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1.1. Introduction to ferrite 

Ferrites are the chemical compounds consisting Iron (III) oxide (Fe2O3) as their principal 

component. The name ‘Ferrite’ comes from the Latin word ‘Ferrum’ which was used for iron. 

They are the ceramic magnetic materials having an appearance of dark grey to brownish-

blackish. The history of ferrite i.e. the magnetic oxides runs back to many centuries. The 

discovery of stones attracting the iron objects led to the discovery of magnetic oxides. Some of 

these magnetic oxides from specific localities are infact themselves behaved as magnet and found 

to contain Fe3O4 as major content. They are commonly known as loadstone which is a natural 

magnet. It found its first application in around 1500 AD by the early navigators to locate the 

magnetic north. This mineral is now termed as the magnetite (Fe3O4) which is known to be the 

first ferrite. Ferrites are mixed metal ceramic oxides with the general formula MFe2O4 where M 

can be a divalent metal ion like Mn2+, Ni2+, Co2+, Zn2+, Mg2+ etc. The crystal structure of ferrites 

is same as that of the mineral Spinel which has the chemical formula of MgAl2O4.  

Depending on the magnetic properties of ferrite, they can be classified as follows 

1. Hard Ferrite 

2. Soft ferrite 

The high coercivity and high remanence after magnetization are the characteristics of the hard 

ferrite. These are composed of iron and barium or strontium oxides. The high coercivity indicates 

that the materials are very tough to demagnetize. This is a typical property of a permanent 

magnet. They also conduct the magnetic flux well and have a high magnetic permeability. This 

enables this so-called ceramic magnet to store stronger magnetic field than iron itself. They are 

commonly used in household products like refrigerator as refrigerator magnets. The most 

common hard ferrites are strontium ferrite and barium ferrite. 

Ferrites consisting of oxides of nickel, and/or manganese, zinc along with iron oxides that are 

used in transformer or electromagnetic cores and have a low coercivity. These ferrites are called 

soft ferrites. The low coercivity means that the materials in which magnetization can easily 

reverse direction without dissipating much energy (hysteresis losses).  The most common 

examples of soft ferrites are manganese zinc ferrite and nickel zinc ferrite. 
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Ferrites can also be classified according to their crystal structure as follow: 

1. Spinel ferrite 

2. Garnets 

3. Perovskites 

4. Hexagonal 

Out of these classes, we are dealing with the spinel ferrites in the present work. The spinel ferrite 

which takes the name from the mineral MgAl2O4 as mentioned earlier, are commercially 

important materials because of their excellent magnetic and electrical properties. They are widely 

used in many electronic devices, such as memory devices, computer component and antenna rod. 

The smallest cell of the spinel lattice has cubic symmetry and contains eight molecules of 

MFe2O4 where M represents a divalent ion of the transition metal elements such as Mn, Fe, Co, 

Ni, Cu, Zn, or Mg, each of which contains 32 anions and 24 cations, making total to 56 atoms.  

 

Fig.1.1: The spinel structure of ferrite showing tetrahedral and octahedral site   

[Int. J. Mol. Sci. 14 (2013) 21266-21305] 

The relatively large oxygen ions form an FCC lattice [Fig.1.1]. In a cubic close packed structure, 

two interstitial sites are present, one is called as the tetrahedral (A) site and the other octahedral 

[B] site which is surrounded by 4 and 6 oxygen ions, respectively. In this cubic unit cell, 64 

tetrahedral sites and 32 octahedral sites are present. Out of this, only 1/8th of the tetrahedral site 
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and ½ of the octahedral site are occupied. This means only the eight tetrahedral sites and 16 

octahedral sites in the unit cell are occupied by the metal ions. [1, 2] 

Depending upon the distribution of cations, spinel ferrites can be classified as follows 

i. Normal spinel 

ii. Inverse spinel 

iii. Random spinel 

In the general formula of the ferrite, MFe2O4, when all the divalent metal ions occupy A sites and 

all trivalent metal ions occupy B sites then it is called as the ‘Normal’ spinel and can be 

represented as (M2+)tetra[Fe3+,Fe3+]octaO4. When some of the trivalent ions are present in A site 

and all the divalent metal ions and remaining trivalent ions are present in B site then it is called 

as the ‘inverse’ spinel, which can be represented as, (Fe3+)tetra[M
2+,Fe3+]octaO4. When there is a 

presence of divalent and trivalent ions both in A and B site it is called as ‘random’ spinel, which 

can be represented as, (M1−x
2+ ,Fex

3+)tet[Mx
2+,Fe2−x

3+ ]octO4. 

