2+ in B-site) are responsible 

for the hopping of electrons in the structure of the ceramic MgAl2O4 material. The 

resistivity of the doped samples is higher as compared to the pure magnesium 

aluminate sample. In the transition-metal oxides with incompletely filled 3d shells, 

the localization of the 3d electrons is responsible for the insulating nature of the 

doped oxides. In the case of (Zn-Co)x, no d shell electrons are available at Zn2+ 

while 3 unpaired electrons are available at Co2+ (3d7) and this leads to a t5
2g e2

g 

configuration. The large insulating gap is present due to the Coulomb potential 

difference between eg orbitals which are directed towards the oxygen ions and the t2g 

orbitals which are located between the oxygen ions as the crystal field and the 

exchange splitting energies differ too much. Hence, disfavoring the interionic 



 

transitions at TM in (Zn-Co)x which have higher resistivity. While in the case of 

(Ni-Zn/Co/Cd)x, Ni2+ (3d8) have all t2g levels and the two eg levels of parallel spin 

occupied resulting in t6
2g e2

g configuration. The behavior of the insulator type 

materials under the applied field can be explained on the basis of Maxwell-Wagner 

type interfacial polarization mechanism. The value of έ decreases with an increase in 

the applied frequency and becomes eventually constant at higher frequencies. The 

series comprising (Ni-Cd)x has the highest value of dielectric constant followed by 

(Zn-Co)x and (Zn-Ni)x while (Ni-Co)x and (Zn-Cd)x has the lowest values. The 

Cd2+ have a strong tetrahedral site preference so in (Ni-Cd)x some of Ni2+ may move 

from tetrahedral to octahedral sites along with the movement of Al3+ ions to the 

tetrahedral sites. The samples have more polarization because of easy exchange of 

electrons between Ni2+ at octahedral sites hence have highest values of dielectric 

constant. While, (Zn-Cd)x have both the TM ions at tetrahedral sites having 

complete d shells so no electrons are available which can form polarons so have 

lowest values of dielectric constant. In all the series except (Zn-Ni)x series a 

dielectric relaxation is observed in some samples in which a maxima is observed at a 

certain frequency where a maximum loss is taking place. The thermal conductivity 

of MgAl2O4 is 0.83 W/m.K and it increases with the increase in temperature and its 

value at 300 K is 1.375 W/m.K. The doped samples have lower thermal 

conductivities than the pure one due to the contributions of extra electons at TM ions 

which form polarons hence, polaron-phonon interactions may result in the scattering 

of phonons causing a reduction in the thermal conductivity in all the transition metal 

doped compounds. The values of thermal diffusivity lie between 0.0012-0.0014 

m2/S for all the samples. The value of specific heat Cp for pure magnesium 

aluminate is 0.29 J/Kg. K. While for the doped samples its value ranges as follows: 

(Ni-Cd)x; 0.2708-0.0013 J/Kg. K, (Zn-Cd)x; 0.3058-0.3089 J/Kg. K, (Ni-Co)x; 

0.2793-0.3060 J/Kg. K, (Zn-Ni)x; 0.3458-0.3612 J/Kg. K and (Zn-Co)x; 0.3087-

0.3458 J/Kg. K. 
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1 INTRODUCTION 

1.1 MATERIALS CHEMISTRY 

Every phase of our daily lives is influenced by the materials e.g. in 

transportation, housing, clothing, food production, medicine, national security, 

energy production and utilization, etc. The importance of the materials can be 

judged by the fact that various human civilizations to date i.e. “bone age, stone age, 

bronze age, iron age, industrial age and electronic/ space age” [1] are named 

according to the type of the materials used by them. The developmental stages of the 

materials used by people were guided by their desires and the basic needs of each 

civilization, without having an insight into a link between the structure and the 

properties of the materials. Very limited set of materials were available at that time 



 

i.e. those which occur naturally like stone, clay, wood, etc. But with the 

development of new synthesis methods, the new materials with altered properties 

were prepared and hence greater choice of selection of materials having the desired 

properties was available.  

The materials have been divided into the following groups, namely, metals, 

polymers, ceramics, composites, biomaterials and semiconductors and each group 

has a unique set of properties. Metals are characterized by the metallic bonding and 

include the pure metals for example, zinc (Zn), iron (Fe), copper (Cu), etc., and the 

alloys like solder (Sn-Pb), brass (Cu-Zn), steel (Fe-C), etc., which are 

polycrystalline in nature. Ceramic22s are inorganic materials which are mostly 

characterized by the ionic bonding and often by covalent bonding and are oxides, 

silicides, nitrides, oxy-nitrides, hydrides, etc., and include porcelain, silicon carbide, 

glass and the synthetic gemstones such as ruby and zirconia. Polymers are long 

chain-like molecules made by the linkage of large numbers of small repeating units 

called monomers. Polymers in the form of thermoplastics (nylon, polyethylene, 

polyvinyl chloride, rubber, etc.) consist of molecules that have covalent bonding 

within each molecule and van der Waals’ forces between them. Polymers in the 

form of thermosets (e.g. epoxy, phenolics, etc.) consist of a network of covalent 

bonds. Due to the type of bonding, polymers are typically electrical and thermal 

insulators. However, doping with e.g. certain metal cations results in the alteration 

of the properties of polymers.  

The composites are the multiphase materials that are the combination of 

compounds from more than one group and have a wide range of properties. For 

example, glass fiber (ceramic) reinforced epoxy resin (polymer) has the mechanical 

properties superior to either of the separate components. Similarly, concrete has a 

high compressive strength and a low tensile strength and coefficient of thermal 

expansion and is a composite of cement and stony material called aggregate.  

Biomaterials are naturally occurring materials such as wood, silk, bone, etc., or the 

synthetic ones e.g. heart valves, joints, biopolymers, etc., [2]. Finally, the 

semiconductors have the highest occupied energy band “the valence band” separated 

by the energy gap from the bottom of the empty “conduction band”. A fraction of 

the valence electrons can be excited from the valence band to the conduction band 

by the thermal, optical, or other forms of energy which contribute towards the 

conduction. Silicon and germanium are elemental semiconductors. They are usually 



 

doped in order to alter the band gaps and hence, optical, electrical and other 

properties. Apart from the elemental semiconductors, compound semiconductors 

like CdS, GaAs, CdSe, InP, etc., are also used.  

Based on the aforementioned brief overview of different types of the 

materials, the materials chemistry can then be defined as “the study of the 

relationships between the structure of materials at the atomic and molecular scales 

and their macroscopic structural and physical properties”. The main focus of the 

materials chemistry revolves around the synthesis of novel materials e.g. metal 

nanoparticles, semiconductors and the insulators, superconductors, ceramics and the 

ceramics based composites, polymers, materials having magnetic, optical, electrical 

properties, etc., nanostructured materials or thin films for various applications and 

the characterization of their structures and the properties [1]. The materials 

chemistry is an interdisciplinary science closely related to the other fields of studies 

like materials science, physics, biology, medicine, etc. requiring a close interaction 

between the scientists working in different fields.   

Today, the advancements in the instrumentation technologies allow a better 

understanding and a control over the structure and properties of appropriate 

materials.  The materials having high strength, better electronic or optical properties 

are critical to the modern technology as for example, high speed computer chips, 

solid state lasers, thermoplastic and/or structural polymers, etc. The boundaries 

between chemistry and the materials science have been blurred by the investigations 

of materials synthesis and the processing at the molecular level. The future of the 

materials chemistry will be focused on the design of materials having specific 

desired characteristics based on our knowledge of atomic structure. The need for 

device miniaturization has initiated the efforts to substantially reduce the sizes of the 

above mentioned materials i.e. a transformation from bulk materials to the nanoscale 

materials.  

1.1.1  Nanoscale Materials 

The nanoscale magnesium aluminate silicate clay and palygorskite materials 

had been treasured for a variety of applications since the Mayans civilization.  But 

research activities on nanoscale materials started after 1959 when Nobel laureate in 

physics, Richard Feynman, who is considered as the father of nanotechnology, has 

appreciated the designing of the materials atom-by-atom by a bottom up approach. 

The term nanotechnology was first coined by Norio Taniguchi in 1974 and is 



 

defined as “the technology of design, fabrication and application of the 

nanostructures and nanomaterials” The nanometer size covers a wide range which 

can be as large as 1-100 nm (1 nm = 10 Å = 10-9 m). Nanomaterials make up a 

bridge between single molecules and the bulk materials. In the case of oxide 

materials, seven oxygen ions (diameter = 1.4 Å) will make about 1nm i.e. the lower 

side of the nano range and 700 oxygen ions in a spatial dimension will make the so 

called “limit” of the range of the nanomaterials.  

The role played by the particle size is comparable in some cases to the 

particle chemical composition, hence, adding another flexible parameter for 

designing and controlling their behavior. The nanophase and nanostructured 

materials are currently the focus of the scientific research as they have the potential 

applications in the electronics, optics, catalysis, ceramics, magnetic data storage and 

nano composites, etc. The synthesis of materials and/or devices with new properties 

by means of the controlled manipulation of their microstructures on the atomic level 

has become an emerging interdisciplinary field based on biology, chemistry, 

material science and solid state physics. Scientists are currently experimenting with 

two approaches namely, the top-down and the bottom-up approach to make the 

structures or devices at the nanoscale.  

In the top-down process, also called micro fabrication or nanofabrication; 

optical lithography and electron-beam lithography etc., are used to carve a bulk 

material into a smaller structure. While in the bottom-up approach, atoms and 

molecules are manipulated atom by atom and molecule by molecule to produce the 

nanostructures.  Advances in the synthesis of nanomaterials require the 

advancements in the imaging and characterization techniques to study features at the 

nanometer scale. The scanning tunneling and atomic force microscopy has provided 

the atomic scale resolution which is critical for such developments. In addition, 

these microscopy techniques have enabled the nanoscale modification of surfaces, 

and thus supported their own set of approaches for the fabrication of small objects. 

The technology in the space/electronic age has the device miniaturization 

into nanometer sizes but with the dramatically enhanced ultimate performance. This 

raises many issues regarding new materials for achieving specific functionality and 

selectivity. The unique properties and the improved performances of nanomaterials 

are determined by their sizes (surface area is enhanced by large number of the 

particles at the surface), unique surface structures, electronic states (leading to the 



 

quantized energy levels due to the spatial distribution of electrons) and the 

interparticle interactions [3].  Similarly, the grain boundary structure, angle of 

sliding and movement of dislocations are important factors that determine the 

mechanical properties. An enhancement in the damping capacity of the 

nanostructured solid may be associated with the grain boundary sliding or with the 

energy dissipation mechanism localized at the interface. A decrease in the grain size 

significantly affects the yield strength and hardness.   

The magnetic properties of nanosized particles differ from those of the bulk 

materials as the large surface to volume results in a different local environment for 

the surface atoms in their magnetic coupling with the neighboring atoms. Unlike 

bulk ferromagnetic materials which usually form multiple magnetic domains, 

several small ferromagnetic particles could consist of only single magnetic domain, 

and the size of domain determines the limit of storage density. The degree of cation 

disorder also significantly influences the magnetic properties of magnetic ferrite 

spinels [4]. 

The nanomaterials are being used in the pharmaceuticals and drugs, jewelry, 

optical semiconductors, wear resistant cutting tools, drug delivery; wound healing, 

flame retardants additives, etc. The nano powders, e.g. TiO2 or ZnO are now 

commonly used in facial base creams and sunscreen lotions for UV protection. TiO2 

nanoparticles are also used in the manufacture of paints having reflective properties. 

Nanostructured materials are used in the hard disk drives and the electronics 

substrates that provide faster and efficient storage capacity. Nanoscale particles have 

also been used in defense applications, and in the markets for scientific and technical 

equipment. In future, coating of plastics with nanoparticles looks promising for 

improved wear and corrosion resistance. Similarly, biological reactions could be 

followed by attaching quantum dots of either III-V or II-VI group to the different 

molecules. The ceramic nanomaterials can be used for water-jet nozzles, injectors, 

armor tiles, missile domes, lasers and lightweight mirrors for telescopes, anodes and 

cathodes in the energy-related equipment, internal lining in kilns and furnaces, etc.  

 

1.1.2  Crystalline Spinel Oxide Nanomaterials 

The study of metal oxides has attracted the attention of materials scientists 

due to their unique optical, electrical, magnetic, mechanical, thermal and catalytic 

properties, which make them technologically useful in materials science and 



 

catalysis, chemical sensing, microelectronics, nanotechnology, environmental 

decontamination, analytical chemistry, solid-state chemistry and fuel cells. 

Ferromagnetic iron oxides, γ-Fe2O3, Fe3O4, spinels (AB2O4; A, B = metal cations), 

and hexaferrites (MFe12O19; M = Ba, Ca, Sr, etc.) are materials of choice for data 

storage and transmission. Ferroelectric and dielectric oxides like BaTiO3, 

Pb(Zr,Ti)O3 with perovskite structure are extensively used in the electronic devices. 

Physical properties of perovskite oxides such as electrical, electronic, magnetic, and 

optical ones vary with the composition. For example, LaNiO3 is a metallic oxide 

while LaMnO3 is an antiferromagnetic insulating oxide. Partial substitution of La 

ion by Sr, Ca, Ba, or Pb, makes it metallic as well as ferromagnetic. The discovery 

of superconductivity in La1.85Sr0.15CuO4 and YBa2Cu3O7-δ with superconducting 

property at 90 K spurred interest in the chemistry of oxide materials. The 

relationship between the structure and both physical and the chemical properties of 

oxide materials and their applications are of great importance [4].  

Decreasing the particle sizes result in some remarkable phenomena in oxide 

materials. It has been found that the smaller the particles, the higher the catalytic 

activity (Pt/Al2O3), higher the mechanical reinforcement (carbon black in rubber), 

higher the electrical conductivity of ceramics (CeO2), lower the electrical 

conductivity of metals (Cu, Ni, Fe, Co, and Cu alloys), higher the photocatalytic 

activity (TiO2), higher the luminescence of semiconductors, higher the blue-shift of 

optical spectra of quantum dots and higher the hardness and strength of metals and 

alloys. 

The metal oxide materials can be the spinels (AB2O4), garnets (A3B2X3O12), 

perovskites (ABO3) or hexaferrites (MFe12O19) where A, B and M are metal cations. 

The spinels crystallize in the cubic (isometric) crystal system, with the oxide anions 

arranged in a cubic close-packed lattice and the “A” cations occupying tetrahedral 

sites and the “B” cations occupying octahedral sites in the lattice and can be 

divalent, trivalent, or quadrivalent cations, including Mg2+, Zn2+, Fe2+, Fe3+, Mn2+, 

Al3+, Cr3+, Ti4+,Si4+,etc. Similarly, “A” and “B” can also be the same metal under 

different charges, such as the case in Fe3O4 (as Fe2+Fe2
3+O4

2-) [5]. The sulphides, 

selenides, tellurides and few halides also have the spinel structure but mostly the 

spinel minerals are oxides.  

The relatively high hardness and a high density of the spinels is due to the 

fact that the structure of a spinel compound is similar to the highly symmetric 



 

structure of diamond. The position of the “A” ions is nearly identical to the positions 

occupied by carbon atoms in the diamond structure and the arrangement of the other 

ions in the structure favors the octahedral crystal structure which conforms to the 

symmetry of the diamond structure [6]. Similarly, the equilibrium distribution of 

cations in the spinel lattice depends on the ionic radii, electrostatic energies, and 

polarization effects. The spinel structure is stable only if the cations are rather 

medium sized and, in addition, the radii of the different ionic species in the same 

compound do not differ too much that is why in the oxide spinels the two types of 

cations do not usually differ greatly in size. The same is the case for the sulphides 

spinels e.g. Zn2+Al2
3+S4 and Cu2

2+Sn4+S4. But, in the halide spinels e.g. Li2
1+Ni2+F4, 

cations are limited to charges of +1 and +2, to balance the overall cation: anion ratio 

to 3: 4 [5]. Spinels are classified into three types on the basis of the position of 

cations in the two principal sites, tetrahedral site and octahedral site [6], as described 

below: 

Normal spinel, A (BB) O4, has all the divalent (A) cations on the tetrahedral 

sites and the trivalent (B) cations on the octahedral sites. This can be represented by 

the formula [A]tet [B2]oct O4.  Examples of normal spinel are  

            MgO.Al2O3 = MgAl2O4 (normal, parent mineral) 

            ZnO.Fe2O3 = ZnFe2O4  (normal) 

            FeO.Al2O3 = FeAl2O4   (normal) 

            CoO.Al2O3 = CoAl2O4 (normal) 

            MnO.Al2O3 = MnAl2O4  (normal) 

Inverse spinel, B (AB) O4, has the divalent cations occupying the octahedral 

sites and the trivalent cations are equally divided among the tetrahedral and 

remaining octahedral sites. This can be represented by formula, [B]tet [A, B]oct O4. 

CoFe2O4 is predominantly an inverse spinel with a formula; 

            MgO.Fe2O3 = FeMgFeO4 (inverse) 

            NiO.Fe2O3 = FeNiFeO4 (inverse) 

            CoO.Fe2O3 = FeCoFeO4 (inverse)  

Random Spinel has intermediate cation distribution in which cations are 

distributed at both the octahedral and the tetrahedral sites. The structural formula for 

a random spinel can be written as [B0.67 A0.33]tet [A0.67 B1.33]octO4.  

The cation distribution at the lattice sites may vary depending upon the 

synthesis conditions as for example; the rapid quenching of the sintered powders 



 

may produce non equilibrium cation distributions. For instance, when finally 

powdered mixtures of MnO and Al2O3 are sintered and quenched, an oxygen-

deficient (MnxAl1−x)3O4 spinel having the metal:oxygen ratio of 3:3.7 may result. 

The cation distribution may be quantified by using the inversion parameter “i”, 

which corresponds to the fraction of A ions in the octahedral sites [6].  

  Normal          4OBA octtet    i = 0 

  Inverse           4, OBAB octtet    i = 1     

Random         433.167.033.067.0 OBAAB tet   i = 0.67 

 

1.1.3  Structure of Magnesium Aluminate 

MgAl2O4 has a cubic spinel type crystal structure with lattice parameter of 

8.08 Å and the cell volume of 528 Å3 and shows similarities and difference to those 

of both MgO and Al2O3; both MgO and spinel have a cubic close packed array of 

oxide ions, in contrast to Al2O3 which has a distorted hexagonal close packed array 

of oxide ions; the Al3+ ions occupy octahedral sites in both Al2O3 and spinel, 

whereas the Mg2+ ions are octahedral in MgO but tetrahedral in MgAl2O4 [7]. The 

first analysis of the cation array in spinels was published by Gorter (1954). Each 

cubic unit cell contains 8 [MgAl2O4] and, therefore, 32O2-. 

 

 

 

Figure 1.1: The arrangement of ions in the spinel [Devanathan, R.; Yu, N.; 

Sickafus, K. E.; Nastasi, M. J. Nuclear Mater. 232 (1996) 59-64] 



 

This close packing contains 64 tetrahedral sites (8a, 8b and 48f) and 32 

octahedral sites (16c and 16d sites), 1/8 of the tetrahedral sites are occupied by the 

Mg2+ ion surrounded by 4O2-; MgO4, and half of the octahedral sites are occupied by 

Al3+ ion surrounded by 6O2-; AlO6. The Mg2+ ion in the tetrahedral site, 8a (A-site 

tetrahedra) in MgAl2O4 spinel are isolated from each other and share corners with 

the neighboring Al3+ ions in octahedral site, 16c (B-site octahedra) (Fig. 1.1). No 

edge sharing occurs between A-site tetrahedra and the other A- or B-site polyhedra 

and B-site octahedra. The Al3+ ions in the octahedral site share six out of twelve O-

O edges with the nearest–neighbor B-site octahedra. The other six edges are shared 

with the octahedra that surround 16c vacant sites. The O-O edges that are shared by 

the Al3+ ions form chains in the lattice along the (110) directions (Fig. 1.1). The B-B 

distance in MgA1204 is 2.86 Å [8, 9].  

A polyhedral view of a spinel unit cell is shown in Fig. 1.2. The two different 

equipoints with point symmetries 43m and 3m are possible choices for the unit-cell 

origin. Moreover, the origin can be assigned to either a vacant site or an occupied 

lattice site. The coordinates of the anions at equipoint 32e are not special: they vary 

according to a single parameter, u, for a perfect ccp anion arrangement, u43m ideal = 

3⁄8 (0.375) and u3m ideal = 1⁄4 (0.250), for origins at 43m and 3m, respectively [10]. 

  

 

 



 

Figure 1.2: The spinel structure with the tetrahedrally coordinated Mg2+ ions 

(yellow) and octahedrally coordinated Al3+ ions (green) while O2- ions are 

represented in red [Murphy, S. T. et al. Solid State Ionics, 180 (2009) 1-8] 

As a consequence of the large electro negativity of oxygen, ionic type of 

bonds exists in the spinel, hence, the electrical resistivity is usually high and these 

compounds are classified as insulators even though sometimes the term low-

mobility semiconductors would apply. This is not the case with the other bivalent 

anions (S, Se, Te) possessing considerable lower electro negativities [11]. 

The structural peculiarity of MgAl2O4 crystals is the existence of cationic 

disorder, i.e. the distribution of both Mg2+ and Al3+ cations between the tetrahedral 

and octahedral positions. Therefore, the inversion leads to the formation of charged 

defects (Mg2+ oct)- and (Al3+ tet)+, so-called anti-site defects, which may play an 

important role in ion-surface interaction processes. In particular, the binding energy 

of surface ions will vary with the changing cation distribution among polyhedra, and 

bulk-surface diffusion during sputtering will depend on the concentration of the 

charged anti-site defects [12]. 

The naturally grown MgAl2O4 spinel exhibit approximately the normal 

spinel structure. It implies that the smaller Al3+ cation has a thermodynamic 

preference for the octahedral sites. However, the calculations of the point–defect 

formation energies indicate that the energy expended in the cation antisite reaction 

(i.e., MgA + AlB → Al٠
A + Mg׳

B) is smaller than that for any other point-defect 

formation energy [13], hence, these defects readily form, therefore, the synthetic 

MgAl2O4 spinel is always partially inverse; inversion values of ~ 0.1 – 0.6 [14]. 

The location of tetrahedral and octahedral site is always the same and does 

not depend on the nature of constituent cations. However, the general position of 

anions depends on the relative size of A and B cations [15]. In natural spinel 

MgAl2O4, for instance, a = 0.80898 nm. Anions in spinel usually are dilated away 

from their ideal ccp positions and this dilation has several important crystallographic 

implications which include change in the bond lengths, bond angles, interstices 

volumes, and the symmetries of the coordination polyhedron [16].  

As the pressure is applied, this structure becomes unstable and dissociates 

into a mixture containing periclase (MgO) and corundum (Al2O3) around 15 GPa. At 

about 26–27GPa, this mixture has been observed to undergo a transition into an 

orthorhombic calcium ferrite-like structure. This phase is stable over a limited 



 

pressure range as it was proposed that MgAl2O4 undergoes another phase transition 

above 40 GPa to an orthorhombic calcium titanate type (space group Cmcm) phase. 

The several other structures including a hexagonal phase, a tetragonal phase, and the 

additional orthorhombic phases have been linked to spinel and spinel-like materials 

[17]. 

1.2     PROPERTIES OF MAGNESIUM ALUMINATE 

Magnesium aluminate has a high melting point (2135 ºC), low density (3.58 

g/cm3), excellent strength at extremely high temperatures (Knoop hardness of 1150 

kg/mm2, flexural strength of  140 MPa and Young’ modulus of 190 GPa) and good 

resistance against chemical attacks. It has 80-87% optical transmittance in the region 

between 0.3 - 5 μm, low thermal conductivity (15 W/mK), high electrical resistivity 

(105 Ω cm), low dielectric constant (8.2) and low dielectric losses (0.01) [18-19]. 

These properties are exploited in various applications like, catalysts or catalyst 

support materials, humidity sensors, refractories, dielectric capacitors in electronic 

devices, insulators and electromagnetic radiation absorbers, radiation resistant 

materials and materials for transparent armors [20].  

 

1.2.1 Electrical Properties 

The crystals with the sizes in micrometers are considered as the infinite 

solids with continuous bands of allowed energy and only a small gap between them. 

While at the nanometer scale, infinite solid is not a good approximation and the 

energy levels do not form a continuum as the number of orbital energy levels 

decreases with the decrease in the size of so the band gap increases the effects due to 

the quantized nature of levels within bands can be observed [21]. 

Electrical conductivity is a tensor of the second rank. Fortunately, the 

electrical properties of materials can largely be understood by assuming that they are 

isotropic and conductivity is simply a scalar. Magnesium aluminate is a 

semiconductor material in which the valance bands are completely filled and are 

separated from the empty conduction bands by a band gap, which is less than 4 eV. 

The conductivity of MgAl2O4 is in the range 10-9-10-4 ohm-1 cm-1 at room 

temperature [22]. The movement of electrons across the band gap requires thermal 

energy giving rise to a small number of conduction electrons. The electrons can be 

promoted from the valence band to the empty conduction band by supplying 



 

sufficient energy with heat or light, for instance. The electrical resistivity decreases 

with the increase in the temperature showing semiconducting nature of the spinel.  

In the case of semiconductors, positive holes in valence band and the 

negative electrons in the conduction band constitute the charge carriers; hence, 

conductivity dependence can be correlated to the mobility of the holes as in Eq. 1.2:  
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 The thermal energy causes some of electrons to be promoted to the 

conduction band so (n) varies exponentially with temperature while both mobility of 

electrons (µn) and the mobility of holes (µp) decrease on the account of lattice 

vibrations. Three process which create electrons and holes in the materials viz, (a) 

excitation across the band gap, (b) introduction of impurities and (c) departures from 

stoichiometry. Most oxide semiconductors are either doped to create extrinsic 

defects or are annealed under conditions in which they become nonstoichiometric. 

The conductivity depends upon several factors, (i) concentration of the 

charge carriers, (ii) distance between the available positions, (iii) temperature, (iv) 

correlation between the charge carriers and (v) polarizability. The conductivity 

mechanism in crystalline solids is determined by different arrangements and 

behavior of the immobile media. Electrical conduction occurs by the long-range 

migration of either electron or ions. Usually conduction by one or other type of 

charge carrier predominates, but in some inorganic materials both ionic and 

electronic conductions are appreciable [5].  

The number of electrons in the conduction band, ni, is given by the following 

relation: 
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where, Nc(E) dE is the density of states in the conduction band and represents the 

number of energy levels over which the electrons can be distributed and f(E) is the 

Fermi–Dirac function giving the probability of an electron being in the conduction 

band and is given below: 
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We can evaluate ni by making following assumptions that E- Ef >> kT. This is 

often the case since at room temperature kT ~ 0.025 eV and E-Ef is usually > 5 eV. 

The upper limit of the integration is taken as ∞  since the probability of occupancy 

of a state by an electron rapidly approaches zero as the energy increases through the 

band. The equation 1.3 reduces to the following equation: 








 


kT

EE
Nn fc

ci exp     

 1.4 

The mobility of electrons through the lattice is affected by the following 

factors: 

Phonons: This is the major factor affecting mobility of both the electrons and 

holes. At the higher the temperatures, the vibrational amplitude of the atoms in the 

lattice is large and hence, the greater number of phonons are produced which cause 

more scattering. 

Electron–electron: At room temperature the mean distance between electron-

electron collisions is about 10 times that of electron–phonon collisions so electron-

phonon scattering is dominant. 

Polarons: Magnesium aluminate is considered as a hopping or a small 

polaron (the combination of the electron and its strain field) semiconductor with 

appreciably small concentration of mobile electrons. An electron interacts through 

its electrical charge with the ions or atoms of the lattice and creates a local 

deformation of the lattice. The deformation tends to follow the electron as it moves 

through the lattice [23]. Hopping is limited to orbitals of the same energy (e.g. the eg 

orbital of metals on the same site).  

The activation energy of conduction is 197 ± 22 kJ/mol (2.04 eV) (for ln T 

vs 1/T) and is defined by electron (polaron) mobility by hopping. The calculated 

band gap for MgAl2O4 is 5.36 eV using tight-binding muffin-tin orbital (TB-LMTO) 

method in the atomic sphere approximation (ASA) for electronic structure 



 

calculations [24]. The density of states picture shows that in MgAl2O4 the upper 

valence band is composed mostly of O 2p orbital with the width of 6.3 eV. 

Similarly, the valence-band maximum is flat, representing the rather large effective 

mass for the holes. The contour plots for electron localization functions (ELF) at a 

plane parallel to the (110) plane show a strong localized region around the oxygen 

atoms and ELF is spherically symmetric indicating that the bonding is dominated by 

the ionic component. 

 

1.2.2 Dielectric Properties 

The insulator materials which exhibit polarization in the presence of an 

electrical field and have high electrical resistivity and large band gaps are called 

dielectric materials. Most ionic solids and molecular solids are insulators because of 

the negligible concentration of conduction electrons or holes. For most solids, there 

is no net separation of positive and negative charges; that there is no net dipole 

moment. The molecules of solids are arranged in such a way that the unit cell of the 

crystal has no net dipole moment. If such a solid is placed in electric field then the 

field is induced in the solid which opposes the applied electric field. This field arises 

from the two sources, a distortion of the electron cloud of the atoms or molecules 

and a slight movement of the atoms themselves. The average dipole moment per unit 

volume induced in the solid is the electrical polarization and is proportional to 

electric field applied [25].  

The polarizabilty, (α) of the dielectric material is defined by the Eq. 1.6: 
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where (p) is the dipole moment induced by local electric field, (E). Polarizabilty has 

four possible contributors given by the summation: 
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where (αe) is electronic polarizability, (αi) ionic polarizability, (αd) dipolar 

polarizability and (αs) space charge polarizability. The electronic polarizability is 

caused by a slight displacement of the negatively charged nucleus. Electronic 

polarizability occurs in all solids and in some, such as diamond, it is the only 

contributor to the dielectric constant since others are absent. The ionic polarizability 



 

arises from a slight relative displacement or separation of anions and cations in a 

solid. It is the principal source of polarization in ionic crystals. Dipolar polarizability 

is present in materials with permanent electric dipoles which change their orientation 

with the applied electric field and align themselves along the applied field. The 

effect is temperature dependent as the dipoles may be frozen in at low temperatures. 

Space charge polarizability occurs in materials that are not perfect dielectrics but in 

which some long range charge migration may occur. When such effects are 

appreciable, the material is better regarded as a conductor or solid electrolyte than as 

a dielectric [5].  

At low frequencies, e.g. audio frequencies (~103 Hz) all four may contribute 

to α. At radio frequencies (~106 Hz), space charge effects may not have time to build 

up in most ionically conducting materials and are effectively ‘relaxed out’. At the 

microwave frequencies (~109 Hz) dipoles do not usually have time to reorient 

themselves and are effectively relaxed out. The timescale of ionic polarizations is 

such that they do not occur at frequencies higher than infrared (~1012 Hz). This 

leaves the electronic polarization which is observable into the UV but is relaxed out 

at X-ray frequencies [26]. In good dielectric materials, the limiting low frequency 

permittivity is composed of only ionic and electronic polarizability. The permittivity 

of a dielectric material has both the real and imaginary parts. The imaginary part of 

permittivity describes the energy loss from an AC signal as it passes through the 

dielectric material. The real part of permittivity is also called dielectric constant and 

relative permittivity which explains the relationship of the AC signal’s transmission 

speed and the dielectric material’s capacitance. The relative word indicates that the 

value is reported relative to the dielectric properties of vacuum. 

Dissipation factor (loss tangent) is the ratio of the energy dissipated to the 

energy stored in the dielectric material. The more energy that is dissipated into the 

material, the less is going to reach the final destination. In the dielectric material, 

this dissipated energy changes into heat or radiated as radio frequency into the air. 

When the high power signals are to be transmitted, materials with large loss factor 

could result in the tremendous heat production culminating in a fire (advanced 

dielectric heating). Signals with low power in a high loss factor material will be lost 

within the material in its transmittance path.  Dielectric constant and the loss factor 

are directly related with the capacitance of the dielectric material which in turn 

varies with the signal frequency. The dielectric values are high at low frequencies 



 

and vice versa while loss factor increases with frequency [27]. Many non-

conducting oxides have dielectric constants in the range of 10-20. The grains have 

homogenous structure as compared to the grain wall and boundaries, and that’s why 

grains can be considered moderately well conducting as compared to the grain 

boundaries, the inter grain contacts and pores which are poorly conducting regions.  

The dielectric properties of materials are strongly dependent on the 

composition of the materials, the chemical nature of the constituent ions, the 

distance between cations and anions, and the structural characteristics originating 

from the bonding type. In preparing the materials, the dielectric properties are 

affected by the processing conditions as well as extrinsic factors such as pores, grain 

boundaries, and secondary phases, which are inevitable in polycrystalline ceramics. 

The dielectric properties of materials are strongly dependent on the composition of 

the materials, the chemical nature of the constituent ions, the distance between 

cations and anions, and the structural characteristics originating from the bonding 

type. Therefore it is necessary that the intrinsic properties of materials should be 

controlled and designed. In preparing the materials, the dielectric properties are 

affected by the processing conditions as well as extrinsic factors such as pores, grain 

boundaries, and secondary phases, which are inevitable in polycrystalline ceramics. 

The knowledge of the fundamental relationship between the structural characteristics 

and the dielectric properties is also necessary to find new microwave dielectric 

materials effectively.  

1.2.3 Thermo physical Properties 

Thermal energy can be transmitted through solids via electrical carriers 

(electrons or holes), lattice waves (phonons), electromagnetic waves, spin waves 

(magnons), or other excitations. The physical aspects i.e. temperature, heat capacity, 

thermal expansion and thermal conductivity are the external manifestation of these 

processes.  In metals, electrical carriers carry the majority of the heat, while in the 

insulators the phonons are the principal heat carriers. The phonons are false, mass 

less wave packets (also called the quanta of atomic vibrational modes) and are 

characterized by a phase and group velocity. They may be annihilated or created. 

The thermal conductivity of an infinitely large, hypothetical harmonic crystal, which 

is isotopically free of all the imperfections, is infinite at all the temperatures due to 

the infinite long life of the phonons. However, inelastic phonon-phonon interactions 

and the presence of defects in the real finite solids cause the anharmonicity in atomic 



 

vibrations which in turn limit the lifetime of phonons, giving finite values of thermal 

conductivity. The concept of phonon lifetime in insulators hence, requires an 

accurate knowledge of two essential inputs: (a) phonon-dispersion relations, and (b) 

the relevant phonon scattering mechanisms [28]. 

Magnesium aluminate generally has strong ionic bonds with light atoms. 

Thus, a small disturbance in the crystal lattice will result in a high frequency 

vibration of the atoms. That is why; magnesium aluminate has both a high heat 

capacities and high melting temperatures. Magnesium aluminate is also called a 

refractory ceramics or “fireproof” material as it is resistant to corrosion and high 

temperatures (approx. 1800 K) and is applied in the form of fibres or bricks, in the 

construction or coatings of the installations which are operative at high temperatures 

for longer periods of time. These installations include insulating materials for the 

anode furnaces, cement kilns, high temperature industrial furnace linings, electrode 

materials, heat sinks for electronic parts, wind heaters, steel ladles and the drains of 

blast furnaces and the coatings of thermal and catalytic cracking plants in petroleum 

and chemical industry. The use of spinel magnesium aluminate as a refractory 

material is guided by the following thermo physical properties i.e. specific heat 

capacity, thermal diffusivity and thermal conductivity [29]. 

Specific heat capacity: The specific heat capacity (Cp) of a solid quantifies 

the relationship between the temperature of a body and the energy supplied to it. 
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where dQ is the amount of energy needed to produce a temperature change of dT. 

The heat capacity of a solid generally increases with temperature. Classically, the 

calculation of the heat capacity of a solid was made by assuming that each atom 

vibrated quite independently of the others and the results was (Dulong-Petit law) 

given below. 

  11253  molKJRclassicalC p  
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This value is reasonable for high temperatures but is completely incorrect at 

low temperatures. In order to explain the data appropriately at the low temperatures, 

the concept of quantized atomic vibrations was later introduced by Einstien and a 

further improvement of the calculations was achieved by Debye who introduced the 

concept of coupled lattice vibrations (phonons). 

Thermal diffusivity: The thermal diffusivity (α) and the thermal conductivity (λ) are 

related to each other by the following relation: 



.pC

      

 1.9 

Here, Cp is the specific heat capacity at constant pressure and ρ is the mass 

density. The materials with the higher thermal conductivity usually also has the 

higher thermal diffusivity. Substances with high thermal diffusivity rapidly adjust 

their temperature to that of their surroundings, because they conduct heat quickly. 

Thermal conductivity: The amount of heat Q transferred per unit time depends on 

the cross sectional area A over which the heat is conducted, the temperature 

difference T1 - T2 between the hot and cold regions and the separation x1 - x2. 

dx
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where dQ/dt is the rate of energy transfer, and dT/dx is the temperature gradient. The 

λ (Wm-1K-1) is called the thermal conductivity. Thermal conductivity is attributed 

mainly to the mobile electrons and the phonons: 

phononselectron       

 1.11 

Metals (e.g. Cu, λ = 400 Wm-1K-1) have free electrons so they have higher 

thermal conductivity than insulators as the electronic contributions to the thermal 

conductivity far exceed the lattice contributions. While, the lattice contributions are 

the key towards the thermal conductivity in insulators, ceramics and polymers as for 

example, Al2O3, λ = 30-35 Wm-1K-1 and MgAl2O4, λ = 12 Wm-1K-1.  The mobility of 

phonons is usually significantly lower than that of electrons because they are 

scattered by the lattice vibrations. The scattering is mainly due to two types of 



 

scattering processes, (a) The umklapp processes which mean flipping over and (b) 

the normal processes.  

The normal processes have no effect on the thermal resistance while, the 

umklapp processes lead to a decreases in the mean free path l (which is the distance 

between collisions of the phonons in the structure) to a value close to the interplanar 

spacing and λ becomes temperature independent. For phonons in a ceramic at room 

temperature, l = 1-4 nm and it greatly increases with decreasing temperature; (l = 

10 μm at 20 K for ceramics). A short mean free path correlates with a low thermal 

conductivity.  

The phonon mean free path l is limited by collisions with other phonons and 

with lattice defects of various kinds as given by the equation below: 
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Generally, above room temperature, phonon collisions that limit the thermal 

conductivity must involve three or more phonons, and this process lead to the 

phonon mean free path l being proportional to 1/T and 1/T2, mainly for three and 

four phonon processes, respectively. The value of lph-def is independent of 

temperature. Thus, the thermal diffusivities may be expected to decrease with 

increasing temperature.  

At very high temperatures, the mean free path cannot be shorter than a 

characteristic distance between two neighboring atoms; this led to the very slow 

thermal diffusivity with increasing temperature at very high temperatures. 

Consequently ceramics containing a high volume fraction of porosity have low 

values of thermal conductivity. The phonon scattering at the grain boundaries is not 

important in reducing λ as the mean free path of phonons at room temperature is 

significantly smaller than typical grain sizes in ceramics. A dislocation in a structure 

causes the phonon scattering [30].  

The phonon conduction shows maxima and then it decreases with the 

temperature. Since there are few phonons excited at low temperatures, collision 

processes between them are rare. Instead, the mean free path is limited by phonon 

scattering against defects. The maximum occurs roughly where lph-ph ~ lph-def. 

Phonon collisions later on limit the thermal conductivity so phonon conduction 



 

varies as 1/T at high temperatures while at still higher temperatures, saturation 

occurs. 

 

 

 1.2.4  Optical Properties 

An electron is exited to a level in the conduction band by the light of the 

greater photon energy than the band gap of the semiconductor, from where it reaches 

the lowest energy level in the conduction band through a series of steps by losing 

energy as heat. The electron then returns to the valence band, emitting light. The 

semiconductor band gaps for nanostructures vary with size of the structure. The 

wavelengths of light emitted when an electron in the conduction band returns to the 

valence band will therefore always vary. Thus, different color fluorescence emission 

can be obtained from different-sized particles of the same substance. For example, a 

large quantum dot (smaller band gap) decays into the valence band by emitting a 

photon of light, a colored fluorescence is seen. If the smaller quantum dot (larger 

band gap) undergoes the same process, then the photon emitted has more energy. 

The nanostructures have the larger band gaps, hence, the wavelength of the emitted 

light will be shorter [31].       

  Luminescence is the emission of light by a material as a consequence of 

absorbing energy. Photoluminescence uses photons or light, often UV, for 

excitation. Two types of photoluminescence may be distinguished. For a short time 

lapse, ≤ 10-8 s, between excitation and emission, the process is known as 

fluorescence. Fluorescence effectively ceases as soon as the excitation source is 

removed. For much longer decay times, the process is known as phosphorescence. 

This may continue long after the source of excitation is removed. The peculiar 

characteristic of MgAl2O4 spinel is the presence of high concentration of intrinsic 

defects in the as grown crystals, due to large number of cation sites and a large 

proportion of intrinsic disorder (in synthetic crystals, approximately 30% of 

aluminum and magnesium inversion occurs, producing cation antisite defects). As a 

consequence, there are numerous intrinsic defects that act as trapping centers for 

charge carriers (electron and holes) created by radiation in the crystal [32]. For 

example, a Mg2+ at an Al3+ site can trap a hole; in contrast, an Al3+ at a Mg2+ site 

will form an electron trap. Oxygen vacancies may also serve as F-centre-like 

electron traps [33, 34]. Electrons from these centers are exited to conduction band 



 

and can fall into traps below the band. These trapped electrons can be thermally 

activated back to the conduction band and fall into excited state of the centers. They 

return to the ground state of the emission center by emitting an afterglow photon 

[35].  

 

 

1.3  APPLICATIONS OF SPINEL MAGNESIUM ALUMINATE 

MgAl2O4 plays a significant role in geophysics [36] as one of the early 

condensed minerals and a common constituent of the shallow upper mantle. The 

elastic behavior of its polymorphs can be used to predict seismic velocities, and 

some of its high-pressure forms have been proposed as a constituent of shock-

metamorphosed meteorites [37]. Refractories are the materials which have high 

melting points and hence with strong interatomic bonds. MgAl2O4 have high melting 

point (2408 K), high resistance against chemical attack [38] and high mechanical 

strength both at room temperature (135-216 MPa modulus of rupture, at 98% true 

density) and at elevated temperatures (120-205 modulus of rupture at 1573 K, at 

98% true density) [39]. These characteristics make it an excellent component in 

refractory materials and used in steel ladles, cement rotary kilns, vacuum induction 

furnaces, continuous casting tundishes and glass industries, transition and burning 

zones of cement rotary kilns, side walls and bottom of steel teeming ladles and 

checker work of glass tank of furnace regenerators etc. Table 1.1 shows properties 

applications of magnesium aluminate spinel. 

 

Table 1.1: Properties and applications of magnesium aluminate spinel 

 

Fields of interest  

 

Respective properties Applications 

Nuclear radiation resistance, strength at 

high temperatures, 

refractoriness 

 

nuclear fuel, nuclear fuel 

cladding, control materials, 

moderating materials 

Optical optical  condensing, 

fluorescence, translucence, 

laser diode, light emitting 

diode, communication cable, 



 

optical conductivity 

 

heat resistant translucent  

porcelain 

Electrical and magnetic electrical insulation, electrical 

conductivity, semi 

conductivity, dielectric, 

piezoelectric 

integrated circuits substrates, 

varistor sensors, resistance 

heating elements, piezoelectric 

filters 

Mechanical high strength, wear resistance, 

low thermal expansion, 

lubrication 

tools & jigs, abrasion, turbine 

blades, solid lubricants 

Chemical catalysis, adsorption, corrosion 

resistance 

artificial bone & teeth, catalyst 

carrier, heat exchanger, 

chemical equipment 

Thermal insulation, refractoriness, heat 

collection, thermal 

conductivity 

 

high temperature industrial 

furnace lining, electrode 

material, heat sinks for 

electronic parts 

Nowadays, there has been growing interest in utilizing magnesium aluminate 

spinel as catalyst or catalyst support in the field of environmental catalysis, 

petroleum processing and fine chemical production [40]. Due to its low acidity and 

good thermal stability, it has been long used as catalyst support for catalytic steam–

reforming of methane and propane dehydration [41]. For many of its applications, 

especially as catalyst support and catalyst itself, a high surface area, small crystallite 

size and special active sites, it is greatly desired. It is established that chemical and 

structural properties of nanometric magnesium aluminate spinels are strongly 

dependent on the experimental conditions and the method of preparation, which in 

turn affect the catalytic and other physical-chemical properties of the compounds.  

Magnesium aluminate spinel has demonstrated a strong resistance, under 

irradiation, to the formation of large defect aggregates such as dislocation loops and 

voids [42]. Consequently, it has the ability to withstand neutron irradiation over 

wide range without degradation of its mechanical properties. This ability is thought 

to be the result of two factors. (i) high intrestial-vacancy recombination rate. (ii) the 

ability of the lattice to tolerate significant intrinsic antisite disorder on the cation 

sub-lattice. Spinel (MgAl2O4) is therefore being considered for application as an 



 

insulating and structural material in fusion reactors [43] and as an inert matrix target 

material in the nuclear transmutation of radioactive actinides [44]. It is highly 

reflective for wavelengths in (UV) regions, which make them suitable material for 

reflective optical coatings in aerospace applications [45].  

Spinel MgAl2O4 has been used as humidity sensing material due to its 

interesting properties including humidity sensitivity, stability and response time. 

Ceramic humidity sensors are based on the resistance change by the adsorption of 

water molecules in the pore and grain boundaries of porous ceramics. As water is 

adsorbed on the surface of the ceramic, water dissociates to form mobile H3O+ and 

H+ ions, which leads to an increase of surface conduction [46].  

Magnesium aluminate spinel has good mechanical and optical properties that 

will allow its use as a transparent armor and as a window and dome material for 

missiles and pods [47]. Spinel has been studied for over 40 years. Unfortunately, the 

literature has very little information on its sintering behavior, and the material still 

cannot be reproducibly sintered to transparency [48]. It is difficult to make 

transparent spinel without the formation of a host of scattering sites that degrade its 

transmission. 

 

1.4  SYNTHESIS AND CHARACTERIZATION OF MAGNESIUM 

ALUMINATE: LITERATURE SURVEY  

 The history of the spinel dates back to 1887 when the spinel crystals were 

prepared artificially by heating a mixture of magnesia, aluminium chloride, cryolite, 

alumina and traces of potassium bichromate for five to six hours in graphite 

crucibles. MgAl2O4 crystals were artificially synthesized for use as a substitute for 

diamond in 1930. Similarly, heat capacity measurements in the range of 51 to 298 K 

and entropies at 298.16 K for magnesium aluminate were reported by King, E. G. in 

1955 and its use as refractory material was explored by Whittemore, O. J. in 1955. 

The catalytic properties of the spinel were explored when the catalytic exchange 

reaction between H2 and D2, using magnesium aluminate spinel as a catalyst was 

studied by Yoneda, Y. et al. in 1959. A last 10 years literature survey giving a brief 

description of research activities on magnesium aluminate spinel is presented below. 

“Sarkar et al. [49] studied the densification of magnesium aluminate spinel. 

Magnesium hydroxide and aluminium hydroxide were calcined separately between 

900 and 1873 K. Densification was found to be greatly dependent on the calcination 



 

temperature. Control of reactivity by calcination and slower rate of sintering reduced 

the negative effects of the single stage sintering and a maximum of 91% 

densification has been found for the batch with materials calcined at 1673 K.” 

“Wang et al. [50] prepared the magnesium aluminate spinel by the 

precipitation method. The crystalline structure, textural property and the surface 

dehydroxylation of the sample were characterized by thermogravimetry–derivative 

thermogravimetry (TG/DTG), differential thermal analysis (DTA), X-ray diffraction 

(XRD), liquid N2 adsorption–desorption and infrared spectroscopy (IR) 

measurements.”  “Shiono et al. [51] studied the preparation of MgAl2O4 spinel 

powder from a mixture of boehmite (AlO(OH)) and a mixed hydroxide 

(MgAl2(OH)14.3H2O) precursor. Dense polycrystalline spinel could be obtained 

from the calcined powders at sintering temperatures as low as 1400 °C.” “Shiono et 

al. [52] prepared the high purity polycrystalline MgAl2O4 spinel using alkoxide 

precursors. It was found that at 1573 K, oxygen lattice diffusion controlled the 

deformation, despite the fine grain size; however, increase in temperature and 

applied stress caused cavities to nucleate and grow. Spinel possessed better creep 

resistance and the average grain size of polycrystallite was 1.7 μm.” 

“Pati et al. [53] synthesized the nanocrystalline MgAl2O4 spinel powder by 

the pyrolysis of complex compounds of magnesium and aluminum with 

triethanolamine (TEA). Single phase MgAl2O4 spinel powder resulted after heat 

treatment of the precursor material at 923 K. The average crystallite size was around 

14 nm and the average particle size was around 20 nm.” “Winter et al. [54] prepared 

MgAl2O4 nanoparticles using a microemulsion synthesis technique (ME) and a 

chemical vapour deposition (CVD) approach. For CVD samples, the influence of the 

target temperature and the consecutive annealing temperature were investigated. A 

pinhole small-angle X-ray scattering camera was employed to determine the size and 

size distribution of primary particles as well as agglomerates. Agglomeration was 

suppressed if the CVD process was carried out at elevated target temperature.”  

“Laobuthee et al. [55] studied the preparation of MgAl2O4 spinel via oxide 

one pot synthesis (OOPS) process and its use as humidity sensing materials. Pellets 

were characterized by SEM and their electrical properties were measured using 

impedence spectroscopy in the frequency range from 10-2 to 105 Hz at different 

relative humidity (RH) levels in the range 4 - 90%.” “Salmones et al. [38] prepared 

MgAl2O4 spinels for the use as Pt - Sn catalysts support for propane 



 

dehydrogenation by traditional coprecipitation techniques with nitrate salts as 

precursors and ammonia or ammonium carbonate as precipitating agent. Increasing 

pH from 10 to 12 decreased pore diameters, yielding stoichiometric spinel with 

crystalline size 7 to 14 nm.” “Kim et al. [56] prepared MgAl2O4 spinel by dry 

grinding a mixture of magnesium hydroxide and gibbsite using a planetary ball mill 

followed by heating. The monolithic MgAl2O4 spinel phase was obtained from the 

mixtures ground over 15 min by calcination at 1173 K for 24 h. Prolonged grinding 

promoted the aggregation of ground fine particles, but the aggregates deflocculated 

into fragments after calcinations.”“Li et al. [57] synthesized a precursor for Mg-Al 

spinel via the precipitation method, using ammonium bicarbonate as the precipitant. 

The precursor was composed of crystalline ammonium dawsonite hydrate 

[NH4Al(OH)2CO3·H2O] and hydrotalcite [Mg6Al2(CO3)(OH)16·4H2O] phases. The 

precursor converted to pure spinel phase at  1173 K via two steps upon 

calcination: (i) decomposition of hydrotalcite at lower temperatures (673 – 1073 K) 

and (ii) solid-state reaction between MgO (decomposed from hydrotalcite) and γ-

Al2O3 (derived from NH4Al(OH)2CO3·H2O) at higher temperatures ( > 1073 K).” 

“Ganesh et al. [58] prepared dense MgAl2O4 sintered spinel following a 

conventional double stage firing process. AlCl3 was found to be active as spinelizer 

or as a sintering aid due to its hygroscopic nature, could improve the bulk density, 

apparent porosity and water absorption of MgAl2O4 spinel sintered at 1826 K devoid 

of any contamination.” “Hashimoto et al. [59] synthesized MgAl2O4 powder by 

heating a mixture of Al2O3 and MgCl2 (1:10 molar ratio) at 1023 K for 2 h. 

MgAl2O4 powder with high crystallinity was formed by heating the mixture at 1273 

K for 2 h. Most of the grains had a polyhedral shape of 3-4 μm size and they attained 

a maximum size of 10 μm.”  “Jang et al. [60] studied the synthesis of MgAl2O4 

spinel by the mechanical activation of the mixtures of Mg(OH)2 and gibbsite. The 

formation of MgAl2O4 spinel was significantly enhanced by the mechanical 

treatment of mixtures. When the mixtures were ground over 30 minutes, single 

phase MgAl2O4 were obtained by heat treatment at 1073 K for 1h.” 

“Pan et al. [61] prepared mesoporous spinel membranes as ultrafiltration 

membranes of narrow pore size distribution through a novel sol-gel technique. 

Nano-particles with spinel MgAl2O4 as a shell and γ-Al2O3 as a core were revealed 

by high resolution transmission electron microscopy (HRTEM) results. The 

formation of the spinel phase was confirmed by X-ray diffraction (XRD).” 



 

“Schreyeck et al. [62] synthesized MgAl2O4 spinels either from an oxide mixture 

(MgO and Al2O3) or a sulfate mixture (MgSO4·7H2O and NH4Al(SO4)2·l2H2O) at 

temperatures of 1000 - 1600 °C for 2 - 14 hours. The sulfate route allowed obtaining 

pure spinels in softer conditions than the oxide route. The dielectric permittivity of 

non-stoichiometric materials was measured using a Fabry-Pérot resonator.” 

“Walker et al. [63] synthesized nanocrystalline MgA12O4 by the pyrolysis of 

the homogeneous spinel precursor, Mg(C4H5O2)2·(H2O):Al2(OH)3(C3H3O2)3.(H2O)2: 

NH4(C3H3O2)·(H2O) which was composed of a mixture of magnesium and 

aluminum acrylate salts dissolved in an ammonium acrylate gel. It was a pre-

ceramic material that yielded an amorphous oxide phase at 425 °C that began to 

crystallize to the MgA12O4 spinel at 600 °C and was fully crystalline at 1030 °C 

with a uniform particle size of 7-100 nm.” 

“Zawrah et al. [64] prepared nanocrystalline MgAl2O4 powders by a thermal 

decomposition of the molten salts. The results revealed that after heat treatment of 

the amorphous materials at up to 1000 °C, pure spinel powder was obtained, 

reaching over 98 % spinel content with a maximum crystallite size of about 10 nm 

and particle size of around 300 nm. Bands in IR spectra were observed 

corresponding to the existence of AlO6 groups prior to magnesium spinel formation, 

which was the only crystalline phase at 1000 °C.” 

“Reverón et al. [65] developed a chemical route, using industrial raw 

materials, for the synthesis of MgAl2O4 spinel precursor. The as-obtained powder 

was then calcined in air, up to 1200 °C for a period of 1 h. It was found that spinel 

single phase was formed at lower temperatures than for the conventional powder 

preparation methods. The calcined powder reached 83% of relative density at 1200 

°C, indicating reactivity and good sintering behavior.” “Kong et al. [66] formed 

MgAl2O4 spinel phase with an average grain size of about 100 nm at 900 °C from 

the mixture of MgO and Al2O3 after milling for 12 h. The high-energy ball milling 

process significantly enhanced the reaction of MgO and Al2O3. Dense MgAl2O4 

ceramics with 98% of the theoretical density and grain size of 2-5 μm was obtained 

by sintering the milled mixture at 1550 °C for 2 h.” Ganesh et al. [67] prepared a 

stoichiometric dense MgAl2O4 spinel according to a conventional double stage firing 

process using AlCl3 as a sintering aid. A stoichiometric mixture of aluminum 

trihydroxide and caustic MgO was calcined at 1300 °C for 1 h in order to achieve a 



 

desired degree of spinelization. It was found that AlCl3 as a sintering aid helped in 

reducing the Na2O present in the raw materials composition after sintering.” 