The application of ferrite encompasses many fields including the electronics to biomedical 

devices to environmental monitoring. Ferrites are being studied from many centuries but all 

possible applications of it are not yet thoroughly exploited however with time its exploration in 

many new fields is going on thus making it a versatile material wherein there is a scope to do 

further progress in terms of research and development. The magnetic property of ferrite makes it 

a unique material. The method of synthesis of ferrites plays an important role as well as the 

cations present in ferrite at different sites, help in tuning the properties of ferrite. The position of 

cation either in octahedral or tetrahedral site alters the properties of this ferrite. So, depending 

upon the need, a ferrite can be designed by altering the various parameters.  The parameters like 

resistivity, dielectric and magnetism are the basic properties of ferrite whose tuning can be done 

by changing the particle size, changing the cations and also by varying the synthesis method. 

1.2. Literature Review 

The insight into the literature review presents, many routes used to synthesize ferrites and the 

effect of different substituents on the properties of ferrites. Since in the present work, we have 

zeroed on Mn2+ and Al3+ substituted Ni-Zn ferrite as the probable ferrite systems to be probed for 
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their solid state properties as well as electrochemical and gas sensing properties, we have decided 

to first concentrate on research survey of Ni-Zn ferrite (Ni0.7Zn0.3Fe2O4 in particular) followed by 

actual ferrite series to be probed i.e. Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) and Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) and finally their applications. With this in mind, a literature survey was done which 

is presented below.  

1.2.1. Ni0.7Zn0.3Fe2O4 ferrite 

L.K. Leung et al. [3] prepared ZnxNi1-xFe2O4 (0≤x≤1, in steps of 0.1) in 1973 by wet grinding 

method taking carbonates of zinc and nickel and oxide of iron as the raw material. These were 

then fired at 1000 0C in muffle furnace, grind, re-pelletized and re-fired between 1200-1300 0C, 

till the single phase was obtained. They reported the low temperature Mossbauer study of these 

ferrites. The Yaffet-Kittle type spin arrangement was observed in this system.  In 1996, S.V. 

Kakatkar et al. [4] prepared Ni1-xZnxFe2O4 (x=0.30, 0.35, 0.40 and 0.45) using the standard 

ceramic method.  These pellets were then sintered at 1100, 1150, 1200 and 1240 0C and their X-

ray and bulk magnetic properties were investigated. In this case the grain size was found to be 

linearly dependent on sintering temperature whereas the lattice parameter and magnetization 

were found to be invariant with the sintering temperature. The coercivity and remanent 

magnetization was also found to be dependent on the sintering temperature. 

Y.G. Chukalkin et al. [5] also employed the ceramic method to prepare the polycrystalline 

ZnxNi1-xFe2O4 (x= 0, 0.15, 0.30, 0.45, 0.60, 0.68, 0.75, 0.90, 1.00). In this case, the final sintering 

was carried out at 1470 K followed by slow cooling. The structural and the magnetic properties 

of this ferrite were determined in structurally ordered and disordered states, wherein it was 

observed that the substitution of nickel ions by the larger diamagnetic Zn2+ ions led to a 

strengthening of deformation and exchange random fields in the disordered state. A.M. El-Sayed 

[6] employed 1250 0C for sintering Ni1-yZnyFe2O4, (y=0.1, 0.3, 0.5. 0.7 and 0.9) which was 

prepared using the ceramic method. He studied the influence of the zinc content on the 

densification and the microstructure of this ferrite samples. It was observed that the increase in 

the zinc concentration led to decrease in the bulk density leading in exaggeration of grain growth 

with fine pores in the grains. 

The non-conventional flash combustion and citrate gel decomposition technique was utilized by 

R.V. Mangalaraja et al. [7] to synthesize Ni1-xZnxFe2O4 (x= 0.2, 0.3, 0.4 and 0.5) ferrite. On 
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studying various magnetic parameters of these ferrites, it was observed that the coercivity and 

saturation magnetization are inversely related to each other. The coercivity was found to decrease 

with increase in the zinc content. The thin films of NixZn1-xFe2O4 (0.2≤x≤0.7) were prepared 

using the sputtering technique by J. Gao et al. [8]. The films were deposited directly on silicon 

substrate and were also buffered on zinc ferrite underlayer and their magnetic properties were 

determined.  It was observed that the films grown on zinc ferrite underlayer showed better 

magnetic property as compared to the ones grown directly on silicon substrate which concluded 

that there requires a better match of the lattice between the film and the underlayer. 

Ni0.7Zn0.3Fe2O4 was prepared by J. Bera et al. [9] using the conventional ceramic technique. The 

electromagnetic properties of this ferrite were studied as a function of the grain size. This ferrite 

samples were sintered from 1100-1300 0C for different times from 1-240 min. In this case, it was 

observed that the permeability increases up to certain grain size which then was found to 

decrease at higher grain size. The relative loss factor of the ferrite sintered at 1200 0C for 1 h was 

found to be in the range of 105 and was suitable for using in the high frequency applications. The 

co-precipitation technique was used by S.S. Jadhav et al. [10] to synthesize nanoparticles of Ni1-

xZnxFe2O4 (x=0.0-0.7). The cation distribution study was done of these samples by using the 

XRD data. The magnetic study along with the AC susceptibility study was also carried out. With 

increase in the Zn2+ ions concentration, the Curie temperature was found to decrease. 

A.C.F.M. Costa et al. [11] employed the combustion method using urea as the fuel to synthesize 

Ni1-xZnxFe2O4 (x=0.0, 0.3, 0.5, 0.7) ferrites. In this case, the specific surface area was measured 

by using the nitrogen adsorption method and it was observed that with increase in the Zn2+ ions 

concentration the specific surface area decreased but the crystallite and particle size was found to 

increase. In all these samples the traces of ɑ-Fe2O3 was also observed. Till x=0.5 composition, 

the saturation magnetization was found to increase with a sudden decrease for x=0.7 

composition. Thick films of NixZn1-xFe2O4 (x=0-1, in steps of 0.1) were prepared by screen 

printing on alumina substrate by D.C. Kulkarni et al. [12]. These NixZn1-xFe2O4 ferrites were 

prepared by co-precipitation method. Then this prepared powder was screen printed to form a 

thick film and its properties at microwave frequency were studied.  

J. Ajadmanjiri [13] employed the sol-gel combustion method to synthesize Ni1-xZnxFe2O4 (x=0, 

0.1, 0.2, 0.3, 0.4) ferrites and studied their structural and electromagnetic properties. The 
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significant influence of zinc content on the electromagnetic properties consisting of dielectric 

constant, dielectric loss tangent and complex dielectric constant were studied along with its 

magnetic properties. Z. Zi et al. [14] have also prepared the thin films of Ni0.7Zn0.3Fe2O4. A 

simple chemical method was used to fabricate these films on a Silicon substrate. From FESEM, it 

was noted that the grain size increases with increase in the annealing temperature from 500-900 

0C. The strong dependence on the annealing temperature was also observed in the magnetic 

properties of this ferrite. It was observed that the coercivity increased significantly from 25 to 80 

Oe while saturation magnetization increased from 146-283 emu/cm3 with increase in annealing 

temperature. 

The ball milling technique was used by M. Jalaly et al. [15] to synthesize Ni1-xZnxFe2O4 (x=0.1, 

0.3, 0.5, 0.7, 0.9 and 1). These Ni-Zn ferrites were found to obtain in two steps wherein first the 

formation of zinc ferrite takes place by fast diffusion of ZnO in Fe2O3 followed by diffusion of 

NiO in this Zn ferrite forming Ni-Zn ferrite. It was observed that first the magnetization increases 

and then starts decreasing with increase in the Zn2+ ion concentration. The samples with 

composition x=0.7 and 0.9 showed superparamagnetic behavior with zero remanence and 

coercivity. The coercivity was found to decrease readily with increasing zinc content. 

A.S. Fawzi et al. [16] studied the structural, dielectric and AC conductivity studies of Ni1-

xZnxFe2O4 (x=0-0.5, in steps of 0.1) synthesized using the traditional solid state method. The 

structural parameters like lattice constant, jump rate, polaron radius, bond lengths and porosity 

(P) were determined from XRD data.  The DC resistivity of all the samples with temperature 

showed two regions of conductivity. The Curie temperature was found to decrease with increase 

in zinc concentration. 