“Sarkar et al. [68] studied the effect of addition of Cr2O3 up to 4 wt. % on 

three different spinel compositions with MgO: Al2O3 molar ratios 2:1, 1:1, 1:2. 

Attritor mill was used to reduce the particle size of the starting materials and a single 

stage sintering technique was employed in the temperature range 1550 – 1650 oC for 

all compositions and characterized in terms of densification, shrinkage studies, 

phase analysis, strength evaluation, quantities elemental analysis and microstructural 

studies.” “Mazzoni et al. [69] studied spinel formation and sintering using reducing 

atmospheres. Stoichiometric, alumina and magnesia rich spinels were prepared from 

calcined alumina and brucite. The spinel synthesis was studied up to 1300 °C using 

XRD and dilatometric techniques. Sintering was carried out on isostatically pressed 

pellets up to 1650 °C using air (PO2 = 0.21), CO/CO2 mixture (PO2 10-10) and 

pure CO gas (PO2 10-15). Spinel formation was slightly affected by the particle 

size of precursors, but not by the atmosphere. The alumina-rich spinel showed the 

higher stability during sintering. A weight loss due to magnesium volatilization was 

verified in magnesia-rich spinel under CO atmosphere. The lattice parameters 

measured were in accordance with the weight losses and densities observed. 

Microstructures showed microporosities due to magnesium loss.” 

“Wang et al. [70] prepared a series of non-stoichiometric magnesium 

aluminate solid solution spinels by using coprecipitation method and characterized 

with BET, TGA, AES, XRD and in situ IR techniques. Several phase domains were 

produced by changing the mole ratio of alumina to magnesia in the preparation 

process. Owing to substitution of magnesium or aluminum ions in the spinel 

structure, that leads to a polarization of Al3+ or Mg2+ ions to adjacent oxygen 

lattices, the lattice cell parameter of spinel structure regularly varied with chemical 

compositions, producing a contraction or expansion effect in the lattice cell that 

strongly affects De-SOx activity.” “Thanabodeekij et al. [71] prepared high purity 

MgAl2O4 spinel precursor via a low temperature process called Oxide One Pot 

Synthesis (OOPS). Sol-gel processing of a double alkoxide precursor was carried 

out in buffer solutions in the pH range 8 - 12, to investigate the effect on the 

physical properties of the calcined ceramic products. Calcined product resulted with 

a narrow pore size distribution, which contained a spinel phase of high crystallinity.” 

Ganesh et al. [72] synthesized nanocrystalline MgAl2O4 and ZrO2-MgAl2O4 



 

powders by the combustion and conventional solid-state reaction routes. The 

synthesized powders were processed, dry pressed, and sintered for 3 h at 

temperatures ranging from 1550 to 1625°C. The sintered pellets were then 

characterized in terms of phase (XRD), microstructure (SEM), relative density, 

apparent porosity, water absorption, hardness, three-point bend strength, and fracture 

toughness.” 

“Christy et al. [73] synthesized MgAl2O4 spinel using normal micelle 

microemulsion methods. A mixed magnesium aluminum hydroxide initially formed 

which after annealing at 600 oC formed nanocrystalline MgAl2O4 spinel. By 

controlling reactant concentration in micelle solution, the particle size was in the 

range of 4 - 20 nm.”  Sarkar et al. [74] studied the effect of alumina reactivity upon 

reaction sintering of magnesia rich magnesium aluminate spinel (MgO 34 wt. %) in 

the temperature range of 1600 - 1700 oC using thermal expansion curves (through 

dilatometric study). Final sintered products were characterized by densification, 

phase analysis, hot strength measurement and micro structural analysis to evaluate 

the influence of reactivity of alumina on the sintered characteristics.” 

“Mukhopadhyay et al. [75] characterized two types of magnesium-aluminate 

spinels, one commercially available as preformed powder and the other prepared 

from cheaper precursors by the sol-gel route as a semidried reactive mass, in terms 

of particle size distribution, XRD phase evolution and chemical composition. These 

two were incorporated in a high alumina based refractory castable in different 

concentrations and fired at the elevated temperatures.” “Gomez et al. [76] presented 

a comparative study of microwave and conventional processing of ceramic materials 

based on MgAl2O4; in particular sinters obtained from MgO and Al2O3 with 1 wt. % 

of CaO as an additive, and Al2O3 - MgAl2O4 composites. Microwave processing 

took place under air at 800 W and 2.45 GHz during 4.5 min, conventional 

processing in an electrical resistance furnace, also on air, was conducted at 1400 oC 

for 96 h. XRD and SEM revealed the production and similar morphology of both 

specimens.” 

  “Yuan et al. [77] developed sol-gel process for preparation of MgAl2O4 

spinel nanometer powders using Mg/Al nitrates solution in stoichiometric proportion 

and polysaccharide gel network, formed by the synergistic interaction between 

xanthan gum (XG) and locust bean gum (LBG). Monolithic MgAl2O4 spinel 

powders were produced by calcining the dry gel above 800°C, with average 



 

crystallite size of 20 nm.” “Krilova et al. [78] studied the kinetics of the solid state 

reaction of magnesium aluminate (MA) spinel formation from the mechanically 

activated mixtures of both Mg and Al oxides and hydroxides in situ by high-

temperature X-ray diffraction at elevated temperatures.”  Haijun et al. [79] 

synthesized the ultrafine MgAl2O4 by citrate sol-gel process. The influence of molar 

ratio of cations, citric acid and pH on the formation of MgAl2O4 was studied. The 

results showed that the MgAl2O4 spinel phase began to form at 600 °C, and most of 

MgAl2O4 crystals were spherical with a crystal size about 30 - 50 nm.” 

 “Guo et al. [80] developed a modified sol-gel route, by combining gelation 

and coprecipitation processes using PVA, for the synthesis of high surface area 

MgAl2O4 spinel precursors. The obtained precursors were then calcined in flowing 

air at temperatures ranging from 500 to 900 oC and investigated using XRD, TGA 

and FTIR. The amount of PVA added significantly affected the surface area of the 

samples.”  “Angappan et al. [81] investigated the preparation of MgAl2O4 by solid-

state method. The compacts pellets were sintered and studied their structural and 

electrical properties by XRD, DTA, TGA, FTIR, and SEM. The sinter ability 

characteristics of the materials were strongly dependent on the temperature of 

processing. The ac electrical conductivity and dielectric behavior of spinel strongly 

depend upon the sintering time, temperature, and spinel formation.” 

  “Yuan et al. [82] synthesized MgAl2O4 spinel nanometer powders via sol-gel 

process using aluminium isopropoxide that hydrated in the solution of magnesium 

nitrate with tetrahydrofuran being stabilizer. The crystallization process of MgAl2O4 

precursor and the effect of calcination temperatures on spinel grain size and 

sinterability were investigated by DTA, XRD and TEM. The powder calcined at 

900°C showed the best sinterability, and dense spinel ceramic with 99% relative 

density could be obtained at the sintering temperature as low as 1600 °C.” “Tong et 

al. [83] prepared the nanoscale MgAl2O4 ceramic powders by the aqueous polymer 

gel method. The results showed that the polymer network inhibits the aggregation of 

MgAl2O4, and nanoscale MgAl2O4 powders with 50 nm sizes were obtained. Its 

calcinations temperature was 900 °C, which was 100 °C lower than the general 

calcinations temperature.”  

“Mukhopadhyay et al. [84] characterized the synthetic commercial MgAl2O4 

spinel and chemically prepared coprecipitated spinels by XRD, IR, particle size 

distribution, chemical analysis; SEM. Slag corrosion tests were also carried out to 



 

evaluate the performance of these spinel additives at aggressive atmosphere.” 

“Ganesh et al. [85] synthesized the stoichiometric MgAl2O4 by microwave assisted 

solid-state reaction (MWSSR powders) in a domestic microwave  (MW) oven (2.45 

GHz frequency, 700 W power) from aluminum tri- hydroxide and caustic MgO in 

the presence of carbon black (10-50 wt.%). For a better comparison, three other 

stoichiometric MgAl2O4 were prepared following the conventional combustion 

synthesis using urea or sucrose, as a fuel, and then characterized by XRD, BET, 

SEM, and particle size analysis. It was found that MWSSR method has good 

characteristics in terms of bulk density, apparent porosity, water absorption and less 

processing time.” 

“Zawrah [86] prepared the Mg - Al spinel powders with different molar 

ratios (Al2O3/MgO) by co - melting method using magnesium and aluminum nitrates 

to investigate lattice parameter. It was found that well crystalline Mg - Al spinel 

were obtained after calcination at 1000 oC and their crystallinity decreased with the 

higher alumina contents.”  “Xiaolin et al. [87] prepared nanocrystalline MgAl2O4 

with average crystal sizes of about 100 nm by citrate sol-gel process at lower 

temperatures. The effects of the amount and the size of magnesium aluminate crystal 

seeds as a substrate for MgAl2O4 formation were also investigated. The decrease in 

the inceptive formation temperature was due to MgAl2O4 seeds serving as substrate 

for heterogeneous nucleation, which accelerated nucleation, hence crystallization of 

MgAl2O4 spinel.” 

“Cambaz et al. [88] synthesized the MgAl2O4 powders using the mixed oxide 

technique. The powders were doped with Na1+ ion to modify the sintering behavior 

and the response characteristics of the spinel ceramics. The variations in electrical 

impedance were determined at room temperature under relative humidity (RH) 

values ranging from 21 to 98%. The effect of Na2O addition and sintering 

temperature on the microstructure and humidity sensitivity of MgAl2O4 were 

investigated.” “Domanski et al. [89] synthesized MgAl2O4 spinel using a 

mechanochemical route that involved a single step in which γ-Al2O3-MgO, 

AlO(OH)-MgO, and α-Al2O3-MgO mixtures were milled at room temperature under 

air atmosphere. The formation of MgAl2O4 occurred faster with γ-Al2O3 than with 

AlO(OH) or α-Al2O3. After 140 h, the mechano-chemical treatment of the γ-Al2O3-

MgO mixture yielded 99 % of MgAl2O4.” 



 

  “Ahn et al. [90] prepared ceramic humidity sensors consisting of MgAl2O4 

dielectric layer and Ni-5 wt. % Al electrodes by plasma spray processing and their 

electrical properties were investigated as a function of the relative humidity. The 

complex impedance of the sensor was measured at different humidity levels, using 

impedance spectroscopy. The resistance of the sensor decreased from 2.4×109 to 

9×105 Ω with increasing the relative humidity from 11 to 98% due to the increase of 

surface electrical conductivity resulting from water adsorption.” “Naskar et al. [91] 

synthesized MgAl2O4 spinel powders of irregular spherical morphologies from a 

water based sol following the sol - gel and sol - emulsion - gel methods, 

respectively. The gels and the calcined powders were investigated by using TGA, 

XRD, FTIR, and SEM. It was found that for the synthesis of the oxide microspheres, 

the surfactant concentration and viscosity of the sols affected the characteristics of 

the derived microspheres.”  

“Surendran et al. [92] prepared the MgAl2O4 ceramics by the conventional 

solid state ceramic route and studied the dielectric properties in the microwave 

frequency region (3 - 13 GHz). The MgAl2O4 spinel ceramics showed microwave 

dielectric properties (ε = 8.75, Q x f = 68900 GHz, loss tangent = 0.00017 at 12.3 

GHz. Hence the microwave dielectric properties of MgAl2O4 spinels were tailored 

by adding different mole fractions of TiO2.” “Surendran et al. [93] studied the 

infrared spectra of MgAl2O4 spinel, where the strongest infrared band at 485 cm-1 

showed less LO-TO splitting than the medium band at 670 cm-1. This unexpected 

relationship was explained in terms of the vibrational coupling of these TO modes.” 

“Zhao et al. [94] prepared the homogeneous magnesia alumina sol firstly 

using magnesium nitrate and aluminum nitrate, and NH3, H2O as precipitation agent 

with a co precipitation method. And then, the precursor powder of alumina-

magnesia spinel was obtained by vacuum freezing drying the above sol at -50 °C in 

vacuum room (vacuity: 13.3 Pa). The results showed that controlling the appropriate 

pH value (about 9) of the solution, and employing the co precipitation with vacuum 

freezing drying, could gain the composite nano-size powder of binary magnesia 

alumina with small particle size and high specific surface area, which had low initial 

spinellization temperature about 600 °C.” “Zhang et al. [95] performed computer 

simulation study to investigate the intrinsic defects in MgAl2O4 by using the 

empirical potential parameters. Through calculating the crystal structure, lattice 

energy, intrinsic defects formation energies and the defects cluster binding energies, 



 

it was found that the intrinsic defects in MgAl2O4 should be magnesium vacancy, 

oxygen vacancy and a little AlMg+ defect, and  the  effective  electricity   

compensate   mechanism  is  [VMg2--VO2+]  pair  and [VMg2--2AlMg+] cluster.” 

“Barpanda et al. [96] synthesized magnesium aluminate spinel (MgAl2O4) spinel 

powder by nitrate citrate auto-ignition route taking different ratios of nitrate and 

citrate solution. The ‘as prepared’ black ash was calcined at different temperatures in 

the range 650 - 1250 °C for 9 h. Phase evolution of the calcined powdered samples 

indicated the presence of disorder at lower calcination temperatures, which 

transformed to an ordered structure at higher calcination temperatures.”  

“Sepelak et al. [97] prepared the nanocrystalline magnesium aluminate 

(MgAl2O4) powders by high-energy milling of the bulk material. It was revealed for 

that the mechanical treatment of MgAl2O4 tends to randomize ions over the cation 

spinel sub lattices. Quantitative micro structural information on the non equilibrium 

cation distribution provided by 27Al MAS-NMR was complemented by XRD and 

TEM investigations revealing the nanoscale nature of the milled material.” 

“Okuyama et al. [98] prepared several compositions of single crystals by the flame 

fusion method in order to clarify the relation between the dissolution mechanism of 

hydrogen and the defect structure in alumina-rich non stoichiometric magnesium 

aluminate spinels. The solubility of hydrogen increased in proportion to the square 

root of the water partial pressure and with the increase in the excess amount of 

alumina. The densities of the single crystals were slightly less than the value 

calculated based on the reported defect structure.” 

 “Lodziana et al. [99] reported the ab initio plane wave density functional 

theory studies of thermodynamic properties of isolated cation substitutions and the 

oxygen vacancies in magnesium spinel. The formation enthalpy of Ca, Cu, and Zn 

substitutions of Mg cation indicated that the transition metal dopants were 

energetically stable in the bulk of MgAl2O4 at low oxygen chemical potential. The 

formation enthalpy of the oxygen vacancies was also similar in pure magnesium 

spinel and in binary oxides, but presence of impurity cations in MgAl2O4 

significantly lowered the formation enthalpy of the oxygen vacancy in their vicinity. 

Calculated energy barriers for oxygen vacancy hopping were lower in the vicinity of 

impurity atoms in the spinel structure. The point defects played an important role in 

the diffusion of oxygen vacancies in MgAl2O4.” 



 

 “Thibaudeau et al. [100] measured the far-infrared reflectivity spectra to 

investigate the role of both phonon anharmonicity and disorder in MgAl2O4 spinel at 

low temperature. Damping constants induced by phonon anharmonicity and disorder 

are investigated to tentatively discriminate these two effects. It was shown that both 

the frequency and temperature dependences of the experimental damping factors 

agree well with the calculated imaginary parts of the two-phonon density of states. 

Moreover, first-order phonon mode Grüneisen parameters were calculated and 

compared to experiments.” 

“Thome et al. [101] studied the structural defects in the surface region of 

magnesium aluminate spinel crystals irradiated with 450 MeV Xe ions using 4He 

backscattering in channeling geometry (RBS/C). They showed that the defect 

distributions are depth dependent, likely due to annihilation of defects at the surface 

of the crystals. The cross-section for the formation of defects by swift Xe ions, and 

consequently the diameter of an ion track, were estimated using single-impact-model 

calculations.” “Gritsyna et al. [102] investigated the radio luminescence (RL) and 

the thermo luminescence (TL) in spinel crystals and ceramics to elucidate the 

radiation induced electronic processes in single crystals grown by Verneuil and 

Czochralski methods as well as the transparent and translucent ceramics. Both RL 

and TL spectra demonstrated a UV-band related to electron–hole recombination 

luminescence at the intrinsic defects; green and red luminescence were identified 

with the emission of Mn2+ and Cr3+ ions, respectively.”  

 “Fan et al. [103] fabricated single-crystal MgAl2O4 spinel nanotubes through 

an interfacial solid-state reaction of MgO-Al2O3 core shell nanowires. Single-crystal 

MgO nanowires were coated with a conformal thin layer of amorphous Al2O3 via 

atomic layer deposition. Subsequent annealing at 700 oC activated the interfacial 

reaction between MgO and Al2O3, transforming the alumina shell into a spinel shell. 

Finally, after etching away the remaining MgO core in ammonia sulfuric solution, 

MgAl2O4 spinel nanotubes were obtained.” “Chen et al. [104] synthesized 

magnesium aluminate platelets by hydrothermal treatment of c-AlO(OH) in a 

magnesium nitrate aqueous solution at 400 oC. The platelets were 100-200 nm in 

width and 25 nm in thickness. The experimental results indicated that the anions of 

the magnesium salt and the precursor pH could have a significant influence on the 

growth of MgAl2O4.” 



 

“Păcurariu et al. [105] studied the influence of the precursors upon the 

synthesis temperature, particle size and morphology of the MgAl2O4 spinel. Three 

synthesis methods were compared, i.e. thermal conversion of the heteropolynuclear 

complex combination resulted from the oxidation reaction of 1, 2-ethanediol with 

Mg and Al nitrates; combustion method based on the exothermal redox reaction of 

Mg and Al nitrates with an adequate fuel (urea, glycine, β-alanine) and sol–gel 

method, starting from aluminium isopropoxide and Mg nitrate.”   

 “Jouini et al. [106] synthesized Ti and Mn-doped MgAl2O4 spinel by the 

micro-pulling-down method and investigated the spectroscopic properties. Strong 

blue emission is observed from Ti-doped MgAl2O4 and green emission from a Mn-

doped one. These two broad emission bands around 455 nm for Ti (decay time of 

5.7 μs) and 518 nm for Mn (decay time of 6.11 ms) were obtained by pumping in the 

UV region at 266 nm and 355 nm, respectively. Ni2+ doped crystal exhibits a broad 

absorption band at around 980 nm suitable for InGaAs laser diode pumping and a 

broad emission band in the near infrared with two decay times at 210 μs and 850 μs 

respectively and the high quantum yields.” 

“Paiva et al. [107] studied the effects of irradiation and the thermal 

treatments in the formation, aggregation and destruction processes of dipole defects 

in MgAl2O4 spinel. Irradiated MgAl2O4 crystals presented two optical absorption 

bands centered at 3.4 eV and 5.1 eV. The 3.4 eV band increased with the irradiation-

dose, stabilized its maximum height for the doses near 10 kGy and is completely 

destroyed for the thermal treatments above 500 K. The EPR spectrum is composed 

by two superimposed bands at g = 2.011.”  

 “Izumi et al. [108] studied strong emission bands in the visible region in 

MgAl2O4 crystals doped with transition-metal ions under excitation at the band-to-

band transitions. The optical responses of Cr, Co, and Ni-doped MgAl2O4 and the 

optical models for M-doped MgAl2O4 (M = Ti, V, Cr, Mn, Co, and Ni) were 

presented to describe the charge-transfer transitions and the transitions between 

multiplet levels of 3d electrons. While the optical responses of Cr and Ni doped 

MgAl2O4 are dominated by the multiplet-multiplet transitions, those of Ti- and the 

V-doped MgAl2O4 are governed by the charge-transfer transitions”  

 “Jouini et al. [109] used micropulling down method to obtain the square-

shaped blue single crystals of nickel-doped magnesium aluminum spinel. The 

absorption spectra of doped samples showed three broad absorption bands. Strong 



 

infrared broad emission had been systematically investigated under high-intensity 

pulsed Nd:YAG laser excitation in the red region.” “Amini et al. [110] presented the 

preparation of magnesium aluminate spinel powder by the hydrothermal assisted 

sol-gel processing from MgAl2(OCH2-CH2OR)8, R CH3 (1), CH2CH2OCH3 (2), 

MgAl2[OCH(CH3)2]8 (3) andMgAl2(O–sBu)8 (4) in toluene and parent alcohol. 

Results indicated that the coordination status of aluminum in the precursor was very 

crucial for the formation of pure phase spinel. The solvent in hydrothermal-assisted 

sol-gel processing had a marked effect on the morphology of the resulting MgAl2O4. 

In hydrothermal-assisted sol-gel processing of aluminum-magnesium alkoxides in 

hydrophobic solvent, spherical particles was formed, while in the parent alcohol non 

spherical powders were formed.” 

 “Iqbal et al. [111] studied the semiconducting properties of magnesium 

aluminate materials doped by divalent cations (Ca2+, Ba2+, Sr2+) and the trivalent 

cations (Cr3+, Mn3+, Fe3+). The lattice constant and X-ray density were found to be 

affected by the ionic radii of doped metal cations investigated here. It was observed 

that alkaline earth metal dopants increased the electrical resistivity of MgAl2O4 more 

than that by transition metal dopants.” “Li et al. [112] used a novel chemical method 

for the preparation of nanocrystalline MgAl2O4 spinel powders. The mixed 

magnesium–aluminum hydroxide precipitates were initially formed in a three-

dimensional space network micro area. After being calcined at above 700 °C, the 

nanocrystalline MgAl2O4 spinel powders were obtained. The MgAl2O4 spinel 

powders calcined at 850 °C for 2 h are of narrow distribution, little agglomeration 

and small particle size of 24 nm.” 

 “Brik et al. [113] utilized the exchange charge model of crystal field to 

provide the theoretical explanation of the ground state and the excited state 

absorption observed for the octahedrally coordinated Ni2+ ions in the spinel 

MgAl2O4. Basic features of the ground and the excited state absorption spectra 

observed for MgAl2O4:Ni2+ were satisfactorily explained by crystal field analysis. In 

order to model the pressure dependence of the CFPs, the variation of the CFPs 

induced by possible distortions of the lattice due to, e.g. overall relaxation of the 

ions or accommodation of the impurity ions in the lattice was studied. Huang-Rhys 

parameter, the effective phonon energy and the zero-phonon line position were also 

calculated.” 



 

 “Zheng et al. [114] studied the effects of Zn substitution for Mg in the spinel 

and their dielectric characteristics were evaluated, along with their structures. Dense 

(Mg1-xZnx)Al2O4 ceramics were obtained by sintering at 1550-1650 oC in air for 3 h, 

and the (Mg1-xZnx)Al2O4 solid solution was determined in the entire composition 

range. With Zn substitution for Mg, the dielectric constant ε of MgAl2O4 just varied 

from 7.90 to 8.56, while the Qxf (Q = quality factor which indicates the quality of 

oscillation, f = applied frequency) value had significantly improved up to a maximal 

value of 106000 GHz.” 

 “Singh et al. [115] prepared MgAl2O4:Mn phosphors at 500 oC by a 

combustion route. Powder X-ray diffraction (XRD) indicated the presence of mono-

MgAl2O4 phase. Photoluminescence studies showed green/red emission indicating 

that two independent luminescence channels in this phosphor. The green emission at 

518 nm is due to 4T1 - 6A1 transition of Mn2+ ions. The emission at 650 nm was due 

to the charge-transfer de excitation associated with the Mn ion.” “Filipecki et al. 

[116] studied the water-sensitive positron trapping modes in the nanoporous 

MgAl2O4 ceramics with a spinel structure. It was shown that water sorption 

processes in magnesium aluminate ceramics lead to corresponding increase in 

positron trapping rates of extended defects located near inter granular boundaries. 

This catalytic affect had reversible nature, being strongly dependent on sorption 

water fluxes in ceramics.” 

 “Brik [117] performed an analysis of the energy level scheme and the 

absorption spectrum of the Ni2+ ion in MgAl2O4. The first principles approach to the 

analysis of the absorption spectra of impurity ions in crystals based on the discrete 

variational multi-electron (DV-ME) method was used in the calculations. Numerical 

contributions of all possible electron configurations into the calculated energy states 

were determined. By performing the analysis of the molecular orbitals population, 

numerical contributions of the oxygen 2p and 2s orbitals into the 3d molecular 

orbitals were determined.” 

 “Jayaseelan et al. [118] synthesized magnesium aluminate microplatelets 

using a molten salt technique. Alumina platelets partially decomposed from the 

aluminium sulphate were reacted with either the commercial magnesium oxide or 

magnesium nitrate in the molar ratio 1:1 to synthesize spinel platelets. Molten salts 

such as chloride, MCl (M = Li, Na, and K) and potassium sulphate were used for 

MA synthesis and the salt to oxide ratio was kept at 3:1 for all compositions. 



 

Reactants and the molten salt mixes were fired in an alumina crucible for 3 h at from 

800 to 1150 oC. XRD revealed a complete MA without formation of any secondary 

phase for powders fired for 3 h at 1100 oC.”  

 “Izumi et al. [119] studied the optical response and the electronic structure of 

Zn-doped MgAl2O4 using optical transmission, emission, and excitation 

spectroscopy, X-ray photoemission spectroscopy and unrestricted Hartree-Fock 

calculation. Emission lines at 710, 650, and 470 nm observed in pure MgAl2O4 were 

related to the Mg vacancies and Mg-Al antisite defects. The intensities of these 

emission lines were enhanced by Zn doping. Unrestricted Hartree-Fock calculation 

for Zn-doped MgAl2O4 showed that in-gap impurity states were formed just above 

the valence-band maximum of MgAl2O4 when the Zn ion was substituted for the B-

site Al ion. On the other hand, no in-gap state was formed when the Zn ion was 

substituted for the A-site Mg ion.” 

 “Zawrah et al. [120] prepared the magnesium aluminate spinel powders by 

the co-precipitation of stoichiometric amounts of magnesium and aluminum 

chlorides at 80 oC. Some sintering aids such as ZnO and MnO2 were added in the 

form of chlorides during the precipitation to study their effect on densification. After 

heat-treatment of the precipitated powders up to 1000 oC, a crystalline spinel powder 

was obtained. The presence of 0.5, 1, 2 and 3 wt.% of ZnO or MnO2 as sintering 

aids increased sinterability after firing up to 1550 oC. The highest density was 

obtained for the samples containing 2 wt.% ZnO or 3 wt.% MnO2 which reached 

about >94 and 96% theoretical density (TD), respectively.” 

 “Volk et al. [121] experimentally demonstrated the anisotropy of the 

nonlinear absorption of Co2+ ions in MgAl2O4 single crystal at the wavelengths of 

1.35 and 1.54 μm. The experimental data were analyzed in the framework of a 

phenomenological model when the Co2+ ions are described as three sets of linear 

dipoles oriented along the crystallographic axes. Ground-state and the excited state 

absorption cross-sections at 1.35 and 1.54 μm were evaluated to be σgsa = (4.0 ± 

0.3)×10-19, σesa = (3.6 ± 0.4)×10-20 cm2 and σgsa = (5.1 ± 0.3)×10-19, σesa = (4.6 ± 

0.4)×10-20 cm2, respectively.” 

 “Troia et al. [122] synthesized a high surface area MgAl2O4 by a 

sonochemical method. Two kinds of the precursors were used, alkoxides and the 

nitrates/acetates and in both the cases nanostructured MgAl2O4 was obtained. The 

effect of the addition of a surfactant (cetyl trimethyl ammonium bromide) during the 



 

sonication, was also investigated. In the case of alkoxides precursors the as-made 

product was a mixture of hydroxides of aluminium and magnesium, while with 

nitrates/acetates, a gel was obtained after sonication, containing the metal 

hydroxides and ammonium nitrate. Heating at 500 oC transformed the as-made 

products into MgAl2O4 spinel phase.” 