S. Sharma et al. [17] employed the citrate precursor method to synthesize Ni1-xZnxFe2O4 (x=0.0-

0.1). It was observed that the zinc content has the significant influence on the electrical properties 

which includes dielectric constant, dielectric loss and the dc resistivity. All these parameters were 

found to decrease with increase in zinc content. A. Sutka et al. [18] did the comparative study of 

Ni0.7Zn0.3Fe2O4 synthesized using sol-gel auto combustion and flash combustion method. These 

products were also sintered at 900, 1100 and 1300 0C. It was observed that the samples prepared 

from the flash combustion method showed larger grain size and lower resistivity. The resistivity 

was found to decrease with increase in sintering temperature. S. Nasir et al. [19] synthesized Ni1-
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xZnxFe2O4 (x=0.1-0.5) using the sol-gel method. It was observed that with increase in zinc 

content the dielectric loss and dielectric constant decreased. They also saw lower dielectric 

constant and loss at MHz frequency range. The gas sensing properties of Ni1-xZnxFe2O4 (x = 0, 

0.3, 0.5, 0.7) was studied by A. Sutka et al. [20] which were prepared using the sol-gel 

autocombustion method. The gas response of these ferrites was tested for different organic 

volatile compounds at different temperatures. All the tested samples showed the highest response 

at 275 0C. The response decreased with increase in Zinc concentration. A. Sutka et al. [21] have 

also prepared thin films of Ni1-xZnxFe2O4 (x = 0, 0.3, 0.5, 0.7 and 1) on soda-lime glass slides 

using spray pyrolysis method. The SEM images indicated that the film completely covers the 

substrate and has a thickness below 500 nm. It was observed that the direct band gap calculated 

from UV-Vis absorption spectra increases with increase in zinc concentration. 

The egg white and metal nitrates were used as the precursors to prepare Ni1-xZnxFe2O4 (x = 0.0-

1.0) by M.A. Gabal et al. [22]. They investigated the chemical, structural and magnetic aspect of 

these ferrites. An appropriate cation distribution was attributed to the suggested formula and the 

changes in the magnetic properties were attributed to the influence of the cation distribution and 

the presence of the cations in the specific sites. The Ni1-xZnxFe2O4 (x= 0.0, 0.3, 0.5, 0.7 and 1.0) 

ferrites were synthesized by sol-gel method by F.S. Tehrani et al. [23]. They investigated the 

structural, magnetic and optical properties of this nanocrystals. All the samples showed 

superparamagnetic behavior with increase in magnetization up to x=0.5 followed by decrease 

with increase in zinc concentration. Two broad emission bands were seen in the PL spectra one 

corresponding to the direct band gap and the other to the indirect band gap.  

A study on the effect of the excess iron on the electric and dielectric properties of Ni1-

xZnxFe2+zO4-δ (x = 0.0, 0.3, 0.5, 0.7 and 1.0, Z = 0.0 and 0.1) was carried out by A. Sutka et al. 

[24]. The sol-gel auto-combustion method was employed for this synthesis. The AFM confirmed 

the nanostructured nature of this Ni-Zn ferrites. It was observed that excess iron enhances the 

electric properties. With increase in the zinc concentration, the resistivity was found to increase. 

The dielectric studies showed the inverse relation i.e. the samples showing higher resistivity 

showed lower dielectric constant and vice-versa. The structural, magnetic and magnetocaloric 

properties of the polycrystalline Ni1-xZnxFe2O4 (0.0≤x≤0.7) synthesized using the solid state 

method was reported by M.S. Anwar et al. [25]. The second order ferromagnetic transition in all 
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the samples was revealed from the temperature dependent magnetization measurements and 

Arrott analysis. The maximum entropy change was observed for the sample with composition 

x=0.3. The relative cooling power was found to increase with increase in the applied magnetic 

field. It was observed from these studies that these ferrite samples are possible candidate to be 

used as the magnetic refrigeration across a wide temperature range. Y. Liu et al. [26] synthesized 

Ni1-xZnxFe2O4 (0.0≤x≤1.0) using the microwave assisted solid state method and studied their 

magnetic properties. They observed that compared to the conventional solid state method, this 

microwave assisted method helps in lowering the synthesis temperature and duration. The 

saturation magnetization values are found to be higher in these ferrite samples confirming that 

the microwave assisted synthesis method improves the magnetic properties of the ferrite samples. 

The Ni1-xZnxFe2O4 (x = 0.3, 0.4, 0.5, 0.6 and 0.7) to be used for antennas miniaturization, were 

synthesized by J. L. Mattei et al. [27] using co-precipitation method. They determined the 

magnetocrystalline anisotropy and magnetostriction coefficient constant of these ferrite samples. 

A.S. Džunuzović et al. [28] synthesized Ni1-xZnxFe2O4 (x= 0.0, 0.3, 0.5, 0.7 and 1.0) ferrites 

using the auto-combustion method. In this, they employed the Raman spectroscopy method for 

precise phases identification. The saturation magnetization and remanent magnetization was 

found to increase up to the concentration x=0.3 and later on as zinc concentration increased, it 

was found to decrease. The impedance spectroscopy was also used to study the electrical 

resistivity of these samples and it was observed that grain boundaries played a significant role in 

the total resistivity as compared to the grains. 

C. Srinivas et al. [29, 30] employed the co-precipitation method to synthesize NixZn1-xFe2O4 (x= 

0.5, 0.6 and 0.7) ferrites at 200 0C. The effect of nickel concentration on the structural and 

magnetic properties were studied and it was observed that the crystallite size, saturation 

magnetization and the blocking temperature was found to increase while the coercive field is 

found to decrease with increase in nickel concentration. All the samples showed the 

superparamagnetism at room temperature. The magnetic anisotropy studies were also done and it 

was observed that it increases with increase in nickel concentration. The Mossbauer studies 

revealed the presence of Fe3+ ions and absence of any Fe2+ ions. With increase in the nickel 

concentration the hyperfine interaction was found to be increased. The gas sensing response was 

also studied of x= 0.3, 0.5 and 0.7 samples and it was seen that the composition with x=0.7 

showed a good response for both LPG and acetone. However, its response and recovery times, 



                                                                                               Chapter 1: Introduction, Literature Review… 

 

9 
 

compared to other two samples were quite less which makes this material to be successfully used 

for sensor fabrication. [31] J. Mao et al. [32] synthesized Ni1-xZnxFe2O4 (x= 0, 0.3, 0.5, 0.7 and 

1.0) using hydrothermal method for using it as an anode in Li-ion battery. The enhancement in 

the capacity was observed with increasing zinc concentration. Especially for x=0.3 the highest 

discharge capacity was observed. It was also observed that Ni0.7Zn0.3Fe2O4 showed the highest 

irreversible capacity among all the samples. The slabs of polycrystalline Ni1-xZnxFe2O4 (x= 0, 

0.3, 0.4, 0.5, 0.7 and 1.0) were prepared using the solid state method by J.D. Arboleda et al. [33]. 

The detailed characterization of these samples was done using XRD, TEM, VSM and Mossbauer 

spectroscopy. A non-monotonic magnetization behavior was observed in these samples 

depending upon the structural inversion parameter; however they observed a spin seebeck 

response voltage of about 255 nV/K independent of magnetization and the inversion degree. 

From this literature review, we have seen that Ni0.7Zn0.3Fe2O4 have been prepared using various 

synthesis method ranging from the conventional ceramic method to the modern hydrothermal 

method. Their different properties such as structural, dielectric, magnetic along with some of the 

applications like in antenna miniaturization, as a gas sensor, as electrode in Lithium ion battery 

have been studied. But these and more such applications can further be studied by substituting 

this Ni0.7Zn0.3Fe2O4 ferrite with magnetic and non-magnetic constituents. To start with a 

magnetic component, it was decided to choose Mn2+ ions and for the non-magnetic substitution 

we have chosen Al3+ ions. So, keeping these two metal ion substitutions (in this Ni-Zn ferrite) in 

mind, a detailed literature survey was done and the same is given below. 

1.2.2. Mn-Ni-Zn Ferrite 

The single crystal of Mn doped Ni-Zn ferrite was prepared by H. Goto et al. [34] in 1983 using 

the Bridgman method. They studied their permeability as well as the resistivity. Following this 

synthesis, J.J. Bara et al. [35, 36] reported the Mossbauer effect study on MnxZnyNizFe2O4 (x, y, 

z ranging from 0 to 1 in steps of 0.1) synthesized using the ceramic sintering process. The 

magnetic and dielectric properties of Ni0.65Zn0.35Fe2-xMnxO4 (x ranging from 0 to 0.4) were 

studied by G.F. Dionne et al. [37]. B.V. Bhise et al. [38, 39] reported the X-ray, infrared and 

magnetization studies along with the electrical resistivity and thermoelectric power studies on 

Mn substituted Ni-Zn ferrite. They had employed the conventional ceramic method to synthesize 

Zn0.3Ni0.7+xMnxFe2-2xO4 (x=0-0.4). V.K. Babbar et al. [40] synthesized Mn0.6Zn0.4-xNixFe2O4 (x 
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varying from 0.0 to 0.4 in steps of 0.05) to be used in magnetic heads for high density magnetic 

recording. They prepared these ferrites by uniaxial hot pressing using double action hydraulic 

press.  