 “Morita et al. [123] fabricated transparent spinel without any sintering aids 

by spark plasma sintering (SPS) processing for only a 20 min soak at 1300 oC. By 

means of low heating rate in SPS processing, high transmission and strength was 

attained mainly by reducing the residual pores to <0.5%.” “Vesel et al. [124] 

synthesized anticorrosion pigments by the reaction of metal aluminum lamellar 

particles whose surface is oxidized to Al2O3 during the first stage and by subsequent 

reaction with ZnO and/or MgO at 800-1150 ◦C producing a thin spinel layer that was 

chemically bonded to the metal core of the pigment particles. Core–shell spinels 

were synthesized: MgAl2O4/Al; Mg0.8Zn0.2Al2O4/Al; Mg0.6Zn0.4Al2O4/Al; 

Mg0.4Zn0.6Al2O4/Al; Mg0.2Zn0.8Al2O4/Al; and ZnAl2O4/Al. All of the synthesized 

pigments exhibited good anticorrosion efficiency in epoxy coatings. Compared to 

the lamellar kaolin and metal core of aluminum without coverage, the protective 

function of the synthesized pigments in coatings was demonstrably better.” 

 “Ianos et al. [125] synthesized MgAl2O4 by a solution-combustion synthesis 

method, based on the individual reactivity of Mg(NO3)2 and Al(NO3)3 with respect 

to various fuels. Besides the traditionally used fuels (urea, glycine, β-alanine), new 

organic reducing agents (mono ethanol amine, tri ethanol amine, tris (hydroxyl 

methyl) amino methane and tri ethylene tetramine) were also used. The use of fuel 

mixtures containing urea and mono ethanol amine or urea and β-alanine resulted in 

the direct formation of MgAl2O4.”  

 “Hosseini [126] calculated the structure, band structure and total density of 

states, dielectric function, reflectivity, refractive index and the loss function for 

spinel MgAl2O4 oxide using density functional theory. The full-potential linearized 

augmented plane wave method was used with the generalized gradient 

approximation. Calculations of the optical spectra were performed for the energy 

range 0-40 eV. It was shown that the material was transparent at visible wavelengths 

and the dispersion curve of the refractive index is fairly flat in the long wavelength 

region and rises rapidly towards shorter wavelengths. The refractive index was 1.774 

at 800 nm near the visible region.” 



 

 “Lastra et al. [127] studied the difference in the color between emerald 

Be3Si6Al2O18:Cr3+, green and the Cr3+-doped spinel MgAl2O4 red, considering that in 

both systems color is due to CrO6
9- complexes with a close local symmetry D3 and 

the D3d, respectively, and that the measured Cr3+- O2- distance was practically the 

same 1.98-0.01 and1.97-0.01 Å, respectively.” “Wu et al. [128] fabricated 

transparent Ni2+-doped MgO–Al2O3–Ga2O3–SiO2–TiO2 glass ceramics. Broadband 

near-infrared emission centered at 1220 nm with full width at half maximum of 

about 240 nm and the lifetime of about 250 µs was observed with 980 nm excitation. 

The longer wavelength emission compared with Ni2+-doped MgAl2O4 crystal was 

attributed to the low crystal field occupied by Ni2+ in the glass ceramics.” 

 “Zhang et al. [129] synthesized the heterostructural nano chains consisting of 

the crystalline spinel MgAl2O4 “nanowires” and the amorphous compound oxide 

“nanobeads” via a simple chemical vapor deposition process. Introduction of 

methanol was found to play a key role in the generation of the chainlike structures. 

The regularly spaced nanobeads were obtained on the surface of the spinel 

nanowires with the introduction of methanol, while only random nanoparticles were 

observed on the nanowires without methanol.”“Alinejad et al. [130] synthesized 

nanocrystalline MgAl2O4 spinel powder using metal nitrates and a polymer matrix 

precursor composed of sucrose and polyvinyl alcohol (PVA). According to XRD 

results, the inceptive formation temperature of spinel via this technique was between 

600 and 700 oC. The calcined powder at 800 oC for 2 h has faced shaped 

morphology and its crystallite size is in the range of 8-12 nm. Further studies also 

showed that the amount of polymeric matrix to metal ions had significant influence 

on the crystallite size of synthesized magnesium aluminate spinel powder.”  

 “Bocanegra et al. [131] synthesized MgAl2O4 by three methods. (a) a solid 

phase reaction of MgO and Al2O3 oxides at 900 oC for 24 h, (b) wet milling during 

24 h of the mixture of oxides followed by the reaction at 900 oC for 12 h, and (c) 

coprecipitation of Mg(NO3)2·6H2O and Al(NO3)3·9H2O with ammonia solution 

followed by a calcination in a flow of air at 800 oC during 4 h. The results indicated 

that in all the cases the MgAl2O4 spinel was formed. Besides, a residue of MgO in 

the samples obtained by the ceramic method and mechanochemical synthesis was 

found, which was eliminated by purification. The surface area of MgAl2O4 obtained 

by mechano chemical synthesis and coprecipitation method are much higher than 

that of the spinel synthesized by the ceramic method.” 



 

“Saberi et al. [132] synthesized the nanocrystalline magnesium aluminate 

spinel using metal nitrates, citric acid and ammonium solutions. The precursors and 

the calcined powders at different temperatures were characterized XRD, FTIR, 

SEM, and TEM. The generated heat through the combustion of the mixture of 

ammonium nitrate and citrate based complexes decreased the synthesis temperature 

of MgAl2O4 spinel. The synthesized MgAl2O4 spinel at 900 oC had faced shape with 

crystallite size in the range of 18-4 nm.” 

 “Goldstein et al. [133] studied the densification of MgAl2O4 spinel powder 

prepared by flame spray pyrolysis. It was found that the powder exhibited excellent 

sinterability. Firing the pressed powder compacts to 1650 oC/ 2 h in air increased the 

bulk density to 99.9% TD. Similar densification, within the precision range of He 

picnometery, but a higher level of light transmission, was obtained by firing for 80 h 

at 1400 oC. By hot isostatic pressing, both specimens, sintered at 1650 and 1400 oC, 

are made transparent but the level of transparency attained is higher in the case of 

specimens pre sintered according to the latter conditions.” “Ganesh et al. [134] 

prepared different types of dense stoichiometric and non stoichiometric magnesium 

aluminate spinel (MAS) ceramics following a conventional double-stage firing 

process using different commercially available alumina and magnesia raw materials. 

Stoichiometric, magnesia-rich, and alumina-rich spinels were sintered at 1500-1800 

oC for 1-2.5 h.”  

 “Zheng et al. [135] analyzed infrared reflection spectra of (Mg1-xZnx)Al2O4 

ceramics by Kramers–Kroning analysis and classical oscillator model simulation. 

The dielectric properties were extrapolated down to the microwave range using the 

classical oscillator model for fitting the dielectric function. According to structure 

analysis, the losses originating from bend vibration and stretch vibration of the bond 

between A-site cation and the oxygen anions dominated the whole dielectric losses 

of the spinel ceramics. The coexistence of Mg and Zn deteriorated the intrinsic 

dielectric properties due to the bond asymmetry thus introduced.” 

“Wajler et al. [136] studied the formation of magnesium aluminate spinel 

precursor powder during the co-precipitation of magnesium and aluminium nitrate 

with ammonium carbonate and its thermal transformation to spinel powder. After 

precipitation, the only crystalline phase was NH4Al(OH)2CO3·H2O (ammonium 

dawsonite). The second one, Mg6Al2(CO3)(OH)16·4H2O (hydrotalcite) appeared 

during ageing. As found by DTA and HT-XRD measurements, co-existence of both 



 

the phases in very close contact resulted in their easier decomposition.” “Lenaz et al. 

[137] studied four nearly pure MgAl2O4 spinels, of both natural and synthetic 

occurrence by means of X-ray single crystal diffraction and the FTIR spectroscopy 

in order to detect their potential OH content. Absorption bands that can be assigned 

to OH incorporated in the spinel structure were only observed in spectra of a non-

stoichiometric synthetic sample. The absorption intensity of two bands occurring at 

3350 and 3548 cm-1 indicated an OH content of 90 ppm H2O. Based on the 

correlations of OH vibrational frequencies and O-H-O distances, the observed 

absorption bands correspond to O-H-O distances of 2.77 and 2.99 Å, respectively.” 

 “Wang et al. [138] used a two-step pressure profile to prepare a transparent 

MgAl2O4 ceramic without sintering aids by spark plasma sintering (SPS) at 1300 oC 

for 3 min. The influence of the pressure profile was investigated systematically and 

the discoloration in the present study was attributed to the dislocation formed during 

the fast densification in SPS. At low pre-load pressure, 5 MPa, with the normal 

characteristic fast heating rate (100 oC min-1), high inline transmittance of 51% at 

550 nm and 85% at 2000 nm were achieved.”  “Głuchowski et al. [139] synthesized 

and studied morphology and structure of Cr3+:MgAl2O4 nanocrystalline powders. 

The sizes of nanocrystals were controlled by temperature annealing process. The 

size effect of nanocrystals on optical properties of Cr3+:MgAl2O4 was investigated. 

Following the luminescence, excitation and lifetime measurements, it was found that 

the optical properties of Cr3+:MgAl2O4 nanocrystals were significantly dependent on 

their size.” 

 “Sing et al. [140] studied the optical properties of magnesium aluminate 

(MgAl2O4) doped Cr3+ materials synthesized by the combustion method. The 

electron paramagnetic resonance (EPR) spectrum exhibited the resonance signals 

characteristic of Cr3+ ions. The luminescence of Cr3+ activated MgAl2O4 exhibited a 

red emission peak around 686 nm from the synthesized phosphor particles upon 551 

nm excitation. The bonding parameters suggested the ionic nature of the Cr3+ ions 

with the ligands and the Cr3+ ions were in distorted octahedral environment.” 

 “Raja et al. [141] studied the optical properties of MgAl2O4:Tb3+ prepared by 

the combustion synthesis. Three thermo luminsence (TL) peaks at 120, 220 and 340 

oC were observed. PL and TL emission spectrum showed that the Tb3+ acts as the 

luminescent centre. Optically stimulated luminescence (OSL) was observed when 

stimulated by 470 nm blue light. Electron spin resonance (ESR) studies were carried 



 

out to identify the defect centres responsible for the TL and OSL processes in 

MgAl2O4:Tb3+. V centres (hole centre) was correlated to 120 and 220 oC TL peaks 

and F+ centre (electron centre), which acts as a recombination centre was correlated 

to120, 220 and 340 oC.” 

 “Mukhopadhyay et al. [142] reported the preparation of nanosized MgAl2O4 

powders from the cheaper ingredients via the sol-gel route. Oxidation resistance and 

water wettability of graphite flakes was improved by a thin sol-gel film of MgAl2O4 

over its surface. After an easy-to-use mixing procedure, drying (110 oC), and 

subsequent calcination (550 oC), coated graphites were sieved to below 75 µm. 

Casting water was reduced along with the amount of antioxidants. This also 

enhanced the resistance toward the basic slag by retaining the graphite in the 

refractory.” 

 “Banerjee et al. [143] used an intimate mixture of common hydrated 

magnesium salt and a cheaper boehmite sol to synthesize the spinel powder. It was 

gelled at a controlled pH, temperature and time, and was calcined at a significantly 

lower temperature after soft mechanochemical treatment. The spinel nanoparticles 

were protected by a thin chemisorbed layer of (OH) groups held around the active 

surface of the aggregates.” “Saberi et al. [19] presented a study on the influence of 

heat-treatment atmosphere in the synthesis of nanosize MgAl2O4 spinel powder 

employing sol-gel citrate route. Based on the measurement of BET specific surface 

area, crystallite size, simultaneous thermal analysis, and the microscopic 

observation, it was clarified that the argon atmosphere used for the heat treatment of 

precursor reduced the particle size of the synthesized ceramic powder significantly. 

Also the slower heat generation in argon atmosphere created a chance to achieve a 

nanocrystalline MgAl2O4 spinel powder with crystallite size in the range of 5-7 nm.”  

 “Kim et al. [144] prepared MgAl2O4, NiFe2O4 and NiAlFeO4 by standard 

ceramic processing method in the air. The effects of annealing atmosphere on the 

dielectric properties after sintering were studied. The annealing atmospheres were 

N2, O2, and N2-H2 mixture. The dielectric constant and the tangent loss of the 

MgAl2O4 remained unchanged even with varying the annealing atmosphere.” 

“Enomoto et al. [145] examined the phase transitions in MgAl2O4 at 21-27GPa and 

1400-2500 oC using a multianvil apparatus. A mixture of MgO and Al2O3 corundum 

that are high-pressure dissociation products of MgAl2O4 spinel combined in to 

calcium–ferrite type MgAl2O4 at 26-27 GPa and 1400-2000 oC. At the temperature 



 

above 2000 oC at pressure below 25.5 GPa, a mixture of Al2O3 corundum and a new 

phase with Mg2Al2O5 composition was stable.” 

 “Wang et al. [146] investigated the MgAl2O4 ceramic pellets to be used as 

the in situ humidity sensing elements for proton exchange membrane (PEM) fuel 

cells. The MgAl2O4 powder was synthesized through EDTA-citrates method. The 

MgAl2O4 specimens sintered at 1200 oC with ball-milled powder showed that the 

highest humidity sensitivity with 3.3 orders of magnitude change from RH 40% to 

RH 100%.” “Ganesh et al. [147] synthesized a stoichiometric MgAl2O4 spinel in 

aqueous media and consolidated by gel casting from suspensions containing 41-45 

vol% solids loading. The MAS powder was first obtained by heat treating a 

compacted mixture of a-Al2O3 and calcined caustic MgO at 1400 oC for 1 h, 

followed by crushing and milling. Near net- shape MAS components with 99.55% 

of the theoretical density could be fabricated by aqueous gelcasting upon sintering at 

1650 oC for 3 h.”  

 “Meir et al. [148] used a mixture of elementary oxides, MgO–Al2O3 to 

fabricate transparent polycrystalline magnesium aluminate spinel specimens by 

means of the spark plasma sintering technique. A sintering aid, 1 wt% of LiF, was 

added to the mixed powder. The presence of the additive promoted the synthesis of 

spinel that starts at 900 oC and completed at 1100 oC. The LiF additive wet the 

spinel on its melting and promoted the densification, which completed at 1600 oC.” 

 “Iqbal et al. [149] synthesized MgAl2–2xZrxMxO4 (x = 0.00–0.20 and M = 

Co2+ and Ni2+) by a coprecipitation technique using urea as a precipitating agent. 

Their crystallite sizes were in the range of 7-20 nm. The DC resistivity increased 

from 3.09 x 109 Ω cm to 6.73 - 109 and 8.06 - 109 Ω cm whereas dielectric constant 

decreased from 5.80 to 5.11 and 4.95 on doping with Zr-Co and Zr-Ni, 

respectively.” “Iqbal et al. [150] studied the effect of pH on the MgAl2O4 spinel 

synthesized by chemical coprecipitation. Powder X-ray diffraction of the samples 

indicated that a single phase spinel was synthesized at pH ≥ 5. The average Scherrer 

crystallite sizes of the synthesized samples were in the range of 5-15 nm. The 

electrical resistivity, dielectric constant and dielectric loss of MgAl2O4 were 

enhanced by the substitution of Cr3+, Mn3+ and Fe3+.”  

“The properties of MgAl2O4 nanopowders under shock pressure up to 5.3 

GPa were investigated by Chen et al. [151]. It was found that the lattice constants 

and the residual stresses of shock treated MgAl2O4 nanopowders increased non-



 

linearly with the shock velocity. The smaller grain size and the high residual stress 

could lead to the high sintering activity, which could be extraordinarily useful to 

enhance the density of ceramic and make highly transparent ceramic.” 

 “Elvar et al. [18] synthesized the mesoporous nanocrystalline MgAl2O4 

spinel powders by co-precipitation route using CTAB as a surfactant. The obtained 

results showed that the sample prepared without the addition of the surfactant 

presented a lower specific surface area and a bigger crystallite size compared with 

those obtained for the samples prepared by CTAB/metal molar ratio of 0.3”. 

“Tavangarian et al. [20] synthesized nanocrystalline magnesium aluminate spinel by 

the mechanical activation of a powder mixture containing Al2O3 and MgCO3 with 

the subsequent annealing. Results showed that the pure nanocrystalline spinel could 

be fabricated completely by 5 h of mechanical activation with the subsequent 

annealing at 1200 oC for 1 h with a crystallite size of about 45 nm.”  

 “Chandradass et al. [152] reported the synthesis of magnesium aluminate 

spinel nanoparticles using micro-reactors made of poly(oxyethylene) nonylphenyl 

ether/water/cyclohexane microemulsions. The influence of water to surfactant ratio 

on the resulting particle size of MgAl2O4 was investigated. The average particle size 

was found to increase with the increase in water to surfactant molar ratio and the 

average particle size increased from 13 to 17 nm on increasing the molar ratio from 

2 to 8. Water to surfactant ratio is a major factor in controlling the final particle size 

of MgAl2O4 powder.” “Jeong et al. [153] used the impregnation approach to 

synthesize MgO (30 wt%) Al2O4 catalysts loaded with bimetallic Ni (15 mol%)/Ag 

(15 mol%) or Ag/Ni and studied the steam reforming reactions of butane over these 

catalysts. The Ag-loaded catalyst exhibited significantly higher reforming reactivity 

compared to the conventional Ni/MgAl2O4 catalyst. The main products from the 

steam reforming over the Ni/MgAl2O4 catalyst without the Ag component were H2, 

CO, CO2, and CH4, with a small amount of C2 – hydrocarbons.”  

  “Bocanegra et al. [154] synthesized MgAl2O4 spinels, by using two different 

methods i.e. ceramic and co precipitation methods. The MgAl2O4 prepared by 

ceramic method displayed better acidity than MgAl2O4 prepared by co precipitation 

method which influenced the metal-support interactions, since Pt/MgAl2O4
cer 

catalyst showed higher metallic dispersion, lower metal particle sizes and better 

catalytic behavior than the Pt/MgAl2O4 cop one.” The solubility and incorporation 

mechanisms of water in the synthetic and natural MgAl2O4 spinel were investigated 



 

by Bromiley et al. [155] in a series of high-pressure/temperature annealing 

experiments. In contrast to most other nominally anhydrous minerals, natural spinel 

appeared to be completely anhydrous. On the other hand, non-stoichiometric Al-rich 

synthetic (defect) spinel can accommodate several hundred ppm water in the form of 

structurally-incorporated hydrogen. Infrared (IR) spectra of hydrated defect spinel 

contained one main O-H stretching band at 3343-3352 cm-1 and a doublet consisting 

of two distinct O-H bands at 3505-3517 cm-1 and 3557-3566 cm-1.”  

 “Roy et al. [156] synthesized one weight percentage of Pt/MgAl2O4, without 

any additional classical storage component (Ba or K) by a single-step flame spray 

pyrolysis. The catalyst consisting of nano-sized Pt dispersed on MgAl2O4 spinel 

showed superior dynamic performance in NOx storage-reduction at short 

regeneration times (<30 s) compared to a standard 1%Pt–20%Ba/Al2O3 reference 

catalyst.”  

“Nanoplates of the MgAl2O4 spinel doped with Eu3+ ions were prepared by a 

microwave assisted hydrothermal method by Wiglusz et al. [157]. Structural 

properties of the precursor calcined at 700 and 1000 oC powders were characterized 

by X-ray diffraction (XRD) and transmission electron microscopy (TEM). 

According to the obtained XRD patterns the formation of single-phase spinels after 

calcinations was confirmed. The average spinel particles was determined to be 11 

nm after the calcinations at 700 oC and it increased up to 14 nm after calcinations at 

1000 oC. The photoluminescent properties of prepared powders with different Eu3+ 

ion concentrations (0-5 % mol) were investigated using excitation and emission 

spectroscopy at room and low temperatures (77K).”  

 “Torkian et al. [158] synthesized nanocrystalline MgAl2O4 single-phase 

powders by two different chemical routes, the co-precipitation and the combustion 

methods. In the first procedure, a combination of precipitation and gelation process 

was used to prepare the spinel from aluminum and magnesium sulfates. The other 

involved a rapid evaporation of polyvinyl alcohol (PVA) that was added to a mixed 

metal nitrate solution, followed by pyrolysis of the dried mass. Data indicated that 

the average size of nanoparticles is around 30 nm. The BET surface areas of the 

prepared powders were measured to be 8.1 and 28.2 m2/g for the material 

synthesized by coprecipitation and the PVA combustion routes, respectively.” Iqbal 

et al. [159] synthesized magnesium aluminate spinel by a urea assisted microwave 

combustion method having Scherrer crystallite size of 24-51 nm. Spinel formation 



 

was confirmed by the appearance of peaks at 550 and 712 cm-1 in the FTIR patterns. 

A significant increase in room temperature (RT) resistivity from 0.27x109 to 

9.41x109 Ω.cm was achieved by doping with a binary mixture of Ni-Zn. High values 

of resistivity (0.27- 9.41x109 Ω.cm at room temperature) combined with resistivity-

temperature profiles in the range of 298-673 K showed that the synthesized 

materials behave as semiconductors. 

“Ianos et al. [160] prepared Mg1−xNixAl2O4 (x = 0, 0.25, 0.5, 0.75 and 1) 

solid solutions were prepared by combustion synthesis. After annealing the 

combustion synthesized powders at 1273 K for 3 h, single-phase Mg1−xNixAl2O4 was 

obtained over the entire range of compositions. The lattice parameter of 

Mg1−xNixAl2O4 gradually increased from 8.049 Å (NiAl2O4) to 8.085 Å (MgAl2O4), 

which certified the formation of the spinel solid solutions. All samples prepared by 

combustion synthesis had blue color shades, denoting the inclusion of Ni2+ in the 

spinel structure in octahedral and tetrahedral configuration.”” 

”Ahmad et al. [161] used oxalyldihydrazide as a fuel to prepare new nano 

size blue refractory ceramic pigments MgAl2O4: xCo2+ (0.00≤x≤0.10) using low 

temperature combustion synthesis (LCS) method. The FTIR spectra show frequency 

bands in range the 422-700 cm-1 correspond to metal oxygen bonds through 

vibrations for the spinel structure compound. The average particle size of prepared 

samples as determined from XRD and TEM was 30 nm at 1373 K. Also, the results 

revealed the varying bulk density, particle size, shape and color with different 

calcination times and temperatures.” 

 

 

 

 

 

1.5 OBJECTIVES AND PLAN OF WORK 

The main objective of the present work is to increase the electrical resistivity 

and lower the dielectric constant and dielectric loss of the magnesium aluminate 

through doping with transition metals. Very few examples are reported in the 

literature where the study of electrical properties of magnesium aluminate has been 

studied while less attention is given to the modification of these properties by 

doping with metals. The materials with high electrical resistivity, low dielectric 



 

constant and dielectric loss are suitable for the applications such as electrical 

insulators, capacitors, integrated circuits substrates and the certain microwave 

devices. Another aim is to lower the thermal conductivity. Very few examples of 

thermal conductivity studies are reported in the literature so far in which certain 

composites have been prepared with magnesium aluminates. Doping of magnesium 

aluminate by suitable cations can reduce the thermal conductivity so that they can be 

used as thermal insulation materials in refractories, furnace linings and electrode 

materials.  

In order to achieve the above mentioned properties of magnesium aluminate, 

doping with binary mixtures of transition metals ions, namely Zn2+, Ni2+, Cd2+ and 

Co2+ at the Mg2+ site is attempted. The following five series of the doped 

compounds are synthesized; Mg1-2xZnxNixAl2O4, Mg1-2xZnxCoxAl2O4, Mg1-

2xZnxCdxAl2O4, Mg1-2xNixCoxAl2O4 and Mg1-2xNixCdxAl2O4 where (x = 0.0-0.5). 

The thorough literature survey for the magnesium aluminate spinel shows that the 

efforts of the researchers mainly concentrated on the synthesis of spinel in the from 

of either single crystals, bulk materials, thin films or the nano sized by several well 

known methods like coprecipitation method, sol gel synthesis and the solid state 

method. The three most important parameters in the selection of a method include a) 

reaction time, b) maximum temperature required for the formation of the required 

phase, c) homogeneity and purity of the end product. For these methods, annealing 

for 1000-1500 K is usually carried out for 8-12 hrs which increases the particle sizes 

of the samples. The time and temperature is even higher for the solid state synthesis.  

A novel combustion method using urea as a fuel has been selected for the 

synthesis, which employs much shorter times of up to 15-45 minutes for the 

completion of the synthesis. Microwave energy can provide uniform heating to the 

materials at the molecular level. The conventional methods supply energy to the 

materials from outer surface to the interior through conduction process which results 

into steep thermal gradients at different regions in the bulk.  

The selection of the metals is based on the considerations of their ionic radii, 

significantly high electrical resistivity and low thermal conductivity values as shown 

below in Table 1.2. The ionic radii of Zn2+, Ni2+, Cd2+ and Co2+ match well with the 

Mg2+ hence, form novel doped compounds without any major distortion of the cubic 

spinel lattice. Zn2+ and Cd2+ both have a strong tetrahedral site preference while Ni2+ 

and Co2+ can occupy both the tetrahedral as well as octahedral sites. The presence of 



 

d shell electrons allow the formation of polarons which can be trapped at the antisite 

defects formed by the random distribution of cations at the lattice sites hence, 

increasing the resistivity. The downsizing of materials to nanosizes and the defects 

also enhance the porosity in the materials which help in the scattering of phonon 

waves in lattice hence reducing thermal conductivity and polaron-phonon 

interactions may also contribute towards lowering of electrical and thermal 

conductivity.  

 

Table 1.2: Properties of cations used as dopants 

Cations Ionic radii Electrical resistivity, 

ρ, (nΩ.m) at 293 K 

Thermal conductivity, λ,  

(W.m−1.K−1) at 300 K Tetrahedral 

coordination 

Octahedral 

coordination

Mg2+ 0.57 0.72 43.9 156 

Al3+ 0.39 0.54 28.2 237 

Zn2+ 0.60 0.74 59.0 116 

Cd2+ 0.78 0.95 72.7 96.6 

Ni2+ 0.55 0.69 69.3 90.9 

Co2+ 0.58 0.75 62.4 100 

 

 

 

  2.  EXPERIMENTAL 

2.1  CHEMICALS USED  

Chemicals used in the present study and their percentage purity are tabulated 

in Table 2.1. Since the chemicals were of high purity as stated above so they were 

used without any further purification. 

   

 

 

Table 2.1: The list of chemicals used with their percentage purities 

Sr. 

No. 
Compounds Chemical formula Mol. mass Purity Supplier 



 

1 
Aluminum nitrate 

nonahydrated 
Al(NO3)3.9H2O 375.15 95.0 Merck 

2 
Cadmium nitrate 

tetrahydrated 
Cd(NO3)2.4H2O 308.47 > 98.0 Fluka 

3 
Cobalt nitrate 

hexahydrated 
Co(NO3)2.6H2O 291.03 98.0 Aldrich 

4 
Magnesium nitrate 

hexahydrated 
Mg(NO3)2.6H2O 256.41  99.0 Merck 

5 
Nickel nitrate 

hexahydrated 
Ni(NO3)2.6H2O 290.80 99.999 Riedal 

9 Urea (NH2)2CO 60.00 95.50 Riedal 

10 Zinc nitrate hexahydrated Zn(NO3)2.6H2O 297.48 98.0 Riedal 

11 Ethyl alcohol C2H5OH 46.0 99.8 Merck 

 

 

 

 

 

2.2 SYNTHESIS OF MAGNESIUM ALUMINATE SPINEL  

Methods frequently used for the synthesis of bulk oxides may not work when 

aiming at the preparation of oxide nanostructures or nanoparticles. For example, a 

reduction in particle size by mechanically grinding a reaction mixture can only 

achieve a limiting level of grain diameter, at best about 0.1μm. However, chemical 

methods can be used to effectively reduce particle size into the nanometer range. 