A.K. Singh et al. have employed the citrate precursor method to synthesize MnxNi0.5-xZn0.5Fe2O4 

(x= 0.05 - 0.4) ferrites. All the ferrites were sintered at 1200, 1300 and 1400 0C for 1 h. They 

studied their DC resistivity [41], dielectric [42] and magnetic [43, 44] properties. They have also 

investigated the effect of manganese impurity on the dielectric, magnetic and conductivity 

properties of Ni0.3MnxZn0.7-xFe2O4 (x= 0.1 - 0.5) ferrites [45]. The effect of zinc substitution in 

Mn0.2ZnxNi0.8-xFe2O4 (x= 0.2 - 0.6, in step of 0.1) on various parameters like resistivity, dielectric 

relaxation intensity, initial permeability, saturation magnetization and Curie temperature were 

investigated by these researchers [46]. They have also synthesized NixMn0.4-xZn0.6Fe2O4 (x= 0.1-

0.4) [47] and Mn0.2Ni0.2Zn0.6Fe2O4 [48] ferrites and studied their various electrical and magnetic 

properties. 

H. Zhong et al. [49] have employed the conventional ceramic technology to synthesize 

Ni0.44Zn0.56MnxFe2-xO4 (x= 0.00, 0.05, 0.10 and 0.15) ferrites and sintered them at 1180, 1220 

and 1260 0C for 2h. They have studied the effect of sintering temperature and manganese content 

on the magnetic properties of these synthesized ferrites. A.A. Sattar et al. [50] also studied the 

effect of manganese concentration on the properties of Ni0.6-tMntZn0.4Fe2O4 (t= 0.0 - 0.6) ferrites 

which were prepared using the conventional ceramic method. They noted that the increase of 

both resistivity and magnetization with increase in Mn concentration is a promising result for use 

in the high frequency field applications. They have also inferred that with increase in Mn content 

the resistivity increases. The thermoelectric power studies showed the n-type conduction in these 

ferrites [51]. 

The citrate precursor method was employed by A. Verma et al. [52] to synthesize Mn0.2Ni0.8-

xZnxFe2O4 (x= 0.4, 0.5 and 0.6) ferrites. They have decomposed the precursor at 500 0C to yield 

the ferrite powder. These samples were then sintered at 1200, 1300 and 1400 0C for 30 min. It 

was observed that the Curie temperature decreased while the permeability increased with 

increase in the zinc concentration. The AC-resistivity was found to decrease with increase in the 

zinc content as well as the sintering temperature. B.P. Rao et al. [53] employed the conventional 

ceramic method to synthesize Ni0.35Zn0.65-xMnxFe2O4 (x= 0.00 - 0.25, in steps of 0.05) ferrites. 
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These samples were sintered at 1250 0C for 4h. The saturation magnetization and the Curie 

temperature was found to increase with increase in Mn concentration.  

A.R. Bueno et al. had synthesized Ni0.50-xZn0.50-xMn2xFe2O4 (x=0.00-0.15, in steps of 0.05) using 

the citrate-nitrate precursor method and studied their microstructure and magnetic properties 

[54]. The ferrite samples with composition x=0.0 and 0.1 were investigated as a radar absorbing 

material in the frequency range 8-12 GHz (X-band) [55]. The substitution of Mn was found to 

improve the microwave absorption and the bandwidth. P. Mathur et al. [56] also employed citrate 

precursor method to prepare Mn0.4NixZn0.6-xFe2O4 (x= 0.0, 0.2 and 0.4). The resistivity studies 

showed that the pure zinc ferrite showed higher resistivity as compared to the nickel substituted 

ferrites. They have also studied the impact of processing and polarization on the dielectric 

behavior of NixMn0.4-xZn0.6Fe2O4 (0.05-0.35) [57].  