The novel properties and the numerous applications of nanophase ceramic powders 

have encouraged many researchers to invent and explore both the chemical and 

physical methods for their preparation, hence, gaining a better control over particle 

size, shape, and composition under mild conditions. Metal oxides are usually 

prepared by the calcinations of suitable precursors such as hydroxides, nitrates, 

carbonates, carboxylates, etc. When a large amount of thermal energy is applied for 



 

the decomposition of the precursors, sintered aggregated particles are obtained. 

When mixed oxides such as spinel, perovskite and pyrochlore are the desired 

products, heat treatment at higher temperatures up to 1400 to 1773 K is required 

[162].  

The syntheses of nanoscale materials are generally grouped into two broad 

categories: “bottom-up” and “top-down.” Those preparations based on building up 

from atomic or molecular precursors, which come together to form clusters, and 

subsequently nanoparticles are referred to as “bottom up.” Conversely, when the 

nanoscale is reached by physically tearing down larger building blocks, the process 

is referred to as “top-down.” The “bottom-up” route is particularly interesting 

because of the possibilities to manipulate the properties (such as size, shape, 

stoichiometry, surface area, pore size, and surface decoration) of the product [163]. 

Various methods which were used so far for the synthesis of MgAl2O4 spinel 

are flame fusion growth, solid state method, co-precipitation, thermal 

decomposition, spray pyrolysis technique, sol-gel method, aerosol method, freeze 

drying method, mechanical activation, combined gelation-precipitation, chemical 

vapor deposition, micro emulsion, oxide one pot synthesis (OOPS), etc., [164] to 

mention the most commonly used ones. 

All the methods used so far for the synthesis of magnesium aluminate spinels 

can be broadly categorized into the following types based on the physical state of the 

starting material. (i) gaseous phase (ii) liquid phase (iii) solid phase and, (iv) the 

mixed phase methods. Some of the common methods like chemical vapour 

deposition (gaseous phase), co-precipitation and the sol-gel methods (liquid phase), 

solid state method (solid phase) and the microwave combustion method (liquid-solid 

phase), are briefly discussed below.  

 

2.2.1  Solid State Method 

 Solid state method is most widely used for the preparation of magnesium 

aluminate is the direct reaction of a mixture of solid Al2O3, Al(OH)3 or corundum 

and MgO or MgCO3, though Al2O3 and MgO are mostly used. Both of these 

reactants must be thoroughly dried and then finally grounded and weighed. The 

homogenization may be achieved by a thorough grinding and mixing in mortar or 

ball mill, using some volatile aids like acetone etc. Finally, the suitable heat 

treatment for an appropriate time may result in a solid state reaction to produce the 



 

spinel. As the solids do not usually react at the room temperatures over the normal 

time scales so a much higher temperatures up to 1273 to 1773 K are required for the 

reaction to occur at an appreciable rate due to better atomic mobility.  

The mechanism of the reaction between MgO and Al2O3 was proposed by 

Wagner according to which the counter diffusion of Mg2+ and the Al3+ ions through 

the product layer is followed by further reaction at two reactant product interfaces 

(Fig. 2.1). For every three Mg2+ ions, two Al3+ ions must diffuse to the left hand side 

of the interface in order to maintain the charge balance. The three important factors 

that influence the rate of a solid state reaction are (a) the surface area of the 

reactants, (b) the rate of nucleation (c) the rate of diffusion if ions through the 

product layer [5].  

 

 

 

 

 

 

 

 

 

Figure 2.1 Mechanism of solid state reaction between Al2O3 and MgO to produce 

MgAl2O4 [West, A. R. Solid State Chemistry and its Applications; John Wiley & 

Sons: Singapore, 2003] 

Due to the volume expansion of about 5%, low density spinel is produced in 

the solid state reaction hence; some calcination step is required before the 

fabrication of such spinel product. Some additives such as B2O3, V2O5, Y2O3 or 

MgCl2 are also used to aid the sintering by lowering the synthesis temperature for 

the reaction. The high sintering temperature, lack of chemical homogeneity and low 

sintering ability makes the solid state method a difficult method [165, 166]. 

 

2.2.2  Coprecipitation Method 
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A coprecipitation of a solution of mixed alkoxides, mixed salts, or a 

combination of salts and alkoxides is generally done by adding a basic solution such 

as sodium hydroxide or ammonium hydroxide followed by the thermal 

decomposition of these precipitates to the oxides. As for example, AlCl3 can be used 

to make Al2O3, Y(NO3)3 to make Y2O3 and ZrOCl2 to make ZrO2. For the synthesis 

of MgAl2O4, both Mg and Al are precipitated as hydroxides, but Al(OH)3 is 

precipitated under slightly basic conditions (pH = 6.5-7.5) and Mg(OH)2 is 

completely precipitated only in strongly basic solutions such as NaOH solution. In 

this case, an intimate mixture of Al(OH)3 and Mg-Al double hydroxide 2Mg(OH)2-

Al(OH)3 is produced when a solution of MgCl2 and AlCl3 is added to a stirred 

excess solution of NH4OH kept at a pH of 9.5-10. Calcination of the precipitated 

mixture above 673 K yields stoichiometric MgAl2O4 powder with high purity and 

fine particle size [167].  

Co-precipitation reactions or co-hydrolysis [168] involve the simultaneous 

occurrence of nucleation, growth, coarsening, and /or agglomeration. At the start of 

precipitation small crystallites are formed which quickly aggregate together to form 

larger and thermodynamically more stable particles by the process of growth which 

is either diffusion limited or reaction limited. Coarsening also takes place at the 

expense of the smaller particles which are consumed by the larger particles during 

the growth process. To produce nanoparticles, the nucleation process must be 

relatively fast while the growth process remains relatively slow [169]. Co-

precipitation reaction for the synthesis of oxides either produces an oxide directly or 

produces a precursor that gives the required product after drying or calcinations. The 

corresponding metal hydroxides usually form and precipitate in water on addition of 

a base solution such as sodium hydroxide or ammonium hydroxide solution. The 

resulting chloride is washed away and the hydroxide is calcined after filtration and 

washing to obtain the final oxide powder [170].  

Co-precipitation method has many advantages especially low temperature 

wet chemical synthesis. Co-precipitation results in a better homogeneity and a fine 

particle size and reduces the risk of impurities due to the grinding process as in case 

of solid state method. One disadvantage of this method is the difficulty in 

controlling the particle size and size distribution. Uncontrolled precipitation often 

takes place, resulting in the agglomeration of small particles to form the large 

particles. 



 

 

2.2.3  Sol gel Method 

In the sol-gel process, the starting material normally inorganic salts or a 

solution of metal alkoxides, M(OR)x, or a suspension of very fine particles in an 

appropriate alcohol (the sol), is converted by a poly condensation reaction into a 

semi rigid mass (the gel).  The polymerization of the species formed by the 

hydrolysis and condensation reactions together with interlinking and cross-linking of 

the polymer chains eventually leads to a marked increase in the viscosity of the 

reaction mixture forming either aerogel or xerogel. Aging and the drying of the gel 

result in the removal of water and volatile components from the gel ensuing in the 

contraction of the gel. Aging before drying helps to strengthen the gel network and 

thereby reduce the risk of fracture. The sintering of a gel at a particular temperature 

results in the breakdown of pore structure and the formation of the product occurs 

[171]. 

The chemical and physical properties of the final product are primarily 

determined by the hydrolysis and drying steps. Slower and more controlled 

hydrolysis typically leads to smaller particle sizes and more unique properties. 

Hydrolysis and condensation rates depend on the electro negativity of the metal 

atom, the alkoxy group, solvent system, and the molecular structure of the metal 

alkoxide. Those metals with higher electronegativities undergo hydrolysis more 

slowly than those with lower electronegativities. For alkoxides that have low rates of 

hydrolysis, acid or base catalysts can be used to enhance the process. The relatively 

negative alkoxides are protonated by acids creating a better leaving group and 

eliminating the need for proton transfer in the transition state. Alternatively, bases 

provide better nucleophiles (OH−) for hydrolysis, however; deprotonation of metal 

hydroxide groups enhances their condensation rates. 

Because of the ease of purification of liquids (as the starting materials for the 

process), materials with high purity can be produced. Materials with exceptionally 

good chemical homogeneity can also be produced because the mixing of the 

constituents occurs at a molecular level and the lower densification temperature also 

favors the sol-gel processing. However, the starting materials (e.g., the metal 

alkoxides) can be fairly expensive. Due to the difficulties of conventional drying, 

cracking, warping, and considerable shrinkage also occur [172].  

 



 

2.2.4  Chemical Vapor Deposition  

  All classes of materials, including metals, ceramics, and semiconductors, 

etc., can be prepared by CVD method in which a substrate is uniformly exposed to 

the reactive molecules in the gas phase to form a solid film. The flow rate of the 

reactant gases, the nature and flow rate of any carrier gases, the pressure in the 

reaction vessel, and the temperature of the substrate, the stability of the source gas 

before reaction; gas phase pyrolysis reactions; the thermodynamics and kinetics of 

its adsorption, desorption, decomposition, and reaction on the substrate; the nature 

of product species and their desorption from the substrate; the importance of 

nucleation of the reaction on certain substrate materials compared to others; the 

presence or absence of undesirable parasitic reactions including reaction with 

fixtures in the CVD reactor; the purity that may be obtained in the source material; 

the toxicity and hazard associated with the reactant; and ultimately the quality of the 

material that can be produced are the important factors which influence the CVD 

process [173].  

The temperature at which the substrate is heated influences the deposition 

rate which occurs by an endothermic reaction. Generally, a high temperature will 

yield crystalline deposits while low temperature result in amorphous materials and 

between these two extremes a polycrystalline deposit will be formed [174].  

CVD has a number of advantages as for example, the reaction can often be 

arranged easily to be selective hence, depositing the material only in certain regions 

of the substrate rather than covering it with a blanket layer. It covers a rough surface 

relatively uniformly, hence, tracking the morphology. CVD uses source materials 

that flow into the process chamber from external reservoirs that can be refilled 

without contamination of the growth environment, it does not require very high 

vacuum levels, it can generally processes the substrates in larger batches. CVD 

source materials are generally highly toxic or pyrophoric (highly inflammable), 

hence, requiring great care in the design of safety enclosure and toxic gas detectors 

and the operation of a CVD process system.  

 

2.2.5  Microwave Solution Combustion Synthesis 

Microwave method employs the use of a fuel (e.g. urea, citric acid, glycine, 

sugar, etc.) to heat the materials through self-combustion. The precursors either in 

the solid form or in solution form are microwave irradiated to produce the desired 



 

material. The type of fuel and the fuel-to-oxidizer ratio influences a combustion 

synthesis reaction. The exothermic temperature of the redox reaction (Tad) varies 

from 1273 to 1773 K. Solution combustion synthesis is an easy and fast process that 

uses relatively simple equipment and also composition, structure, homogeneity, and 

stoichiometry of the highly pure products can be controlled. Similarly, a high 

exothermicity of the metal nitrate–fuel reaction permits a uniform incorporation of 

desired quantity of impurity ions or dopants in the oxide hosts to prepare industrially 

useful materials [175]. 

The shorter times involved in microwave processing is due to the direct 

interaction of microwaves with the materials as opposed to the conventional 

processing in which heat is generated by heating elements and then is transferred to 

the sample surface. Conventional methods are more susceptible towards the addition 

of impurities as repeated grinding and calcination steps to achieve the desired 

properties generally contaminate the samples. Microwave energy heats the materials 

at the molecular level which leads to the uniform heating, while the conventional 

methods heat the materials from outer surface to the interior which results into steep 

thermal gradients. Agglomeration normally takes place in the conventionally 

synthesized samples while in the microwave assisted combustion synthesis, 

materials retain their nanocrystalline structure [4].  

 

2.3  SYNTHESIS PROCEDURE  

Stoichiometric composition of metal nitrates and urea were calculated by 

using the oxidizing and reducing valencies of the components as follows. According 

to the concept of propellant chemistry, Al, Mg, C, and H have reducing valencies of 

+3, +2, +4 and +1 respectively. Oxygen has an oxidizing valency of -2 and valency 

of nitrogen is 0. 

 

Mg (NO3)2.6H2O = (1x2) + (2x0) + (6x-2) + (12x1) + (6x-2)  =  2-12+12-12 = -10 

 

Al (NO3)3. 9H2O = (1x3) + (3x0) + (9x-2) + (18x1) + (9x-2) = 3-18+18-18 = -15 

 

(NH2)2 CO = (2x0) + (4x1) + (1x4) + (1x-2) = 4+4-2 = +6 

  



 

The general chemical equation for the reaction can be written as follows and 

all the undesired by-products such as CO2, H2O, NOx etc. are generally written as 

“Y”  

 

Mg (NO3)2.6H2O + 2Al (NO3)3. 9H2O + n (NH2)2 CO                MgAl2O4 + Y      

2.1 

  

  1(-10)        +  2(-15)        +     n(6)  =  0 

 

n = 6.67 

Now the stoichiometric ratios of the compounds are 

 

Mg (NO3)2.6H2O  :  Al (NO3)3. 9H2O  :  (NH2)2 CO 

 

1   :   2   :         6.67 

 

Mg(NO3)2.6H2O, Al(NO3)3.9H2O and (NH2)2CO were weighed in ratios of 1 

: 2 : 6.67, respectively, and mixed thoroughly in 15 ml of deionized water to make a 

clear solution at the  room temperature and then heated for 2 min in a 1500 W 

domestic microwave oven, (General, S/N 441PN90D00), at a microwave frequency 

of 2.45 GHZ. For an efficient removal of the expected gases like CO2, H2O or N2 and 

NO2, external exhaust fan was attached at the outlet window. Brown colored fumes 

were evolved on initial heating followed by transparent fumes and the contents of 

the beaker after the combustion, formed spinel. Same reaction carried out in the 

solid state resulted in a non uniform combustion of the reactants leaving patches of 

unreacted nitrates along with the product. Double doped samples are also prepared 

by the same method. The general equation for a representative doped sample 

Mg0.6Ni0.2Co0.2Al2O4 can be written as follows. In order to calculate the ratio of urea 

for the doped compound, the oxidizing and reducing valences of the elements are 

used for the dopants salts as well. 

 

0.6Mg(NO3)2.6H2O + 2Al(NO3)3.9H2O + 0.2Co(NO3)2.6H2O + 0.2Ni(NO3)2.6H2O 

+ n(NH2)2CO   Mg0.6Ni0.2Co0.2Al2O4   + Y     

 2.2 



 

0.6 (-10) + 2 (-15) + 0.2 (-10) + 0.2 (-10) + n (+6) = 0 

n = 6.67 

The respective ratios of each compound are written as follows 

Mg(NO3)2.6H2O : Al(NO3)3.9H2O : Co(NO3)2.6H2O : Ni(NO3)2.6H2O : (NH2)2CO 

 0.6     :     2         :        0.2  : 0.2       : 6.67 

The compounds are weighed in their respective ratios and mixed in 15 ml of 

deionized water and the then microwave combustion yielded the doped spinel 

compound. 

 

2.4 CHARACTERIZATION OF THE SAMPLES 

X-ray diffraction (XRD), field emission scanning electron microscopy 

coupled with energy dispersive spectroscope (FESEM-EDS), high resolution 

transmission electron microscopy (HRTEM), thermal analysis (TGA/DTA/DSC), 

Fourier transform infra red spectroscopy (FTIR) are used for the characterization of 

the synthesized materials. While, optical, electric, dielectric and thermal 

conductivity studies are carried out using ultra violet/ visible spectroscopy 

(UV/VIS), DC electrical resistivity, inductance capacitance resistance (LCR) meter 

bridge, thermal diffusivity, thermal conductivity and specific heat using Laser flash 

method, respectively.  

A brief description of the working principle and the practical aspects of each 

characterization technique employed for the current study is given below. 

 

2.4.1 Field Emission Scanning Electron Microscopy Coupled with Energy 

Dispersive Spectroscopy  

Scanning electron microscope gives information about the morphology, 

topographical features of the powders or the solid pieces as well as the 

compositional mapping, phase distribution, crystal orientation and defects. The 

electrons can be focused using electromagnetic lenses and this allows one to obtain 

real-space images of materials with resolutions approximately a few tenths to a few 

nanometers, depending on the imaging conditions, and simultaneously obtain 

diffraction information from specific regions in the images (e.g., small precipitates) 

as small as 1 nm [176].  

2.4.1.1  Working principle 



 

The main features of an instrument are (1) the column containing 

electron gun and the electromagnetic focusing lenses, (2) a stage for sample (3) a 

vaccum chamber and (4) the electronic console containing the control panel, the 

electronic power supplies and the scanning modules (Fig. 2.2). Primary 

monochromatic electrons are generated and accelerated down the evacuated column 

by an electron beam source, which is a field emission gun in case of FESEM. De-

magnified by the column with the aid of two or more electromagnetic lenses and 

constricted by the condenser apertures, the electrons are formed into a probe. The 

electron beam current can be varied from pA-A, depending on the choice of aperture 

and lens strength. The deflection coils raster the electron probe across the sample 

and, in a synchronized mode, another electron beam runs over a monitor modulating 

the brightness with the detector output. The ratio of the linear size of the scanned 

monitor to the linear size of the scanned area on the sample is the image 

magnification [177]. 

 

2.4.1.2 Flow sheet diagram 

 

 

 



 

Figure 2.2: A flow sheet diagram showing the working principle of scanning 

electron microscope [Kaufmann, E. N. Characterization of Materials; Jhon Wiley & 

Sons: New Jersey, 2003]  

2.4.1.3  Data obtained 

When the electron beam strikes the sample the negatively-charged 

electron will be attracted to the positive nucleus. The elastic and inelastic 

interactions will produce different signals on the detector. During elastic interactions 

between the source electrons and the sample nuclei, the source electrons will circle 

the nucleus and come back out of the sample without slowing down. These electrons 

are called backscattered electrons (BSE) with energy greater than 50 eV. On the 

other hand, due to the inelastic interactions incident electron strikes the specimen 

surface, and penetrate into the sample for some distance before they encounter and 

collide with a specimen atom.  

The excitation of the specimen electrons during the ionization atoms leads to 

the generation of secondary electrons (SE), which are conventionally defined as 

possessing energies of less than 50 eV.  Secondary electrons accurately mark the 

position of the beam and give topographic information with good resolution. 

Because of their low energy, secondary electrons are readily attracted to a detector 

carrying some applied bias. Secondary electrons are used principlely for topographic 

contrast in the SEM, i.e., for the visualization of surface texture and roughness. The 

topographical image is dependent on how many of the secondary electrons actually 

reach the detector. Elements with higher atomic numbers have more positive charges 

on the nucleus, and as a result, more electrons are backscattered, causing the 

resulting backscattered signal to be higher.  

Another class of signals produced by the interaction of the primary electron 

beam with the specimen is characteristic X-rays which are detected by the EDS 

detector to give the elemental mapping of the sample and is the most widely used 

micro analytical technique in the SEM. When an inner shell electron is displaced by 

collision with a primary electron, an outer shell electron may fall into the inner shell 

to reestablish the proper charge balance following an ionization event. Thus, by the 

emission of an X-ray photon, the ionized atom returns to ground state [178]. 

 

2.4.1.4  Calculation of parameters 



 

The analysis of the chemical composition was done using EDS. The 

atomic percents of the individual elements in the synthesized composition were 

determined from EDS. The obtained chemical composition of the samples was 

compared with the actual/theoretical values. The surface morphology and the 

agglomerate particle size estimation were carried out by SEM. 
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2.4.2 High Resolution Transmission Electron Microscopy 

The greatest advantages that TEM offers are the high magnification and its 

ability to provide both the image and the diffraction information from a single 

sample. The scattering processes experienced by electrons during their passage 

through the specimen determine the kind of information obtained. Elastic scattering 

involves no energy loss and gives rise to diffraction patterns. Inelastic interactions 

between primary electrons and sample electrons at heterogeneities such as grain 

boundaries, dislocations, second-phase particles, defects, density variations, etc., 

cause complex absorption and scattering effects, leading to a spatial variation in the 

intensity of the transmitted electrons. 

 

2.4.2.1  Working principle 

A transmission electron microscope is composed of an illumination 

system, a specimen stage, an objective lens system, the magnification system, the 

data recording and the chemical analysis systems (Fig. 2.3). The electron gun 

typically uses a LaB6 thermionic emission source or a field emission source. A field 

emission source is unique for performing high coherence lattice imaging, electron 



 

holography and high spatial resolution microanalysis. The illumination system also 

includes the condenser lenses that are vitally important for forming a fine electron 

probe. The objective lens determines the limit of image resolution. The 

magnification system consists of intermediate lenses and projection lenses, and it 

gives a magnification up to 1.5 million. The data recording system tends to be digital 

with the use of a charge coupled device (CCD), allowing quantitative data 

processing and quantification [179]. The electrons are accelerated to 100 KeV or 

higher (up to 1 MeV), projected onto a thin specimen (less than 200 nm) by means 

of the condenser lens system, and penetrate the sample thickness either un-deflected 

or deflected. Specimens for TEM analysis are placed on special micromesh grids of 

a conductive metal such as Cu, Au, or Ni. . The mesh number of a grid indicates the 

number of grid openings per linear inch. The smaller the grid number, the larger the 

hole size and the greater the ratio of open area to covered. 

 

2.4.2.2 Flow sheet diagram 

 



 

 

 

Figure 2.3: A flow sheet diagram showing the working principle of transmission 

electron 

microscope [Kaufmann, E. N. Characterization of Materials; Jhon Wiley & Sons: 

New Jersey, 2003] 

 

 

2.4.2.3  Data obtained 

TEM offers two methods of specimen observation, diffraction mode 

and image mode. In diffraction mode, an electron diffraction pattern is obtained on 

the fluorescent screen, originating from the sample area illuminated by the electron 

beam. The diffraction pattern is entirely equivalent to an X-ray diffraction pattern: a 

single crystal will produce a spot pattern on the screen, a polycrystal will produce a 

powder or ring pattern (assuming the illuminated area includes a sufficient quantity 

of crystallites), and a glassy or amorphous material will produce a series of diffuse 



 

halos. The mesh number of a grid indicates the number of grid openings per linear 

inch. The smaller the grid number, the larger the hole size and the greater the ratio of 

open area to covered 

Selected-area diffraction (SEAD) offers a unique capability to determine the 

crystal structure of individual nanomaterials, such as nanocrystals and nanorods, and 

the crystal structures of different parts of a sample. In SEAD, the condenser lens is 

defocused to produce parallel illumination at the specimen and a selected-area 

aperture is used to limit the diffracting volume. SEAD patterns are often used to 

determine the Bravais lattices and lattice parameters of crystalline materials [179]. 

 

2.4.2.4  Calculation of parameters 

Accurate crystallite size analysis is carried out and the lattice 

parameters are obtained using SEAD patterns. The analysis of shape and 

morphology of the agglomerates is also carried out by the micrographs.   

 

2.4.3 X-ray Diffraction 

It is the most useful, simple and non destructive technique for the 

determination of crystal structure of sigle crystals and polycrystalline materials. 

Over 150,000 unique powder diffraction data sets have been collected from organic, 

organometallic, inorganic and mineral samples. These have been complied into a 

database known as the JCPDS (joint committee on powder diffraction standards). 

Many or all of the atoms in the unit cell lie on special positions such  as  the origin, 

face canters, body centers etc, and so  the number of positional parameters which is 

variable and must be determined is either small or zero [5].  

 

2.4.3.1  Working principle 

X-rays are electromagnetic radiation with the wavelength in the range 

of 0.5 - 2.5 Å. When a beam of X-rays impinges on the material it is scattered in 

various directions by the electron cloud of the atoms (Fig. 2.4). X-ray interacts with 

planes of atoms in the three dimensional lattices which show the translational 

symmetry of the structure. Each plane is a representative member of the parallel set 

of equally spaced planes, and each lattice point must lie on one of the planes. The 

labels used for describing these plane are known as miller indices and are given the 

descriptions h k and l where h, k, l take values of positive or negative integers or 



 

zero. If the wavelength of X-rays is comparable with the separation between the 

atoms, then interference occurs [5]. The constructive interference will take place 

only between those scattered rays which follow the Bragg’s law (Eq. 2.5). 

     

                                Path difference =  nd hkl sin2                          

 2.6 

where n is the order of interference, λ is the wavelength of the incident X-rays beam, 

d is the  distance between the atomic layers in the crystals and θ is the angle of 

incidence. 

 

2.4.3.2 Flow sheet diagram 

 

 

 

Figure 2.4: A flow sheet diagram showing the working principle of X-ray 

diffraction 

[West, A. R. Solid State Chemistry and its Applications; John Wiley & Sons: 

Singapore, 2003]  

2.4.3.3  Data obtained  

X-ray Diffraction (XRD) is a powerful technique used to uniquely 

identify the crystalline phases present in materials and to measure the structural 

properties (strain state, grain size, epitaxy, phase composition, preferred orientation, 

and defect structure) of these phases. XRD is also used to determine the thickness of 

thin films and multi layers, and atomic arrangements in amorphous materials 

(including polymers) and at interfaces. XRD offers unparalleled accuracy in the 



 

measurement of atomic spacing. XRD is non contact and non destructive, which 

makes it ideal for in situ studies. The intensities measured with XRD can provide 

quantitative, accurate information on the atomic arrangements at interfaces (e.g., in 

multi layers). Materials composed of any element can be successfully studied with 

XRD, but XRD is most sensitive to high Z elements, since the diffracted intensity 

from these is much larger than from low Z elements [179]. 

There are two main factors which determine powder patterns (a) the size and 

shape of unit cell and (b) The atomic number and position of various atoms in the 

cell. Thus, two materials may have the same crystal structure but almost certainly 

they have quite distinct powder patterns. The powder pattern has two characteristic 

features, therefore: the d-spacing of the lines and their intensity. Of the two, the d-

spacing is far more useful and capable of precise measurement. The d-spacing 

should be reproducible from sample to sample unless impurities are present to form 

a solid solution or the material is in some stressed, disorder or metastable condition. 

On the other hand, intensities are more difficult to measure quantitatively and often 

vary from sample to sample. Intensities can usually be measured only semi-

quantitatively and may show variation of, say, 20 percent from sample to sample 

(much more if preferred crystal orientation is present). 

 

2.4.3.4  Calculation of parameters 

Lattice parameter “a”, unit cell volume “Vcell”, Scherrer crystallite 

size “D” and X-ray density “ρx-ray” , bulk density “ρ bulk”, porosity “P” and surface 

area “S” have been calculated using the following relations:  
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where d is value of d-spacing of lines in XRD pattern, hkl are corresponding indices 

to each line in the pattern,  is the broadening of diffraction line measured at half 

width of its maximum intensity, λ is the X-ray wavelength and is equal to 1.542 A°, 

θ the Bragg’s angle and K the constant which is equal to 0.9 for cubic system, Z is 



 

the number of molecules per formula unit (Z = 8 for spinel system), M is the molar 

mass, h is the height of pellet, Vcell and NA have their usual meanings. 

 

2.4.4 Thermal Analysis 

Thermal analysis is the measurement of a sample as the sample is 

programmed through a programmed temperature in a particular atmosphere. The 

most important ones include the thermogravimetric analysis (TGA), a technique in 

which the mass of a substance is measured as a function of temperature; the 

differential thermal analysis (DTA), a technique in which the temperature difference 

between a substance and a reference material is measured as a function of 

temperature and the differential scanning calorimetry (DSC), a technique in which 

the difference in energy inputs into a substance and a reference material is measured 

as a function of temperature.  

 

2.4.4.1  Working principle 

A thermo balance is a combination of an electronic microbalance, 

furnace and a temperature programmer. The thermo balance is placed in an enclosed 

system to control the atmosphere. The measurements of mass changes with 

temperature are carried out with the help of such thermo balance. Thermo balance is 

normally housed in a glass or metal systems to control the pressure and the 

atmosphere inside it. A regular gaseous flow may be maintained in order to remove 

the evolved gases from the thermo balance with the care that these gases do not 

disturb the balance [180]. Temperature sensors are either platinum resistance 

thermometers or thermocouples. The temperature controller attached to the 

instrument offer heating rates from a fraction of a degree per minute to nearly 373 K 

min-1. 

The beam is displaced by change in weight loss with temperature on sample 

side. This displacement is detected optically and the drive coil current is changed to 

return the displacement to zero. The detected drive coil current change is 

proportional to the amount of weight change in sample and is output as the TG 

signal. The mass losses define the stages and the conditions of temperature and 

atmosphere necessary for the preparation of the spinel phase and the stability. A 

workstation simultaneously carries out the thermal analysis as shown in Fig. 2.5. 

 



 

2.4.4.2 Flow sheet diagram 

 

 

 

Figure 2.5: A flow sheet diagram showing the ssimultaneous operation of thermal 

analysis using work station [Hatakeyama, T.; Liu, Z. Hand Book of Thermal 

Analysis; John Willey & Sons: Chichester, 1998] 

 

2.4.4.3  Data obtained 

In addition to providing the materials scientist with information on 

the thermal stability and degradation products of a material under study, thermal 

analysis methods can reveal the phase properties, mechanical stabilities, thermal 

expansion coefficients, and electrical or magnetic properties as a function of 

temperature. Other properties of materials that are accessible using thermal analysis 

techniques include the temperatures and heats of phase transition, heat capacity, 

glass transition points, thermal stability, and purity. 

 

2.4.5 Fourier Transform Infrared Spectroscopy 

In an infrared experiment, change in the intensity of a beam of infrared 

radiation as a function of wavelength or frequency (2.5-50 pm or 4000-200 cm-1, 

respectively) is studied, after it interacts with the sample. An infrared 

spectrophotometer functions to disperse the light from a broadband infrared source 

and to measure its intensity at each frequency. The ratio of the intensity before and 



 

after the light interacts with the sample is determined. The plot of this ratio versus 

frequency is the infrared spectrum. 

 

2.4.5.1  Working principle 

The most common interferometer used in FTIR spectrometry is a 

Michelson interferometer, which consists of two perpendicularly plane mirrors (Fig. 

2.6). A semi-reflecting film, the beam splitter, bisects the planes of these two 

mirrors. If a collimated beam of monochromatic radiation of wavelength λ (cm) is 

passed into an ideal beam splitter, 50% of the incident radiation will be reflected to 

one of the mirrors while 50% will be transmitted to the other mirror. The two beams 

are reflected from these mirrors, returning to the beam splitter where they recombine 

and interfere. Fifty percent of the beam reflected from the fixed mirror is transmitted 

through the beam splitter while 50% is reflected back in the direction of the source. 

The beam which emerges from the interferometer at 90◦ to the input beam is called 

the transmitted beam and this is the beam detected in FTIR spectrometry. 

The moving mirror produces an optical path difference between the two 

arms of the interferometer. For path differences of (n + 1/2)λ, the two beams 

interfere destructively in the case of the transmitted beam and constructively in the 

case of the reflected beam. The resultant interference pattern is shown in Figure 2.5 

for (a) a source of monochromatic radiation and (b) a source of polychromatic 

radiation (b). FTIR spectrometers use a Globar or Nernst source for the mid-infrared 

region. There are two commonly used detectors employed for the mid-infrared 

region. The normal detector for routine use is a pyroelectric device incorporating 

deuterium tryglycine sulfate (DTGS) in a temperature-resistant alkali halide 

window. For more sensitive work, mercury cadmium telluride (MCT) can be used, 

but this has to be cooled to liquid nitrogen temperatures.  

 

2.4.5.2 Flow sheet diagram 

 



 

 

Figure 2.6: A flow sheet diagram showing the working principle of the FTIR 

instrument [Brundle, C. R.; Evans, C. A.; Wilson, S. Encyclopedia of materials 

characterization; Butterworth-Heinemann: Boston; 1992] 

 

2.4.5.3  Data obtained 

Fourier-transform infrared (FTIR) spectroscopy is based on the idea 

of the interference of radiation between two beams to yield an interferogram. The 

latter is a signal produced as a function of the change of path length between the two 

beams. The radiation emerging from the source is passed through an interferometer 

to the sample before reaching a detector. Upon amplification of the signal, in which 

high-frequency contributions have been eliminated by a filter, the data are converted 

to digital form by an analog-to-digital converter and transferred to the computer for 

Fourier-transformation [181].  

 

2.4.6  DC- Electrical Resistivity Measurements 

There are two methods used to measure high resistance, the constant voltage 

method and the constant current method. In the constant voltage method, a known 

voltage is sourced and a pico-ammeter or electrometer is used to measure the 

resulting current. Some of the applications which use this method include: testing 

two-terminal high resistance devices, measuring insulation resistance, and 



 

determining the volume and surface resistivity of insulating materials. In the 

constant current method, a constant current is forced through the unknown 

resistance and the voltage drop across the resistance is measured.  

 

2.4.6.1  Working principle 

The resistivity of the semiconducting material is often measured 

using a two point probe technique which is used to measure the electrical properties 

of the samples having high resistivity. This technique involves bringing two probes 

in contact with a material of unknown resistance (Fig. 2.7). Pellet of the sample was 

placed in sample holder. Fine copper wire was used for electrical connections of two 

probes. One of the probe was used for sourcing dc-voltage from a constant voltage 

source (Keithley, model 2400) and the other probe were used for measuring the 

resulting change in current across the surface of the sample using the same 

electrometer. A temperature controlling furnace along with sample holder and 

constant voltage source meter (Keithley, model 2400). Temperature of sample was 

varied from room temperature up to 400 oC, and corresponding change in current 

was noted down by source meter. A temperature sensing multimeter (Uni, UT 55) 

which was connected to temperature sensor thermocouple PT 100 was used to read 

the temperature with an accuracy of ± 0.01K.  

2.4.6.2 Flow sheet diagram 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: A flow sheet diagram showing the two point probe method for the 

measurement of DC electrical resistivity 

D = 13 mm  
l = 2 5 mm

25 - 400 0C

~ 100 - 150 V 



 

2.4.6.3  Calculation of parameters 

Using Ohm’s law V = IR, resistance R is calculated, where I is the 

current and V is the voltage applied. The DC resistivity was calculated using the 

following relation   

L

A
R      2.11 

where, L and A are the height and area 2rA   of pellet of the sample having 

radius r and R is the resistance of the pellet of known dimensions calculated by the 

Ohm’s law, V=IR;  V is the applied voltage and I the corresponding change in the 

current. The activation energy for hopping of electron (Ea) was calculated from the 

slope of graph plotted between lnρ and 1000/T in accordance with the Arrhenius 

equation: 

Tk

E

B

a
o   lnln    2.12 

 

 

2.4.7 DIELECTRIC MEASUREMENTS 

 

LCR meter is used to measure the resistance, capacitance, inductance, 

impedance, loss factor etc. of the materials. 

 

2.4.7.1  Working principle 

In an automatic LCR meter bridge method, the bridge circuit employs 

a fixed standard resistor beside the unknown impedance, and a multiplying digital-

to-analog converter (MDAC) that works as a resistive potentiometer. Two 

independent quasi-balances are maintained in the bridge by varying the 

potentiometer settings and the unknown value of the standard resistance as shown in 

Fig. 2.8. A fixed standard resistor despite a variable standard resistor is used. In 

order to determine the values of dielectric constant for the materials, an ideal 

capacitor Cp (with loss-free dielectric) in parallel with a resistor R is taken as the 

equivalent circuit of a capacitor with dielectric having certain conductivity. The 

resistor R can be considered as built up from two parallel resistors, one representing 

the finite ohmic resistance of the dielectric and the other representing an equivalent 



 

resistance of such a value that the energy dissipated in it is equal to the dielectric 

losses in the dielectric.  

 

 

2.4.7.2  Flow sheet diagram 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: A flow sheet diagram showing the working of LCR meter bridge 

 

 

2.4.7.3  Calculation of parameters 

The dielectric constant (ε) and the loss factor or dissipation factor 

(tan δ) is measured as a function of frequency in the range of 1 kHz – 1 MHz. The 

dielectric constant (ε) is calculated by the following relation 

A

dC

o
 .
      2.13 

where C is the capacitance of the pellet, d and A are the thickness and the cross-

sectional area of the flat surface of the pellet, respectively, and εo is the permittivity 

constant of free space. The dielectric loss factor (tan δ), also called dissipation 

factor, is the ratio of the power loss in a dielectric material to the total power 

transmitted through the dielectric, and it is calculated from the following equation 

pp RCf
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1
tan      2.14 
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where δ is the loss angle, f is the frequency, Rp the equivalent parallel resistance, and 

Cp is the equivalent parallel capacitance. Cp is the value of capacitance for the ideal 

capacitor (a loss free dielectric) and C is the capacitance of the sample pellet.  

 

 

 

2.4.8 Thermal Conductivity Measurements 

 

2.4.8.1  Working principle 

A laser flash method using (Laser Flash PL 300) was employed to 

study the thermal conductivity of the synthesized materials. Fig. 2.9 gives the 

working principle of the laser flash unit. FL-3000 consists of four main sections, the 

electronic control console (ECC), furnace, the detector assembly and the sample 

support/indexing head. The ECC and the furnace are integrated into one assembly. 

The data recorded by the detector assembly is transferred to the ECC via a shielded 

cable assembly. The signal is then passed to a high speed data acquisition card and 

fed into a computer. All data for each shot is recorded and stored in discrete files on 

pc. The flash lamp is located inside the protective housing below the furnace frame. 

It is enclosed to prevent accidental exposure to both the high voltage used to 

generate the flash and the resultant light generated during a flash. The power of the 

pulse can b varied by adjusting the charge voltage from 400 V to 800 V.  

The IR furnace consists of a water cooled gold coated mirror cavity equipped 

with two high power linear heat sources. A temperature sensor switch is mounted on 

the furnace body to monitor its temperature. The xenon flash is collected and 

transferred to the sample via a proprietary optical assembly. The detector module 

interfaces the detector circuitry with the rest of the electronics. The high speed 

interface permits it to acquire the temperature data from the top face of the sample. 

The system may be evacuated via the supplied port in the rear of furnace and the 

system operates at the temperature of RT-773-1273 K using a type k thermocouple 

for temperature sensing. The thermal diffusivity can be measured with an accuracy 

of ± 3 (reproducibility ±2) and the specific heat can be measured with an accuracy of 

±5 (reproducibility ±3). 

 

 



 

 

 

 

 

 

2.4.8.2  Flow sheet diagram 

 

 

Figure 2.9: A flow sheet diagram showing the working principle of laser flash 

method [Zhang, Z. T.; Li, W. C.; Seetharaman, S. Metall Mater. Trans. B, 37 B 

(2006) 615-621]  

2.4.8.3  Data obtained 

The top surface of the 6 mm disk sample is irradiated with laser 

beam, which provides an instantaneous energy pulse which is absorbed on the top 

surface of a sample and converted into the heat energy. The heat energy travels 



 

through the sample. Immediately after the laser pulse, the temperature of the rear 

surface of the sample is monitored by collecting the radiation using a photovoltaic 

infrared detector. The computer uses the rear surface temperature vs time trace to 

obtain a value for half rise time, t1/2, which is the time required for the rear face to 

reach half of its maximum value and this value is used to evaluate the thermal 

diffusivity, specific heat and hence the thermal conductivity for the sample disc. 

2.4.8.4  Calculation of parameters 

The complicated basic equation for the thermal conductivity of a 

homogeneous and isotropic material can be solved by applying the conditions of 

adiabatic boundaries and the infinitesimal impact duration and the first order series 

expansion results in the following equation for the thermal diffusivity α of a 6 mm 

diameter pellet having thickness L. 

2
1

2

2

.

.37.1

t

L


       2.15 

where 1.37 is the numerical value for -ln (1/4). Using the following relation thermal 

conductivity λ was measured. 

 pC     2.16 

where Cp is the specific heat, ρ is the density and α is the thermal diffusivity of the 

sample at a particular temperature.  

 

 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 STRUCTURAL AND MORPHOLOGICAL PROPERTIES  

  

The structural and morphological characterization of the samples is carried 

out using X-ray diffraction (XRD), energy dispersive spectroscopy (EDX), high 

resolution transmission electron microscopy (HRTEM) and differential thermal 

analyses (DTA). 

 

3.1.1 Energy Dispersive X-ray Spectroscopic Analysis 



 

Energy dispersive X-ray spectroscopy (EDX) was employed to determine the 

chemical composition of the synthesized samples. The measurements were carried 

out at scanning electron microscope (Philips ESEM XL30) coupled with the energy 

dispersive X-ray utility. The standard samples for the elements were prepared by 

using the following metals: Ni (99.9999%, Advent Res., Halesworth, England), Co 

(99.9%, Alfa, Karlsruhe, Germany), Zn (99.999%, ASARCO), Cd (99.9999%m 

Alfa, Karlsruhe, Germany), Al (99.9999%, Alfa, Karlsruhe,Germany) and Mg 

(99.9%, Alfa, Karlsruhe, Germany) which were embedded in an epoxy, grinded and 

polished with diamond solution.  

The energies of various X-rays emitted by the elements in our samples are 

given below. K-Mg: 1.32 keV, K-Al: 1.49, K-Ni: 7.48; L-Ni: 0.85, K-Co: 7.71, K-

Zn: 9.65; L-Zn: ~ 1keV, K-Cd: 20.6; and L-Cd: ~ 4keV. The K lines were used in the 

case of Co, Mg, Al and Zn while for the Ni and Cd, L lines were used for the 

detection. A typical electron energy selected for the analysis is 20 keV. When the 

electron beam penetrates the surface of the sample, the voltage is about optimum for 

exciting for example, the K-Ni X-rays, but is well above the optimum for exciting 

for example, K-Mg, K-Al or L-Ni X-rays. As the electrons propagate through the 

sample and lose energy, the production of K-Ni X-rays decreases with depth. 

However, the production of the K-Mg, K-Al or L-Ni X-rays increases, because the 

beam energy is getting closer to the optimum energy for production of these X-rays. 

Hence, the detection of all atoms is easily performed with 20 keV incident beam. 

The results are tabulated in Table 3.1 and the representative EDX spectra are 

shown in Figs. 3.1-3.13. The quantitative analysis shows that the experimental 

values match with the nominal compositions. However, lower Zn content in all the 

samples is observed. The zinc deficiency can be due to the volatile nature of zinc 

oxide, pZn = 9x10-4 Pa at 1273 K; as opposed to aluminum oxide, pAl = 4x10-13 Pa 

and magnesium oxide, pMg = 4x10-18 Pa. The urea combustion reaction is 

exothermic (ΔH = -1600 kJ at 298 K) which generates a large amount of heat 

sufficient to evaporate Zn having melting point of 692 K.  

 



 

 

 

Figure 3.1: EDX spectrum of MgAl2O4 

 

 

 

 

 

 

Figure 3.2: EDX spectrum of Mg1-2x(Zn-Ni)xAl2O4 (a) x = 0.2 (b) x = 0.3 

 

 

 

 

 

Figure 3.3: EDX spectrum of Mg1-2x(Zn-Co)xAl2O4 (a) x = 0.3 (b) x = 0.4 
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Figure 3.4: EDX spectrum of Mg1-2x(Zn-Cd)xAl2O4 (a) x = 0.2 (b) x = 0.3 

 

 

 

 

 

 

Figure 3.5: EDX spectrum of Mg1-2x(Ni-Co)xAl2O4 (a) x = 0.2 (b) x = 0.3 
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Figure 3.6: EDX spectrum of Mg1-2x(Ni-Cd)xAl2O4 (a) x = 0.2 (b) x = 0.3 

Table 3.1: Atomic percents of the elements in the synthesized series of the samples 

as determined by SEM-EDX 

 

Content, X Mg Al Zn Ni Cd Co 

0.0 
32.31 

*(33.3) 

66.32 

(66.66) 
- - - - 

(Zn-Ni)x 

0.1 

26.21 

(26.66) 

66.20 

(66.66) 
3.21 (3.33) 3.30 (3.33) - - 

0.2 
19.72 

(20.00) 

66.40 

(66.66) 
6.13 (6.66) 6.01 (6.66) - - 

0.3 
13.52 

(13.30) 

66.63 

(66.66) 
9.28 (10.00) 

9.96 

(10.00) 
- - 

0.4 6.48 (6.66) 
66.91 

(66.66) 

12.69 

(13.33) 

13.20 

(13.33) 
- - 

0.5 - 
66.82 

(66.66) 

15.36 

(16.66) 

16.32 

(16.66) 
- - 

(Zn-Co)x 

0.1 

26.01 

(26.66) 

66.19 

(66.66) 
3.13 (3.33) - - 3.30 (3.33) 

0.2 
19.50 

(20.00) 

66.01 

(66.66) 
6.01 (6.66) - - 6.31 (6.66) 

0.3 
13.06 

(13.30) 

66.19 

(66.66) 
9.12 (10.00) - - 

09.63 

(10.00) 

0.4 06.29 (6.66)
66.81 

(66.66) 

10.45 

(13.33) 
- - 

12.45 

(13.33) 

0.5 - 
66.05 

(66.66) 

14.81 

(16.66) 
- - 

16.14 

(16.66) 

(b)



 

(Zn-Cd)x 

0.1 

26.34 

(26.66) 

66.20 

(66.66) 
3.03 (3.33) - 3.29 (3.33) - 

0.2 
19.12 

(20.00) 

66.08 

(66.66) 
6.01 (6.66) - 6.33 (6.66) - 

0.3 
13.00 

(13.30) 

66.95 

(66.66) 
9.09 (10.00) - 

10.23 

(10.00) 
- 

0.4 06.45 (6.66)
66.43 

(66.66) 

12.81 

(13.33) 
- 

13.01 

(13.33) 
- 

0.5 - 
66.11 

(66.66) 

15.98 

(16.66) 
- 

16.10 

(16.66) 
- 

(Ni-Co)x 

0.1 

26.87 

(26.66) 

66.99 

(66.66) 
- 3.03 (3.33) - 3.35 (3.33) 

0.2 
19.87 

(20.00) 

66.86 

(66.66) 
- 6.84 (6.66) - 6.43 (6.66) 

0.3 
13.29 

(13.30) 

66.66 

(66.66) 
- 

9.87 

(10.00) 
- 

9.78 

(10.00) 

0.4 06.29 (6.66)
66.81 

(66.66) 
- 

13.35 

(13.33) 
- 

13.45 

(13.33) 

0.5 - 
66.73 

(66.66) 
- 

16.57 

(16.66) 
- 

16.32 

(16.66) 

(Ni-Cd)x 

0.1 

26.01 

(26.66) 

66.01 

(66.66) 
- 3.00 (3.33) 3.13 (3.33) - 

0.2 
19.94 

(20.00) 

66.04 

(66.66) 
- 6.37 (6.66) 6.31 (6.66) - 

0.3 
13.27 

(13.30) 

66.79 

(66.66) 
- 

10.06 

(10.00) 

9.88 

(10.00) 
- 

0.4 
06.38 (6.66)

66.19 

(66.66) 
- 

13.45 

(13.33) 

13.18 

(13.33) 
- 

0.5 
- 

66.95 

(66.66) 
- 

16.87 

(16.66) 

16.14 

(16.66) 
- 

*Theoretical 

values 

3.1.2 X-ray Diffraction Analysis 



 

X-ray diffraction studies were carried out on (Philips X’Pert PRO 3040/60) 

using Cu Kα as a radiation source in the 2θ range of 15o to 80o. The measurements 

were performed on the well grounded powdered samples approximately 1gm in 

weight. The obtained patterns are matched with the standard pattern of magnesium 

aluminate spinel (ICSD ref. code No. 00-021-1152, a = 8.08 Å, Vcell = 528 Å3) as 

shown in Fig. 3.7. In this pattern peaks are numbered according to the increasing 2θ 

and at the top of every peak a parenthesis shows the value of 2θ and the 

corresponding hkl miller index for that peak.  

Fig. 3.8 shows a comparison of the XRD patterns of (Ni-Zn)x samples having 

a  general formula Mg1-2xZnxNixAl2O4 (x = 0.0-0.5). Sharp and high intensity peaks 

are obtained with hkl values of (111), (220), (311), (222), (400), (422), (511), (440) 

(531), (533), (622) and (444) which closely correspond to the standard pattern of 

spinel MgAl2O4 compound as shown in Fig. 3.7. The absence of any extra peaks in 

these patterns indicates that the synthesized samples exhibit a single-phase structure.  

The XRD patterns for the (Zn-Co)x, (Zn-Cd)x, (Ni-Co)x and (Ni-Cd)x 

samples are shown in Figs. 3.9-3.12. No extra peaks other than the spinel appeared 

in all the samples evidencing the formation of single phase doped spinel compounds. 

The ionic radii of Zn2+, Ni2+, Cd2+ and Co2+ are 0.58, 0.56, 0.78 and 0.58 Å, 

respectively, which on doping can replace Mg2+ (0.59 Å). The successful 

incorporation of the impurity ions indicates the flexibility of the spinel structure 

towards the addition of a variety of cations. The peak broadening is enhanced 

indicating the smaller crystallite sizes of the doped samples. 

ICSD Ref. code: 00-021-1152
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Figure 3.7: XRD pattern of MgAl2O4 spinel (ICSD reference code: 00-021-

1152) 
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Figure 3.8: XRD patterns for (Zn-Ni)x samples where x = 0.0-0.5 
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Figure 3.9: XRD patterns for (Zn-Co)x samples where x = 0.0-0.5 
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Figure 3.10: XRD patterns for (Zn-Cd)x samples where x = 0.0-0.5 
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Figure 3.11: XRD patterns for (Ni-Co)x samples where x = 0.0-0.5 
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Figure 3.12: XRD patterns for (Ni-Cd)x samples where x = 0.0-0.5 

While in the case of (Zn-Cd)x (Fig. 3.10) and the (Ni- Cd)x (Fig. 3.12) the 

pure spinel phase is produced till x = 0.3 while at higher dopant content, the extra 

peaks in the patterns appear (indicated by arrows) along with the peaks for the spinel 

phase. These peaks may appear due to the fact that the tetrahedrally coordinated 

Cd2+ has the size of 0.78 Å as opposed to the 0.59 Å for Mg2+, which is difficult to 

accommodate in at higher concentration, so the extra amount precipitates out in the 

form of some oxide of cadmium or mixed oxide of metallic ions. However, there is a 

slight shift in the peak position in the case of different dopants and variable peak 

widths due to the difference in the nature of metal cations, their ionic radius, binding 

energies and the site preferences. 

The type of Bravais lattice of all samples is face centered cubic as the 

unmixed reflections appear in the diffraction patterns of these samples [182]. 

Compared to the patterns reported by [183, 184] more pronounced peaks are 

obtained. Impurities such as Al2O3 and MgO, have some of their peaks in the 2 theta 

region of 50-70º [185] which are not found in the samples confirming the single 

phase spinel synthesis. 

The experimental values of d spacings are compared with the values for the 

standard MgAl2O4 (ICSD ref. code No. 00-021-1152) and are shown in Tables 3.2-

3.6. These values match well with the values of the standard pattern within the limit 

of experimental errors.  

The phase purity, lattice parameter (a), unit cell volume (Vcell), crystallite size (D), 

X-ray density (dx-ray), bulk density (db), porosity (P) and surface area (S) are 

determined by X-ray diffraction experiments using equations 2.6-2.12. The values of 

d-spacing of lines, corresponding hkl miller indices of each line and the broadening 



 

 of diffraction line measured at half width of its maximum intensity are used for 

calculations. The line broadening is corrected for instrumental broadening using the 

relation  2

1
2

exp
2

inst  , where βexp is the broadening of the sample, βinst is the 

broadening for the MgAl2O4 composed of large particles >500 nm. The Structural 

parameters are calculated using all the indexed peaks and then averaging out for 

each parameter. The half widths are given by the instrument itself and are not self 

calculated 

The calculated values of all the stated parameters for each series of the 

synthesized samples are reported in Tables 3.7-3.11. Table 3.7 shows the values for 

the (Zn-Ni)x series. The lattice parameter (a) and the unit cell volume (Vcell) of the 

synthesized samples are in accordance with the standard magnesium aluminate 

spinel.  

 

Table 3.2: A comparison of the experimental values of the d-spacing for the (Zn-

Ni)x samples with the values for the standard MgAl2O4 (ICSD ref. code No. 00-021-

1152) 

 

 hkl x = 0.0* x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5 

1 111 4.6600 4.67369 4.67639 4.66567 4.66051 4.67429 - 

2 220 2.8580 2.85886 2.86953 2.85878 2.85689 2.85909 2.84730 

3 311 2.4370 2.43949 2.44246 2.43613 2.43308 2.44032 2.43262 

4 222 2.3350 - - - - - - 

5 400 2.0200 2.02286 2.02647 2.02153 2.01794 2.02038 2.01740 

6 422 1.6500 1.65263 1.65580 1.64885 1.64847 1.65228 1.64569 

7 511 1.5554 1.55706 1.55926 1.55734 1.55342 1.55603 1.55265 

8 440 1.4289 1.4297 1.43107 1.42881 1.42661 1.43015 1.42605 

9 531 1.3662 1.36529 - - - - - 

10 620 1.2780 - - 1.27682 1.27744 - 1.27726 

11 533 1.2330 1.23286 1.23221 1.23332 1.23149 1.23001 1.22989 

12 622 1.2187 - - - - - - 

13 444 1.1666 - - 1.16592 1.16204 - - 

 



 

 

 

 

 

Table 3.3: A comparison of the experimental values of the d-spacing for the (Zn-

Co)x samples with the values for the standard MgAl2O4 (ICSD ref. code No. 00-

021-1152) 

 

 hkl x = 0.0* x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5 

1 111 4.6600 4.67369 4.63228 4.7532 - - - 

2 220 2.8580 2.85886 2.849 2.867 2.86682 2.86149 2.86549 

3 311 2.4370 2.43949 2.43967 2.44335 2.44219 2.44524 2.44484 

4 222 2.3350 - - - - - - 

5 400 2.0200 2.02286 2.02469 2.02727 2.01967 2.02743 2.02722 

6 422 1.6500 1.65263 1.6502 1.64871 1.65183 1.65576 1.65394 

7 511 1.5554 1.55706 1.55633 1.55619 1.55791 1.55694 1.56032 

8 440 1.4289 1.4297 1.42842 1.42855 1.43102 1.42921 1.43238 

9 531 1.3662 1.36529 - - - - - 

 

* d- spacing values for standard magnesium aluminate ICSD 00-021-1152 

 

 

 

 

Table 3.4: A comparison of the experimental values of the d-spacing for the (Zn-

Cd)x samples with the values for the standard MgAl2O4 (ICSD ref. code No. 00-

021-1152) 

 hkl x = 0.0* x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5 

1 111 4.6600 4.67369 4.64567 4.6833 4.66532 4.89332 2.86018

2 220 2.8580 2.85886 2.85198 2.85909 2.84792 2.84364 2.43917

3 311 2.4370 2.43949 2.43091 2.43578 2.4327 2.41504 2.01085

4 222 2.3350 - - - - - - 

5 400 2.0200 2.02286 2.0199 2.02288 2.01213 2.00433 1.64318



 

6 422 1.6500 1.65263 1.64779 1.6492 1.64593 1.63793 1.54908

7 511 1.5554 1.55706 1.55537 1.55524 1.55137 1.54594 1.42078

8 440 1.4289 1.4297 1.42881 1.42999 1.4254 1.42093  

9 531 1.3662 1.36529 - - - - - 

 

 

Table 3.5: A comparison of the experimental values of the d-spacing for the (Ni-

Co)x samples with the values for the standard MgAl2O4 (ICSD ref. code No. 00-

021-1152) 

 hkl x = 0.0* x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5 

1 111 4.6600 4.67369 4.7095 - - - - 

2 220 2.8580 2.85886 2.85487 2.89198 2.88342 2.8567 2.85968

3 311 2.4370 2.43949 2.43537 2.463 2.44975 2.45125 2.44286

4 222 2.3350 - - - - - - 

5 400 2.0200 2.02286 2.0217 2.03356 2.03159 2.03377 2.02611

6 422 1.6500 1.65263 1.64591 - - - - 

7 511 1.5554 1.55706 1.55469 1.56221 - 1.54684 1.54855

8 440 1.4289 1.4297 1.42873 1.43375 1.43322 1.43182 1.42707

9 531 1.3662 1.36529 - - - - - 

 

 

Table 3.6: A comparison of the experimental values of the d-spacing for the (Ni-

Cd)x samples with the values for the standard MgAl2O4 (ICSD ref. code No. 00-

021-1152) 

 hkl x = 0.0* x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5 

1 111 4.6600 4.67369 4.66017 4.66706 4.67471 2.85746 2.8262

2 220 2.8580 2.85886 2.85621 2.8586 2.83511 2.41853 2.4160

3 311 2.4370 2.43949 2.43986 2.43652 2.42687 - - 

4 222 2.3350 - - - - - - 

5 400 2.0200 2.02286 2.02128 2.02152 2.02179 2.00569 2.00249

6 422 1.6500 1.65263 1.64642 1.64567 1.64797 - 1.66152

7 511 1.5554 1.55706 1.55614 1.55406 1.55222 1.54875 1.54616

8 440 1.4289 1.4297 1.42893 1.42744 1.42404 1.41847 1.41696



 

9 531 1.3662 1.36529 - - - - - 

 

* d- spacing values for standard magnesium aluminate ICSD 

00-021-1152 

The density of the (Zn-Ni)x doped samples increases gradually with the 

increase in the dopant content due to the larger molar mass of the double doped 

samples compared to the undoped magnesium aluminate as the atomic mass of Ni 

(58.69) and Zn (65.38) is higher than that of Mg (24.31). The crystallite sizes are 

found to be in the range of 10-14 nm which is remarkably smaller than that for the 

undoped one (47 nm). The X-ray density increases with the dopant content as the 

molar mass of the substituted samples increases according to the equation 2.9. 