Ni0.50-xMnxZn0.50Fe2O4 (x= 0.00, 0.10 and 0.20) was synthesized by A.K.M.A. Hossain et al. [58] 

using the standard solid state method. The samples were sintered at 1250, 1300 and 1350 0C in 

air for 5h. It was found that for the ferrite sample with composition x=0.20, the Neel temperature 

decreases by 25% but the initial permeability increases by 76%. S.E. Shirsath et al. [59] 

synthesized Ni0.5-xMnxZn0.5Fe2O4 (x= 0.0 - 0.5) ferrites using the sol-gel auto-combustion 

method. These ferrite samples were sintered at 600 0C for 4h. They formed a single cubic phase 

which was confirmed from the XRD data wherein lattice parameter was found to increase with 

increase in Mn content. The saturation magnetization is found to first increase followed by a 

decrease as the Mn content increases.  The inverse trend is observed for the coercivity in these 

ferrite samples. The Curie temperature is found to decrease with Mn content whereas in case of 

initial permeability, it increases first up to the composition x=0.3, followed by a decrease with 

increasing Mn content. 

C. Venkataraju et al. [60] used the co-precipitation method to synthesize Mn0.5-xNixZn0.5Fe2O4 

(x= 0.0, 0.1, 0.2 and 0.3) ferrites. In this study, they have studied the effect of cation distribution 

on the structural and magnetic properties of these ferrites. They have determined the cation 

distribution using the XRD data. Except for sample with composition x=0.3, magnetization is 

found to decrease with increasing nickel concentration. The sudden increase in this one ferrite 

sample is attributed to the migration of Fe3+ ions from B-site to A-site, which reduces the B-B 

coupling and thereby the spin canting in the B sub-lattice. D.R. Mane et al. [61] synthesized Ni0.7-
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xMnxZn0.3Fe2O4 (x= 0.0 - 0.7) using the sol-gel auto-combustion method. These samples were 

then annealed at 600 0C for 4h. The cation distribution was determined using the XRD data and 

was observed that Ni2+ ions are located at B-site while the Zn2+ ions are located at A-site whereas 

Mn2+ and Fe3+ ions are present at both A and B-site. It was observed that up to x=0.2, saturation 

magnetization increases and then decreases with increase in Mn content. 

U.B. Gawas et al. have employed precursor combustion method using fumarato-hydrazinate 

precursor to synthesize quite a few Mn doped Ni-Zn ferrites. They have prepared 

Mn0.3Ni0.3Zn0.4Fe2O4 [62-64] thick films using screen printing.  These films were observed to be 

sensitive to 10 ppm NH3 at RT. Their resistivity and AC susceptibility measurements were also 

carried out. The comparison of the different properties between ‘as synthesized’ and ‘sintered’ 

ferrites was done.  They have also prepared MnxNi0.6-xZn0.4Fe2O4 (x=0.2,0.4,0.5) [65] and Ni0.5-

xMnxZn0.5Fe2O4 (0.0-0.5) [66, 67] and investigated their magnetic properties after characterising 

them by Mössbauer spectroscopy. S. Ramesh et al. [68-71] synthesized Ni0.4Zn0.6-xMnxFe2O4 (x= 

0.00-0.25, in steps of 0.05) ferrites using the sol-gel auto-combustion method. The cation 

distribution for these samples was carried out using the XRD and magnetic data. These samples 

were then sintered at 1200 0C for 4h and they have investigated the microstructural and magnetic 

property of both ‘as obtained’ and the ‘sintered’ ferrites. The incorporation of Mn in this Ni-Zn 

ferrites led to a significant reduction in the permeability of these ferrites. The results obtained 

from their study indicate that these ferrites can be used in power transformer cores and inductors 

for up to several MHz frequency regions. The effect of Mn substitution on the resistivity and 

dielectric properties of these ferrites has been studied. The substitution of Mn was found to 

produce relatively higher resistivity. The electrical transport properties of Mn0.45Ni0.05Zn0.50Fe2O4 

ferrite synthesized using the solid state method was studied by M.A. Rahman et al. [72] using the 

complex impedance spectroscopy. They have used the complex impedance analysis to separate 

the grain and grain boundary resistance of this ferrite sample and have reported that the variation 

in the grain and grain boundary conductivities with temperature, indicate that all the samples are 

semiconducting in nature. 

M. Irfan et al. [73] have used the chemical co-precipitation method to synthesize 

Ni0.5Zn0.5MnxFe2-xO4 (x= 0.0-0.4, in step of 0.1). These ferrites were sintered at 750 0C for 3h. 

The dielectric measurements of these ferrites confirmed that the hopping conduction plays a 
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significant role in frequency-dependent alternating current conductivity. The Cole-Cole plots 

gave a clear indication of the grain boundary contribution. They have claimed that all the samples 

showed superparamagnetic nature based on the narrow hysteresis loop with low coercivity and 

retentivity. F. Genc et al. [74] have synthesized NixZn0.9-xMn0.1Fe2O4 (0.3≤x≤0.7) using the 

conventional ceramic method and have studied their electrical properties. It has been observed 

that the AC conductivity is found to be almost independent of frequency for lower frequency up 

to 10 kHz and at higher frequency it increases with increase in temperature. 