Table 3.8 lists the structural parameters for the (Zn-Co)x series which are 

calculated for each hkl plane and then averaged out to obtain the value for each 

structural parameter. The values of the lattice parameter (a) match with the value for 

the standard pattern of magnesium aluminate (Fig. 3.7) and is almost constant with 

the dopant content because the ionic radii of the tetrahedrally coordinated Ni2+ and 

Zn2+ are 0.58 and 0.58 Å, respectively, which do not differ too much from Mg2+ 

with the radius of 0.59 Å. The cell volume (Vcell) values also match well with the 

values of the standard pattern. The crystallite sizes of the (Zn-Co)x samples are also 

smaller (18-33 nm) than the undoped one (47 nm). The trends of X-ray density, bulk 

density are similar to the aforementioned series of the samples.  

The calculated values for the structural parameters for the other doped series 

of magnesium aluminate are given in the Tables 3.9-3.11. The crystallite sizes are in 

the range of 21-29, 10-18, 13-41 nm for the (Zn-Cd)x, (Ni-Co)x and (Ni-Cd)x 

respectively. X-ray densities increase with the increase in the dopant contents in all 

the series due to the greater molar mass of the doped samples according to the 

equation 2.9.  

 

Table 3.7: Calculated structural parameters of the (Zn-Ni)x doped samples of 

magnesium 

aluminate 

(Zn-Ni)x 0.0 0.1 0.2 0.3 0.4 0.5 



 

a (Å) 8.10 8.07 8.10 8.09 8.10 8.07 

Vcell (Å3) 531 526 531 529 531 526 

Ds (nm) 47 13 14 12 12 10 

dx-ray (g/cm3) 3.57 3.79 3.94 4.14 4.31 4.54 

 

 

 

Table 3.8: Calculated structural parameters of the (Zn-Co)x doped samples of 

magnesium 

aluminate 

(Zn-Co)x 0.0 0.1 0.2 0.3 0.4 0.5 

a (Å) 8.10 8.06 8.11 8.10 8.10 8.11 

Vcell (Å3) 531 524 533 531 531 533 

Ds (nm) 47 33 27 24 20 18 

ρX-ray (g/cm3) 3.57 3.78 3.91 4.13 4.31 4.49 

 

 

 

Table 3.9: Calculated structural parameters of the (Zn-Cd)x doped samples of 

magnesium aluminate 

(Zn-Cd)x 0.0 0.1 0.2 0.3 0.4 0.5 

a (Å) 8.10 8.08 8.10 8.07 8.09 8.07 

Vcell (Å3) 531 528 531 526 529 526 

Ds (nm) 47 30 47 33 26 21 

dX-ray (g/cm3) 3.57 3.90 4.23 4.57 4.87 5.25 

 

 

 



 

Table 3.10: Calculated structural parameters of the (Ni-Co)x doped samples of 

magnesium aluminate 

(Ni-Co)x 0.0 0.1 0.2 0.3 0.4 0.5 

a (Å) 8.10 8.10 8.14 8.13 8.10 8.09 

Vcell (Å3) 531 531 539 537 531 529 

Ds (nm) 47 20 29 25 28 28 

dX-ray 

(g/cm3) 
3.57 3.74 3.84 4.03 4.25 4.45 

Table 3.11: Calculated structural parameters of the (Ni-Cd)x doped samples of 

magnesium aluminate 

(Ni-Cd)x 0.0 0.1 0.2 0.3 0.4 0.5 

a (Å) 8.10 8.09 8.09 8.06 8.04 8.03 

Vcell (Å3) 531 529 529 524 520 518 

Ds (nm) 47 41 25 14 13 16 

dX-ray 

(g/cm3) 
3.57 3.87 4.19 4.53 4.89 5.21 

 

No significant information can be obtained by working out the cell 

parameters upto more than two significant figures so the cell parameters are given 

now up to 2 significant figures. Various reported values for the surface area of 

MgAl2O4 are 208 m2/g [186], 55 m2/g [187], 120 m2/g [188], etc which depends 

upon the smaller crystallite sizes. Due to its low acidity and sintering-resistance 

ability such spinel has been widely studied as catalyst support. So a large surface 

area is required in order to enhance the rate of reaction so it is desirable to reduce the 

crystallite size. A comparison of the X-ray density for all the doped series is given in 

the Fig. 3.13. The synthesized series can be arranged according to the theoretical 

decreasing masses as follows, Zn-Cd > Ni-Cd > Zn-Co > Zn-Ni > Ni-Co and the 

experimental results clearly indicate the same trend.  
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Figure 3.13: Comparison of X-ray density of the doped series of the samples with 

the increasing dopant content “x” 

3.1.3 Transmission Electron Microscopic Analysis 

Particles size analysis was carried out on (Philips CM 200) using carbon 

coated TEM grids dipped in the dispersions of the samples in ethyl alcohol which 

were ultrasonicated for 15 minutes. For each sample a diffraction pattern is taken 

and also an image each in bright field and the dark field mode. 

Selected area diffraction patterns (SEAD) for the representative samples are 

shown in the Figs. 3.14 in the form of concentric rings. The number of spots in 

every ring depends on the number and size of crystallites. When the spots in the 

rings are resolvable; the diffraction pattern is taken from a small number of rather 

large crystallites. In case when the spots in rings are not resolvable it means that the 

diffraction patterns was taken from a big number of rather small crystallites. In Figs. 

3.14 (a), (b) and (e) the grain size is smaller hence, the diffraction from the particles 

produces a more continuous ring pattern while, in case of Figs. 3.14 (c), (d) and (f) 

larger particles produce the rings that are made up of discrete spots. The width of the 

rings of diffracted intensity in fact becomes broader and can be used as an inverse 

measure of the grain size. Strong lines (or spots) have the highest intensity. The 

exact center of the image, in many cases, is the direct beam. The shadow of a beam 

stop is shown in all the images. 

 The bright field and the dark field images of the doped series of the samples 

with a dopent content x = 0.2 are shown in Figs. 3.16-3.20. The agglomeration of 



 

crystallites produces two types of the regions, a region of large grains as well as a 

region of the small grains and both can be seen in Fig. 3.17 for example. As seen 

from all the Figs. the particle size of the samples is found to be within the nano 

regime. 
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Figure 3.14: Selected area diffraction patterns of the pure and the doped samples (a) 

MgAl2O4 (b) Mg0.6(Zn-Ni)0.2Al2O4 (c) Mg0.6(Zn-Co)0.2Al2O4 (d) Mg0.6(Zn-

Cd)0.2Al2O4  

(e) Mg0.6(Ni-Co)0.2Al2O4 (f) Mg0.6(Ni-Cd)0.2Al2O4 

 

 



 

 

 

 

 

 

 

  

Figure 3.15: Bright field (a) and the dark field (b) TEM images of MgAl2O4 
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Figure 3.16: Bright field (a) and the dark field (b) TEM images of 

Mg0.6Ni0.2Zn0.2Al2O4 
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Figure 3.17: Bright field (a) and the dark field (b) TEM images of 

Mg0.6Zn0.2Co0.2Al2O4 
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Figure 3.18: Bright field (a) and the dark field (b) TEM images of 

Mg0.6Zn0.2Cd0.2Al2O4 
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Figure 3.19: Bright field (a) and the dark field (b) TEM images of 

Mg0.6Ni0.2Co0.2Al2O4 
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Figure 3.20: Bright field (a) and the dark field (b) TEM images of 

Mg0.6Ni0.2Cd0.2Al2O4 

 

3.1.4  Differential Thermal Analysis 

  

In order to observe the effects of temperature on the thermal stability of the 

samples, differential thermal analysis is performed on the representative samples 

from each series. DTA measurements were carried out on DTA 404S/3 (Netzsch, 

Selb, Germany) using open alumina crucibles under a permanent argon flow. A 

sample mass of approximately 200 mg was used for the experiments. A minimum of 

one heating and cooling curves were recorded for each sample using a heating rate 

of 5˚min-1. The Pt/Pt10%Rh thermocouples of the DTA instrument were calibrated 

at the melting points of high purity Ni, Au and Al. 

Differential thermal analysis heating and cooling curves for the synthesized 

Mg1-2x(Znx-Nix)Al2O4 samples where x = 0.0, 0.2 and 0.3 are shown in the Fig. 3.21. 

No appreciable changes are seen in the heating and cooling curves except the 

endothermic peak at 453 K in all the samples which corresponds to the removal of 

the surface adsorbed water. DTA patterns for the other samples are shown in Figs. 

3.22-3.25. Thermodynamic stability of the samples up to a temperature of 1773 K 

can be seen from the Figs. 3.21-3.25 and the doped samples seem to have less 

degree of heat changes compared to the undoped one.   

 



 

 

 

 

Figure 3.21: DTA heating and cooling curves for the Mg1-2x(Znx-Nix)Al2O4 for 

samples with dopant content, x = 0.0, 0.2 and 0.3 

 

 

 

Figure 3.22: DTA heating and cooling curves for the Mg1-2x(Znx-Cox)Al2O4 for 

samples with dopant content, x = 0.0, 0.2 and 0.3 
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Figure 3.23: DTA heating and cooling curves for the Mg1-2x(Znx-Cdx)Al2O4 for 

samples with dopant content, x = 0.0, 0.2 and 0.3 

x = 0.0 

x = 0.5 x = 0.2



 

 

 

 

Figure 3.24: DTA heating and cooling curves for the Mg1-2x(Nix-Cox)Al2O4 for 

samples with 

dopant content, x = 0.0, 0.2 and 0.3 
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Figure 3.25: DTA heating and cooling curves for the Mg1-2x(Nix-Cdx)Al2O4 for 

samples with dopant content, x = 0.0, 0.2 and 0.3 

 

 

3.1.5 Fourier Transform Infrared Spectroscopic Analysis 

The FTIR spectra were recorded in the mid IR region, i.e. 400-4000 cm-1 by 

an Excalibur Bio-Rad (FTS 3000MX) spectrometer. The sample pellets were made 

by mixing the sample with the well ground KBr powder. The KBr powder was 

heated at 400 K to remove the adsorbed moisture before its utilization for pellet 

making.  

Magnesium aluminate is a normal spinel and a factor group analysis of spinel 

yields the following vibrational modes. 

uuuugggg TTEATTEA 212211 24223   

The Raman active modes are A1g, Eg and T2g while, T1u is IR active. The IR 

bands are narrow and well resolved. One strong band, two of medium intensity and 

one week band are observed in agreement with the predicted 4 T1u modes. The 

vibrational frequencies for these bands are 670, 485, 428 and 305 cm-1; the first two 

are due to the T2 asymmetric stretch and T2 bending mode, respectively, while both 

the last ones are due to the lattice vibration modes [189]. The position of each peak 

is sensitive to the synthesis conditions as well as the type of the material, i.e. either 

single crystal or synthetic polycrystalline powder. The absorption of IR radiations by 

a polycrystalline material involves the generation of one phonon. The law of 

conservation then requires: 

(a) the photon energy and hence, the frequency must be equal to phonon energy 

(frequency); 

(b) the photon momentum must be equal to the phonon momentum 

The FTIR patterns of MgAl2O4 and of Mg0.2Zn0.4Ni0.4Al2O4 are shown in 

Fig. 3.26. The IR region can be divided into three regions; 400-1100 cm-1, 1300-

2500 cm-1 and 2900-3500 cm-1. The last region corresponds to the OH symmetric-

antisymmetric and bending vibrations. The peaks at 3150cm-1 and 3505cm-1 are due 

to OH symmetric and antisymmetric stretching, respectively. The NO2 

(asymmetric), NH (bend) and C=O (stretch) are found in the mid region i.e. 



 

respectively at 1384cm-1, 1631cm-1 and 1763cm-1. The formation of spinel is 

confirmed by the appearance of the peaks at 550 cm-1 and 712 cm-1 which are due to 

metal-oxygen stretching due to vibration of MO-Al-O and M-O-Al bonds and which 

are characteristic for spinel. The peaks at 3505 cm-1 and 1763 cm-1 are due to O-H 

and C=O stretches caused by moisture and CO2 adsorbed from the air during the 

pressing of pellets [190]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26: The room temperature FTIR patterns of MgAl2O4 and 

Mg0.2Zn0.4Ni0.4Al2O4 

 

The spectra for other samples are shown in the Figs. 3.27-3.30. No peaks other 

than the spinel vibration modes appeared in the case of (Zn-Co)0.4 sample while the 

peaks in the other two regions also appeared along with the spinel shoulders in the 

rest of the samples which can be assigned similarly as mentioned above. 
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Figure 3.27: The room temperature FTIR pattern of Mg0.2Zn0.4Co0.4Al2O4 

 

 

 

 

 

 

Figure 3.28: The room temperature FTIR pattern of Mg0.2Zn0.1Cd0.1Al2O4 

 

 



 

 

 

 

Figure 3.29: The room temperature FTIR pattern of Mg0.2Ni0.1Co0.1Al2O4 

 

 

 

 

 

Figure 3.30: The room temperature FTIR pattern of Mg0.2Ni0.1Cd0.1Al2O4 

3.2 ELECTRICAL PROPERTIES  

The temperature variation of DC electrical resistivity is studied in the 

temperature range of 298-673 K by a two-point probe method as mentioned is the 

section 2.4.7. For each sample a pellet of 13 mm diameter was used for the study. In 

order to explain the resistivty data and the mechanism of conduction in the insulator 

materials we need to know the lattice site preference for the cations under 

investigation. The site preference studies of various cations in magnesium aluminate 

lattice are reported by many authors [191]. The preference of the individual ions for 

the two types of lattice sites is determined by (a) the ionic radii of the specific ions 



 

(b) the size of the interstices (c) temperature and (d) the orbital preference for 

specific coordination [192]. 

According to these studies, the divalent Mg2+ ions occupy the tetrahedral 

lattice sites while; the trivalent Al3+ ions occupy octahedral sites. The degree of 

inversion is negligible at room temperature so magnesium aluminate is a normal 

spinel. For the other divalent cations the calculations for the interchange enthalpies 

show that the, Zn2+ and Cd2+ have a strong tetrahedral site preference while Ni2+ and 

Co2+may reside on both the sites.  

The resistivity behavior in the range of 298-673 K for (Zn-Ni)x, (Zn-Co)x, (Zn-

Cd)x. (Ni-Co)x and (Ni-Cd)x where (x = 0.0-0.5) samples are shown in the Figs. 

3.31-3.35. A maximum in the resistivity curves is observed at a temperature of about 

380-430 K and the materials show semiconducting behavior (Δρ/ΔT< 0) and a 

metallic behavior (Δρ/ΔT > 0) below this temperature. A similar type of the 

behavior is reported by [193-195] for a wide variety of materials with a transition at 

or near 400 K which is called “a metal insulator type transition”. This type of the 

behavior can be correlated to the adsorbed moisture and CO2 because magnesium 

aluminate is known for its moisture sensitive nature [196]. The peaks in the FTIR 

patterns at 3200-3500 and 1690–1760 cm-1 (Figs. 3.26 & 3.28 for example) also 

point towards the above conclusion. But no such peaks are observed in (Zn-Co)0.4 

sample (Fig. 3.27), (Ni-Co)0.1 and (Ni-Cd)0.1 samples (Figs. 3.29, 3.30) for the 

resistivity maximum is also observed. So the above mentioned behavior may be due 

to the phase transition [197] which in our samples can be ruled out as no other phase 

except the spinel phase is indicated by XRD and DTA. But at the higher 

concentrations of the dopants (x = 0.4, 0.5) in the case of (Zn-Cd) and (Ni-Cd) this 

possibility exists as the peaks other than the spinel compounds are obtained in the 

XRD patterns.  

For all the pure single pahse spinel compounds, this behavior may be due to 

cation migration [198] or cation ordering [199] as the redistribution of cations at 

octahedral and the tetrahedral sites is possible when the synthesis temperatures are 

high as in the case of combustion reactions. In the case of Ni and Co materials which 

have respectively, 2 and 3 unpaired d shell electrons, an interlayer antiferromagnetic 

coupling may lead to the weak localization also called spin canting, i.e. they have 

ferro magnetically aligned clusters in the diamagnetic matrix and depending on the 

size of clusters the maxima shift to higher and lower temperatures and the cluster to 



 

cluster tunneling of electron/holes occurs via hopping mechanism [200] at the 

temperatures above transition temperature hence, giving a semiconducting behavior. 

However, the high temperature parts of Figs. 3.31-3.35 are plotted again in Figs. 

3.36-3.40 for the better clarity of the trends. The values of resistivity at transition 

temperature TMS and at 623 K are given in Tables 3.12-3.16 for the comparison. 
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Figure 3.31: Temperature variation of resistivity in the Mg1-2x(Zn-Ni)xAl2O4 

samples 
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Figure 3.32: Temperature variation of resistivity in the Mg1-2x(Zn-Co)xAl2O4 

samples 
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Figure 3.33: Temperature variation of resistivity in the Mg1-2x(Zn-Cd)xAl2O4 

samples 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

290 330 370 410 450 490 530 570 610 650
T (K)

ρ 
(Ω

.c
m

) 
x 

10
8

x=0.0

x=0.1

x=0.2

x=0.3

x=0.4

x=0.5

 

Figure 3.34: Temperature variation of resistivity in the Mg1-2x(Ni-Co)xAl2O4 

samples 
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Figure 3.35: Temperature variation of resistivity in the Mg1-2x(Ni-Cd)xAl2O4 

samples 

 

 

For a better clarity, the high temperature resistivity behavior is replotted 

separately for each series of the synthesized samples in Figs. 3.36-3.40. The 

materials follow the Arrhenius type equation (Eg. 2.16). The decreasing resistivity 

with an increase in temperature validates the semiconducting behavior of the 

samples. However, magnesium aluminate is considered to be a small polaron 

semiconductor in which energy is required for the mobility of charge carriers. 

Synthetic magnesium aluminate is normally a partially inverse spinel owing to 

cationic disorder in the structure of the spinel. It leads to the formation of charged 

anti-site defects, electron-hole (Al3+ in A-site) and traps (Mg2+ in B-site), which are 

responsible for the hopping of electrons in the structure of the ceramic MgAl2O4 

material. The hopping takes place through interstitial sites for the occupancy of Al3+ 

and Mg2+ ions in the octahedral sites. The transfer of charge carriers between 

adjacent Mg2+ ions takes place via O2- ions present in the spinel system. The 

hopping of an electron between adjacent sites results in a local displacement in the 

direction of an applied local electric field and a vacancy is created due to the 



 

hopping. Therefore, the charge carriers are either localized at the ions (Mg2+, Al3+) 

or at the vacant sites that take part in the conduction process via the hopping-type 

process [201].  

 

0

3

6

9

12

15

570 580 590 600 610 620 630 640 650 660 670 680
T (K)

 (
 Ω

 c
m

) 
x 

10
8 

x=0.0
x=0.1
x=0.2
x=0.3
x=0.4
x=0.5

 

 

 

Figure 3.36: High temperature resistivity profiles Mg1-2x(Zn-Ni)xAl2O4 (x = 0.0-0.5) 

samples 
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Figure 3.37: High temperature resistivity profiles Mg1-2x(Zn-Co)xAl2O4 (x = 0.0-

0.5) samples 
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Figure 3.38: High temperature resistivity profiles Mg1-2x(Zn-Cd)xAl2O4 (x = 0.0-

0.5) samples 
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Figure 3.39: High temperature resistivity profiles Mg1-2x(Ni-Co)xAl2O4 (x = 0.0-0.5) 

samples 

 

 

 

-2

8

18

28

38

48

58

570 580 590 600 610 620 630 640 650 660 670 680
T (K)

ρ 
(Ω

.c
m

) 
x 

10
8

x=0.0

x=0.1

x=0.2

x=0.3

x=0.4

x=0.5

 



 

Figure 3.40: High temperature resistivity profiles Mg1-2x(Ni-Cd)xAl2O4 (x = 0.0-0.5) 

samples 

 

The density of states for magnesium aluminate calculated using “Tight 

binding Muffin Tin orbital” method shows that the upper valence band is composed 

mostly of O 2p orbitals with the width of 6.3 eV. The resistivity data is fitted 

according the hopping polaron model. In these types of oxides, cations are 

surrounded by the close packing of anions and hence their electrons are considered 

to be isolated on each atom and localized electron model best fits the temperature 

behavior of resistivity. Charge carriers are localized in the d- shells due to the 

polaron formation which takes place by the electron-phonon interactions Small 

polaron is a defect created when a charge carrier becomes trapped at a given site due 

to the dislocation of adjacent atom or ion since a large number of vacant sites (only 

1/8 of 64 tetrahedral sites and 1/2 of 32 octahedral sites are occupied) are present in 

the single cubic unit cell of spinel. This whole defect (carrier + distortion) is 

transported by an activated hopping process. Random distribution of ions in the 

spinel structure is possible because the spinels are more susceptible towards the 

disordering defects since the energy consumed in the formation of cation antisiste 

defects is smaller than that of the formation energies of any other point defects 

[202].  

The calculated values of the resistivity and transition temperature for (Zn-

Ni)x, (Zn-Co)x, (Zn-Cd)x. (Ni-Co)x and (Ni-Cd)x where (x = 0.0-0.5) samples are 

shown in the Tables 3.12-3.16. The resistivity of the doped samples is higher as 

compared to the pure magnesium aluminate sample. From simple band-structure 

calculations, the 3d states of Ni2+ and Co2+ are expected to form an incompletely 

filled 3d conduction band, leading to metallic conductivity of the transition metal 

doped oxides. Actually, in the transition-metal oxides with incompletely filled 3d 

shells, the localization of the 3d electrons is responsible for the insulating nature of 

the doped oxides. So these types of oxides belong to the class of Mott–Hubbard or 

charge-transfer insulators, as a strong Coulomb correlation prevents the electrons 

from forming a 3d band and localizes them at the transition-metal ions. The 

electrons cannot move freely and energy of several electron volts is needed for 

electron transfer between neighboring transition-metal ions [203]. Thermal energy 

initially is very less for the promotion of electrons to the neighboring transition 



 

metal ions but when the transition temperature is achieved then a considerable level 

of charge transfer occurs and resistivity decreases with the increase in temperature 

showing a semiconducting behavior. 

 

 

 

 

Table 3.12: Electrical characteristics of Mg1-2xZnxNixAl2O4 (x = 0.0-0.5) samples 

(Zn-Ni)x 0.0 0.1 0.2 0.3 0.4 0.5 

Transition temperature,  

TMS (K) ± 5 

403 388 383 425 358 368 

Resistivity at (623 K) 

ρ (.cm) x 108 ± 0.88  

0.83 5.67 4.27 3.83 3.57 3.52 

Resistivity at TMS  

ρ (.cm) ± 0.88 

2.32x1010 2.21x1011 4.64x1010 1.15x1010 8.09x1010 1.41x1011 

Activation energy,  

E (eV) ± 0.10 

0.65 0.55 0.54 0.63 0.49 0.53 

 

 

 

 

Table 3.13: Electrical characteristics of the Mg1-2x(Zn-Co)xAl2O4 (x=0.0-0.5) 

samples 

(Zn-Co)x 0.0 0.1 0.2 0.3 0.4 0.5 

Transition temperature,  

TMS (K) ± 7 

403 408 448 383 368 388 

Resistivity at (623 K) 

ρ (.cm) ± 1.45  

0.83 x 108 3.79x108 6.05x109 6.61x109 1.11x1010 2.87x109 

Resistivity at TMS  

ρ (.cm) ± 1.32 

2.32x1010 1.66x1011 1.45x1012 5.16x1012 5.53x1012 1.29x1012 

Activation energy,  

E (eV) ± 0.15 

0.65 0.66 0.68 0.68 0.70 0.68 

 



 

 

 

 

 

Table 3.14: Electrical characteristics of the Mg1-2x(Zn-Cd)xAl2O4 (x=0.0-0.5) 

samples 

(Zn-Cd)x 0.0 0.1 0.2 0.3 0.4 0.5 

Transition temperature,  

TMS (K) ± 3 

403 388 368 373 358 493 

Resistivity at (623 K) 

ρ (.cm) ± 0.38  

8.29x107 9.44x108 2.72x109 2.25x109 2.53x109 2.69x109 

Resistivity at TMS  

ρ (.cm) ± 0.38 

2.32x1010 1.55x1012 1.66x1012 2.58x1012 8.60x1012 1.03x1013 

Activation energy,  

E (eV) ± 0.10 

0.65 0.63 0.63 0.69 0.70 0.70 

 

 

 

 

 

Table 3.15: Electrical characteristics of the Mg1-2x(Ni-Co)xAl2O4 (x=0.0-0.5) 

samples 

(Ni-Co)x 0.0 0.1 0.2 0.3 0.4 0.5 

Transition temperature,  

TMS (K) ± 2 

403 433 378 373 408 343 

Resistivity at (623 K) 

ρ (.cm) ± 0.25  

0.83 x108 9.1 x108 2.51x108 1.66x108 1.84x108 3.57x107 

Resistivity at TMS  

ρ (.cm) ± 0.25 

2.32x1010 2.58x1011 8.29x1011 1.11x1011 2.06x1011 8.6x1010 

Activation energy,  

E (eV) ± 0.10 

0.65 0.51 0.50 0.63 0.50 0.50 

 

 



 

 

 

 

Table 3.16: Electrical characteristics of the Mg1-2x(Ni-Cd)xAl2O4 (x=0.0-0.5) 

samples 

(Ni-Cd)x 0.0 0.1 0.2 0.3 0.4 0.5 

Transition temperature,  

TMS (K) ± 7 

403 378 433 413 448 433 

Resistivity at (623 K) 

ρ (.cm) ± 0.45  

8.29x107 1.01x107 5.94x108 2.64x108 4.30x109 2.32 x108 

Resistivity at TMS  

ρ (.cm) ± 0.45 

2.32x1010 1.41x1010 2.02x1010 4.84x1010 1.93x1011 2.32x1011 

Activation energy,  

E (eV) ± 0.10 

0.65 0.60 0.63 0.64 0.69 0.71 

 

In order to compare the resistivity values for all the doped series of the 

synthesized materials the resistivity values at RT and at 623 K are plotted together 

for each series in the Figs. 3.41 and 3.42 respectively. (Zn-Co)x and (Zn-Cd)x show 

the highest resistivity values both at RT and at 623 K while (Zn-Ni)x show the 

lowest values and the (Ni-Co)x and (Ni-Cd)x with the intermediate values. The 

strength of the O1s-O2p/TM 3d is directly related to the degree of covalency. The 

two types of interionic transitions, the Mott–Hubbard and the charge-transfer 

transitions are mostly found in transition metal compounds. 
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Figure 3.41: Resistivity against composition for all the series at RT 
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Figure 3.42: Resistivity against composition for all the series at 623 K 

 

For the excitation of the Mott-Hubbard transition (Fig. 3.43 a), the Coulomb 

correlation energy U is needed for the creation of a 3d hole at one transition-metal 

site and transfer of the electron to another transition-metal ion: If the 3d hole is 

immediately screened by a charge transfer from the oxygen (Fig. 3.43 b), the hole is 



 

finally located at the ligand and the charge transfer energy Δ is required for this 

excitation: This coulomb correlation localizes the 3d electrons at the TM2+ ions. The 

3d states are not describable in a pure band picture, and the 3d electrons behave 

similarly to the d electrons of free atoms or ions, but with the partially lifted 

degeneracy of the 3d states which split in to eg and T2g orbitals and their 

corresponding energies vary according to the site preference of the respective cation 

and the transfer of electrons between these states require energy.  

In the case of (Zn-Co)x, no d shell electrons are available at Zn2+ while 3 

unpaired electrons are available at Co2+ (3d7) and this leads to a t5
2g e2

g 

configuration. The large insulating gap is present due to the Coulomb potential 

difference between eg orbitals which are directed towards the oxygen ions and the t2g 

orbitals which are located between the oxygen ions as the crystal field and the 

exchange splitting energies differ too much. Hence, disfavoring the interionic 

transitions at TM in (Zn-Co)x which have higher resistivity. While in the case of 

(Ni-Zn/Co/Cd)x, Ni2+ (3d8) have all t2g levels and the two eg levels of parallel spin 

occupied resulting in t6
2g e2

g configuration. The crystal field and the exchange 

splitting energies are almost compareable in magnitude and hence, favor the 

interionic transitions. In the case of (Zn-Cd)x, no unpaired electrons are available 

(3d10 and 4d10) so these materials behave like magnesium aluminate but with the 

high values of resistivity.  

 

 

Figure 3.43: Interionic transitions between TM2+ ions (a) Mott-Hubbard transition; 

(b) charge-transfer transition 

Arrhenius type plots of ln ρ vs 1/T (according to Eq. 2.16) above the 

transition temperature give two straight line portions with two distinct slopes as 

shown in Fig.3.44 for a representative sample. The reason for the two slopes is that 



 

at high temperature, thermal energy is high enough to create vacancies as well as 

allow the motion of electrons into these vacancies. While, at the lower temperatures, 

thermal energy is only sufficient to allow the migration of electrons in the vacancies 

already present in the samples. Activation energies are calculated from the slope of 

the plots as in Fig. 3.44 and the values are reported in the Tables 3.12-3.16 for each 

series. The values range between 0.49-0.71 eV which indicates a semiconducting 

nature of all the samples. 

The electrical resistivity data of the samples is fitted according to the polaron 

hopping theory for the semiconductors as the transition metal ions are present which 

allow the hopping/tunneling of electrons from the higher to lower valence states. 

The electrons have hydrogenic orbitals and are localized by potential fluctuations 

associated with the dopants. Hence, there is a competition between the potential 

energy difference and the electrons hopping distance [204].  

)/exp()2(exp kTWRo        3.1 

The above equation gives a relationship between hoping rate of electron  to a 

site at a distance R where energy of the carrier is ΔW higher than that at the origin. 
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Figure 3.44: Arrhenius type plot of resistivity for (Zn-Co)0.5Al2O4 sample 

The non linear behavior of the plot of ln ρ vs 1000/T (Fig. 3.44) indicates a 

temperature dependent activation energy which is a characteristic of small polaron 

hopping conduction. The temperature at which a deviation from linearity occurs is 

θD/2, where θD is Debye temperature. The high temperature linear semiconducting 



 

part (T > θD/2) is well explained by Mott’s small polaron hopping model which can 

be written in terms of conductivity as follows. 

)]/([exp kTWo         3.2 

kTRCCRNepho /)2(exp)]1([ 22      3.3 

where υph is phonon frequency, N is number of TM ions per volume,  e is 

charge on electron, R is average hopping distance, α is tunneling probability, k and 

T have usual meanings [195]. 

The data at the temperature (T < θD/2) is fitted well using the variable range 

hopping model shown by the following relation in terms of conductivity. 

])/([exp 4/1TToo         3.4 

)](/16[ 3
Fo ENkTT        3.5 

where N (EF) is the density of states at the Fermi level 

Some of the representative fitting plots for the small polaron and the variable 

range hopping mechanisms are given in Figs. 3.45-3.50. Fig. 3.45 shows the plot 

according to the equation 3.2 for the undoped sample. The point of two slopes is 

θD/2 and the data above θD/2 is fitted well according to small polaron hopping model 

(eq. 3.2) as shown in Fig. 3.46 while the data below θD/2 is fitted well according to 

the variable range hopping model (eq. 3.4) as shown in Fig. 3.47. Similar plots are 

shown for the (Zn-Co)0.1 sample in the Figs. 3.48-3.50.  
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Figure 3.45: Plot showing behavior of undoped magnesium aluminate sample 

according to equation 3.2 
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Figure 3.46: Plot showing behavior of undoped magnesium aluminate sample 

according to equation 3.2 above θD/2 
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Figure 3.47: Plot showing behavior of undoped magnesium aluminate sample 

according to equation 3.3 below θD/2 

 



 

 

 

x = 0.1

-11.4

-10.9

-10.4

-9.9

-9.4

-8.9

-8.4

-7.91.45 1.55 1.65 1.75 1.85 1.95 2.05 2.15 2.25 2.35 2.45

103/T (K-1)

lo
g 

σ
 (

S
 c

m
-1

)

 

 

 

 

 

Figure 3.48: Plot showing behavior of (Zn-Co)0.1 sample according to equation 3.2 
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Figure 3.49: Plot showing behavior of (Zn-Co)0.1 sample according to equation 3.2 

above θD/2 
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Figure 3.50: Plot showing behavior of (Zn-Co)0.1 sample according to equation 3.3 

below θD/2 



 

 

 

Table 3.17: Calculated values of some fitting parameters for the polaron hopping 

model and the variable range hopping model. 

 

Content, X Transition 

Temperature, Tm 

(K) 

θD/2 (K) θD (K) Mott activation energy,  

 Em (eV) 

0.0 403 483 966 0.308 

(Zn-Ni)x 0.1 388 555 1110 0.185 

0.2 383 598 1196 0.344 

0.3 425 555 1110 0.382 

0.4 358 623 1246 0.311 

0.5 368 575 1150 0.316 

(Zn-Co)x 0.1 408 513 1026 0.337 

0.2 448 515 1030 0.408 

0.3 383 564 1128 0.419 

0.4 368 578 1156 0.428 

0.5 383 505 1010 0.472 

(Zn-Cd)x 0.1 388 538 1076 0.381 

0.2 368 568 1138 0.281 

0.3 373 568 1136 0.336 

0.4 358 533 1066 0.393 

0.5 493 523 1046 0.409 

(Ni-Co)x 0.1 433 523 1046 0.320 

0.2 378 513 1026 0.385 

0.3 373 608 1216 0.462 

0.4 408 578 1156 0.468 

0.5 343 528 1056 0.565 

(Ni-Cd)x 0.1 378 633 1266 0.417 

0.2 433 573 1146 0.340 

0.3 413 603 1206 0.232 

0.4 448 543 1086 0.154 



 

0.5 433 553 1106 0.049 

 

 

The calculated values of various parameters are given in Table 3.17 for all the 

doped samples and the Mott activation energy of hopping for all the series is plotted 

in Fig. 3.51. The value of activation energy for the pure magnesium aluminate 

sample is 0.308 eV. The range of values for activation energies signifies the 

semiconducting behavior of the samples. Activation energy values increase with the 

dopant concentration but for the Ni-Cd series it decreases with the increase in dopant 

content. Debye temperature for all the doped samples is high compared to the 

magnesium aluminate sample.  
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Figure 3.51: Mott activation energies plotted against dopant content 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

3.3  DIELECTRIC PROPERTIES 

The frequency response of dielectric constant (έ) and the loss factor or 

dissipation factor (tan δ) is measured as a function of frequency in the range of 1 

kHz - 1 MHz. The sample pellets were coated with Ag paste on both the sides to 

ensure better electrical contacts. All the measurements are made at room 

temperature. The capacitance induced in the samples after the application of external 

voltage is measured and hence, used to calculate έ and tan δ. These parameters 

determine the electrostatic energy stored per unit volume for a unit potential gradient 

and indicate the capacity of a ceramic capacitor to store the charge.  

Different materials behave differently to the applied electromagnetic field. A 

resulting displacement of charge carriers contribute towards a dielectric signal of a 

material. The dielectric constant is a combined contribution of different types of 

polarizations occurring in a material i.e. electronic, ionic, dipolar and space charge. 

We studied the dielectric properties in the frequency range of 103-106 Hz. Hence, in 

our materials only the dipole (orientational) and the ionic (interfacial) polarization 

contribute towards the dielectric properties because space charge occur at 

frequencies below 103 Hz and the electronic contribution occurs at the frequencies 

above 109 Hz and also in aluminate type materials electrons are not free but they 

form polarons..  

Plots of έ are shown in Figs. 3.523.56respectively for (Zn-Ni)x, (Zn-Co)x, 

(Zn-Cd)x. (Ni-Co)x and (Ni-Cd)x where (x = 0.0-0.5). The value of έ decreases with 

an increase in the applied frequency and becomes eventually constant at higher 

frequencies. The higher values of the dielectric constant at lower frequencies may be 

due to voids, dislocations and other defects in single crystals [205]; in powder 

samples polarization decreases at the higher frequencies as the dipoles cannot follow 

the fast reversal of the applied electric field. The behavior of the insulator type 

materials under the applied field can be explained on the basis of Maxwell-Wagner 

type interfacial polarization mechanism. The dielectric structure is supposed to be 

composed of highly conducting grains separated by relatively poorly conducting 

grain boundaries [206].  



 

This causes the localized accumulation of charges under the influence of an 

electric field resulting in the interfacial polarization. At low frequencies 

contributions to the dielectric response may come from build-ups of charges. The 

grain boundaries are active at lower frequencies and the grains at the higher 

frequencies. In nanostructured dielectric materials, defects like dangling bonds, 

vacancies, vacancy clusters and the porosities result in the distribution of charges 

(polarons, which would result in increase in entropy of the system) at the interfaces 

as these charges are trapped by the defects when the electric field is applied. The 

resulting dipole moments can easily follow the change of electric field at low 

frequencies.  

Since major part of our samples is constituted of the aggregates the inter-

grain and intra-grain polarization of charge carriers may be also affect the dielectric 

properties of the samples. In an overlapped potential well, few holes reverse the 

direction of motion by undergoing inter well hopping, hence contributing towards 

dielectric relaxation at low frequencies.  But at the higher frequencies, intrawell 

hopping becomes prominent as the polarons do not get enough time for interwell 

hopping due to the fast reversal of the applied field. So intrawell hopping takes place 

at high frequencies so the polarization decreases with the increase in frequency 

[207]. 

The values of the dielectric constant are given in Tables 3.18-3.22 and the 

dielectric constant at 1 MHz for the synthesized series of samples is plotted in Fig. 

3.57. The value of έ for undoped material is 0.21 at 1 MHz. In all the samples, the 

value of έ increased on the account of doping.  
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Figure 3.52: Dielectric constant (έ) against frequency for Mg1-2x(Zn-Ni)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.53: Dielectric constant (έ) against frequency for Mg1-2x(Zn-Co)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.54: Dielectric constant (έ) against frequency for Mg1-2x(Zn-Cd)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.55: Dielectric constant (έ) against frequency for Mg1-2x(Ni-Co)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.56: Dielectric constant (έ) against frequency for Mg1-2x(Ni-Cd)xAl2O4 (x = 

0.0-0.5) 



 

 

 

 

 

 

 

 

 

 

Table 3.18: Dielectric constant and loss tangent values for Mg1-2x(Zn-Ni)xAl2O4 (x 

= 0.0-0.5) 

ZnxNix 0.0 0.1 0.2 0.3 0.4 0.5 

Dielectric constant, 

έ ± 0.01 (10 kHz) 

1.27 40.67 10.02 5.56 6.66 22.49 

Dielectric constant, 

έ ± 0.01 (100 kHz) 

0.38 15.21 5.93 3.88 4.90 11.52 

Dielectric constant, 

έ ± 0.01 (1 MHz) 

0.21 7.10 3.99 3.31 4.19 8.26 

Loss tangent, 

tan δ ±0.0001 (1 MHz) 

0.004 0.2800 0.0700 0.0061 0.0362 0.1400 

 

 

 

 

Table 3.19: Dielectric constant and loss tangent values for Mg1-2x(Zn-Co)xAl2O4 (x 

= 0.0-0.5) 

ZnxCox  0.0 0.1 0.2 0.3 0.4 0.5 

Dielectric constant,  

έ ± 0.01 (10 kHz) 

1.27 163.00 67.58 66.64 59.29 54.14 

Dielectric constant,  

έ ± 0.01 (100 kHz) 

0.38 32.10 16.49 18.21 22.15 48.39 

Dielectric constant,  

έ ± 0.01 (1 MHz) 

0.21 12.11 7.43 8.55 10.26 43.76 



 

Loss tangent,  

tan δ ±0.0001 (1 MHz) 

0.004 0.842 0.521 0.074 0.006 0.036 

 

 

 

 

Table 3.20: Dielectric constant and loss tangent values for Mg1-2x(Zn-Cd)xAl2O4 (x 

= 0.0-0.5) 

ZnxCdx  0.0 0.1 0.2 0.3 0.4 0.5 

Dielectric constant,  

έ ± 0.01 (10 kHz) 

1.27 1.31 3.68 0.88 0.59 5.66 

Dielectric constant,  

έ ± 0.01 (100 kHz) 

0.38 1.56 7.01 0.99 0.73 3.48 

Dielectric constant,  

έ ± 0.01 (1 MHz) 

0.21 1.02 2.61 0.83 0.53 1.25 

Loss tangent,  

tan δ ±0.0001 (1 MHz) 

0.004 1.481 2.471 1.271 0.782 44.87 

 

 

 

 

 

Table 3.21: Dielectric constant and loss tangent values for Mg1-2x(Ni-Co)xAl2O4 (x 

= 0.0-0.5) 

NixCox 0.0 0.1 0.2 0.3 0.4 0.5 

Dielectric constant,  

έ ± 0.01 (10 kHz) 

1.27 1.97 2.509 1.28 2.87 2.00 

Dielectric constant,  

έ ± 0.01 (100 kHz) 

0.38 1.83 1.22 1.09 1.49 1.04 

Dielectric constant,  

έ ± 0.01 (1 MHz) 

0.21 0.84 0.53 0.50 0.58 0.40 

Loss tangent,  

tan δ ±0.0001 (1 MHz) 

0.004 1.33 12.78 1.02 1.09 1.23 



 

 

 

 

 

 

Table 3.22: Dielectric constant and loss tangent values for Mg1-2x(Ni-Cd)xAl2O4 (x 

= 0.0-0.5) 

NixCdx  0.0 0.1 0.2 0.3 0.4 0.5 

Dielectric constant,  

έ ± 0.01 (10 kHz) 

1.27 1.47 2.26 2.41 1.89 3.14 

Dielectric constant,  

έ ± 0.01 (100 kHz) 

0.38 1.65 1.17 1.67 1.43 1.72 

Dielectric constant,  

έ ± 0.01 (1 MHz) 

0.21 0.97 0.59 0.62 0.53 0.62 

Loss tangent,  

tan δ ±0.0001 (1 MHz) 

0.004 27.530 8.776 10.930 10.250 12.250 

 

 

 

 

The series comprising (Ni-Cd)x has the highest value of dielectric constant 

followed by (Zn-Co)x and (Zn-Ni)x while (Ni-Co)x and (Zn-Cd)x has the lowest 

values as shown in Fig. 3.57. The Cd2+ have a strong tetrahedral site preference so in 

(Ni-Cd)x some of Ni2+ may move from tetrahedral to octahedral sites along with the 

movement of Al3+ ions to the tetrahedral sites. The samples have more polarization 

because of easy exchange of electrons between Ni2+ at octahedral sites hence have 

highest values of dielectric constant. While, (Zn-Cd)x have both the TM ions at 

tetrahedral sites having complete d shells so no electrons are available which can 

form polarons so have lowest values of dielectric constant. In (Zn-Ni)x, Zn2+ occupy 

tetrahedral sites while some of Ni2+ may replace Al3+ at octahedral sites resulting in 

the electron exchange at Ni2+ hence they have a considerable values of dielectric 

constant. In (Ni-Co)x both have electrons available on Ni2+ but (Ni-Co)x has lower 



 

values of dielectric constant due to the hindrance in polaron formation due to Co2+ 

ions which conduct via hole hopping. 

The random behavior of various properties with increasing concentration of 

dopants (Fig. 3.57 and Tables 3.18-3.22) may be due to the fact that the site 

occupation of ions in the lattice varies randomly as spinels synthesized at high 

temperatures are found to have anti-site defects causing cationic disorders which 

effect the properties of spinel even though the concentration of dopants is varied 

continually. The synthesis methods also influence properties of the synthesized 

materials. Porosity in the samples may also result in a similar variation of the 

properties.  The dielectric constant of doped samples is high because of their smaller 

particle sizes as the grain boundaries become thinner with the smaller particle sizes.  

 

0

10

20

30

40

50

0.1 0.2 0.3 0.4 0.5

content, x

έ

Zn-Ni

Zn-Co

Zn-Cd

Ni-Co

Ni-Cd

 

 

Figure 3.57: Dielectric constant at 1 MHz for all the synthesized series of samples 

 

The variation of dielectric loss (tan ) with frequency also has a similar trend 

as obtained for έ with increasing frequency as shown in Figs. 3.58-3.62. This 

behavior can also be explained on the similar lines that at lower frequencies more 

energy is required for the polarization in the grain boundaries, thus energy loss is 

high, while at high-frequencies a small energy is required for polarization in the 

grains, and hence the energy loss is small.  
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Figure 3.58: Loss tangent (tan δ) against frequency for Mg1-2x(Zn-Ni)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.59: Loss tangent (tan δ) against frequency for Mg1-2x(Zn-Co)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.60: Loss tangent (tan δ) against frequency for Mg1-2x(Zn-Cd)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.61: Loss tangent (tan δ) against frequency for Mg1-2x(Ni-Co)xAl2O4 (x = 

0.0-0.5) 
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Figure 3.62: Loss tangent (tan δ) against frequency for Mg1-2x(Ni-Cd)xAl2O4 (x = 

0.0-0.5) 

 



 

In all the series except (Zn-Ni)x series a dielectric relaxation is observed in 

some samples in which a maxima is observed at a certain frequency where a 

maximum loss is taking place. According to Debye relaxation theory, loss peaks 

occur when the applied field is in phase with the dielectric and the ωτ = 1 is 

satisfied, where, ω = 2πf, where f is the frequency of the applied field. A resonance 

occurs when the jump frequency of electrons at the transition metal ion matches the 

applied field frequency. Sometime a collective contribution of electrons and holes 

may cause this type of behavior.   Some samples donot exhibit the phenomenon of 

delectric relaxation. This is because that resonance between apllied field and the 

dipoles may take place at the lower freuquencies. The broadening of relaxation 

peaks suggests the strengthening of dipole-dipole interactions which make dipole 

orientation difficult. This causes a delayed relaxation of dipoles giving rise to a 

broad hump around the dielectric relaxation frequency [208]. 

 The highes dielectric loss is observed in the case of (Zn-Cd)x as shown in 

Fig. 3.63 samples as less polarization occurs in them which cannot form an internal 

filed opposite in the direction to the applied field resulting in the loss of applied 

signal.  
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Figure 3.63: Loss tangent (tan δ) at 1 MHz for all the synthesized series of the 

samples 

 

 

 

3.4   THERMAL PROPERTIES 

The thermal properties are studied in the temperature range of 298-373 K by 

laser flash method. The samples were pressed into pellets of 6 mm diameter which 

are coated on both sides with the graphite suspension and dried well before 

measurements. The density of each pellet is determined prior to the measurements 

and the density values along with the thermal diffusivity and specific heat are used 

to compute the thermal conductivity according to the equation 2.20.  

The thermal conductivity of MgAl2O4 is 0.83 W/m.K and it increases with 

the increase in temperature and its value at 300 K is 1.375 W/m.K. The value of 

thermal conductivity for bulk MgAl2O4 having no porosity is 14 W/m.K [209].  The 

decrease in thermal conductivity is due to the scattering of phonons. There are 

various scattering phenomenon which occur in polycrystalline materials, viz: 

boundary scattering, scattering by imperfections, impurity atom scattering and the 

phonon-electron scattering as shown in Fig. 3.65. Phonon-boundary scattering is 

particularly important at low temperatures, where the mean free path would 

otherwise become arbitrarily large. While phonon-boundary interactions govern the 



 

thermal conductivity of any at low enough temperatures, also important is phonon 

scattering on imperfections, which exists in large crystalline materials [210]. Due to 

a decrease in particle size, the phonon are scattered at the grain boundaries due to 

the increased porosity resulting in the lower values of thermal conductivity. 

Magnesium aluminate generally has strong ionic bonds with light atoms. Thus, a 

small disturbance in the crystal lattice will result in a high frequency vibration of the 

atoms.  

Thermal transport properties of the ceramic materials depend upon their 

structure, density, porosity, composition, temperature and pressure, etc. In these 

types of materials, the formation of phonons (lattice vibrations) plays a key role in 

the thermal energy transfer. This is the major factor affecting mobility of both the 

electrons and holes. At the higher the temperatures, the vibrational amplitude of the 

atoms in the lattice is large and hence, the greater number of phonons are produced 

which cause more scattering. The mobility of phonons is usually significantly lower 

than that of electrons because they are scattered by the lattice vibrations. The 

increase in thermal conductivity with the temperature signifies the reduction in the 

scattering and the production of more phonons with the temperature which may be 

due to the fact that in smaller grains the mean free path of phonons is usually less 

than the grain size so phonon scattering at the grain boundaries becomes less so 

phonon conductivity increases (Fig. 3.64). 

 

 

 

Figure 3.64: Various types of scattering phenomenon in polycrystalline 

solids 

 

Figs. 3.65-69 show the variation of total thermal conductivity (λT) with 

increase in temperature for all the series of the synthesized samples. The doped 



 

samples have lower thermal conductivities than the pure one due to the contributions 

of extra electons at TM ions which form polarons hence, polaron-phonon 

interactions may result in the scattering of phonons causing a reduction in the 

thermal conductivity in all the transition metal doped compounds.  
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Figure 3.65: Variation of the total thermal conductivity with the temperature for the 

(Zn-Ni)x samples 
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Figure 3.66: Variation of the total thermal conductivity with the temperature for the 

(Zn-Co)x samples 
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Figure 3.67: Variation of the total thermal conductivity with the temperature for the 

(Zn-Cd)x samples 
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Figure 3.68: Variation of the total thermal conductivity with the temperature for the 

(Ni-Co)x samples 

 

 



 

0.63

0.73

0.83

0.93

1.03

1.13

1.23

1.33

290 300 310 320 330 340 350 360 370 380
T (K)

λT
 (

W
/m

.K
)

x = 0.0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

x = 0.5

 

 

Figure 3.69: Variation of the total thermal conductivity with the temperature for the 

(Ni-Cd)x samples 

According to Weidman Franz’s Law, the total thermal conductivity is a sum 

of thermal conductivity contributions from lattice and electrons as shown below. 

elT       

 3.5 

ee TL  ..      

 3.6 

L = Lorentz number = 2.45x10-8 W Ω K-2 

T = Temp. σe = electrical conductivity 

This is analogous with the electrical behavior in the semi conducting 

materials in which by increasing temperature, free electrons in transition metals 

produces polarons and contribute towards electrical resistivity. Figs. 3.70-3.73 show 

the lattice and the electrons contributions towards total thermal conductivity for a 

representative sample from each series. The electronic contributions to the thermal 

conductivity are very less as no free electrons are available. 
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Figure 3.70: Electronic and lattice contributions to total thermal conductivity for 

(Zn-Co)0.4 
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Figure 3.71: Electronic and lattice contributions to total thermal conductivity for 

(Zn-Cd)0.5 
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Figure 3.72: Electronic and lattice contributions to total thermal conductivity for 

(Ni-Co)0.3 
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Figure 3.73: Electronic and lattice contributions to total thermal conductivity for 

(Ni-Co)0.4 

 

 

Thermal diffusivity α is very small for all the samples. Its values lie between 

0.0012-0.0014 m2/S for all the samples. Specific heat Cp is calculated using 

equation 2.20. The value of Cp for pure magnesium aluminate is 0.29 J/Kg. K. 

While for the doped samples its value ranges as follows: (Ni-Cd)x; 0.2708-0.1300 

J/Kg. K, (Zn-Cd)x; 0.3058-0.3089 J/Kg. K, (Ni-Co)x; 0.2793-0.3060 J/Kg. K, (Zn-

Ni)x; 0.3458-0.3612 J/Kg. K and (Zn-Co)x; 0.3087-0.3458 J/Kg. K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CONCLUSIONS: 

 A urea assisted microwave combustion method was found to be suitable for 

the synthesis of doped compounds Mg1-2xZnxNixAl2O4, Mg1-2xZnxCoxAl2O4, 



 

Mg1-2xZnxCdxAl2O4, Mg1-2xNixCoxAl2O4 and Mg1-2xNixCdxAl2O4 (x = 0.0-

0.5). 

 X-ray diffraction (XRD), scanning electron microscopy coupled with energy 

dispersive spectroscope (SEM-EDS), transmission electron microscopy 

(TEM), thermal analysis (DTA), Fourier transform infra red spectroscopy 

(FTIR), two point probe method for DC electrical resistivity, capacitance and 

the dielectric loss (tan δ) measurements by inductance capacitance resistance 

(LCR) meter bridge, thermal diffusivity, thermal conductivity and specific 

heat using laser flash method are employed for the investigation of the 

physical properties of the synthesized materials. 

 The higher dopant content may not be suitable for the formation of single 

phase materials due to the enhanced mismatch of ionic radii of the 

substituent cations and the ones that are replaced. 

  The synthesis of nanosized compounds is successfully achieved as desired. 

The crystallite sizes are found to be in the range of 10-13 nm with the doped 

samples having smaller crystallite sizes than the undoped one (47 nm). 

 The enhancement of electrical resistivity is successfully achieved and the 

resistivity of the doped samples was higher as compared to the pure 

magnesium aluminate sample. 

 The lowering of dielectric constant and loss is not achieved. However, the 

values of dielectric constant and loss are not so high and are within the 

acceptable range. 

 The lowering of thermal conductivity is successfully achieved by the 

addition of dopants. The doped samples have lower thermal conductivities 

than the pure one due to the contributions of extra electons at transition metal 

ions which form polarons hence, polaron-phonon interactions may result in 

the scattering of phonons causing a reduction in the thermal conductivity in 

all the transition metal doped compounds. 
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