S. Thota et al. [75] employed the citrate precursor method to synthesize Mn0.5-xNixZn0.5Fe2O4 (x= 

0.05, 0.15, 0.25, 0.35 and 0.45) ferrites and have determine the cation distribution using various 

techniques like Raman, Mossbauer, X-ray diffraction and electron spectroscopy. The Raman 

spectra helped in establishing the fact that only Fe and Zn ions occupy the tetrahedral site while 

the Mossbauer spectra revealed that Fe3+ ions are present in both tetrahedral and octahedral sites 

and Ni2+ cation is present only in octahedral site. The photoelectron spectra also confirmed the 

presence of Fe3+ ions in both the interstitial sites. The stipulated cation distribution obtained from 

these techniques was finally refined using the XRD measurements. G. Xi et al. [76] synthesized 

Ni-Mn-Zn Ferrites using spent Ni-MH and Zn-Mn batteries employing sol-gel autocombustion 

method. They were successful in preparing these ferrites using these raw materials. The magnetic 

property of the final products was measured and it was observed that the saturation magnetization 

increases while coercivity decreases with increase in the particle size of these ferrites. K. Jalaiah 

et al. [77] employed the sol-gel autocombustion method to synthesize Mn0.85Zn0.15NixFe2O4 (x= 

0.03-0.15, in steps of 0.03). It was observed that the room temperature conductivity of the Ni 

substituted ferrites is higher than the pure spinel ferrite. The dielectric constant and the dielectric 

loss tangent were found to decrease with increase in Ni concentration. The ESR measurement 

supported the existence of non collinear magnetic structure. 

1.2.3. Ni-Al-Zn Ferrite 

S.V. Kakatkar et al. [78] have synthesized various composition of Al doped Ni-Zn ferrites using 

the standard ceramic method and have characterized and studied their various properties. The 

Ni1-xZnxAltFe2-tO4 (x= 0.30-0.45 when t=0 and x= 0.35, 0.45 when t=0.1) ferrites was sintered at 

1100 0C. The pre-treatment was done by pre-sintering these ferrite samples at various 

temperatures. At 1100 0C, the ferritization was found to be complete. Then these samples were 
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sintered at 1150, 1200 and 1240 0C for 15h. The initial permeability was found to increase with 

the sintering temperature. The X-ray and bulk magnetic properties of Ni0.55Zn0.45AltFe2-tO4 and 

Ni0.65Zn0.35AltFe2-tO4 (t= 0.0-0.3) ferrites which were sintered at 1100, 1150, 1200 and 1240 0C 

for 15h was also studied by these researchers [79]. The lattice parameter and saturation 

magnetization were found to decrease while the coercivity was found to increase with the 

increase in Al3+ concentration. The saturation magnetization was found to be invariant towards 

the sintering temperature. The initial permeability studies along with the magnetization studies 

were also carried out on Ni0.7Zn0.3AlxFe2-xO4 (x= 0.0-0.25, in steps of 0.05) [80, 81]. The initial 

permeability was found to decrease with increase in Al3+ concentration. The thermal variation of 

the remanence and the coercive field indicated that all the ferrite samples contain predominantly 

multidomain grains. The magnetic moment and the remanence both were found to decrease with 

increase in the Al3+ concentration. This decrease was attributed to the increase in the anisotropic 

constant. In addition to the above studies the relaxation time studies were also carried out of 

these ferrite samples [82] in which it was observed that the relaxation time increases with 

increase in Al3+ ions concentration and this was attributed to the increase in resistivity of these 

ferrite samples. 

Suman et al. [83] employed the citrate precursor method to synthesize Ni0.5Zn0.5AlxFe2-xO4 (x= 

0.0-1.0, in steps of 0.2). The Mössbauer and the magnetization studies of these ferrites was 

carried out and it was observed that the magnetic moment as well as the magnetic hyperfine field 

decreases with increase in the Al concentration. S. Singhal et al. [84] used the aerosol route to 

synthesize aluminium substituted Ni-Zn ferrites. These samples were then annealed up to 1200 

0C. With increase in the annealing temperature, the particle size and the saturation magnetization 

were found to increase. The superparamagnetic nature of the ‘as obtained’ ferrites was confirmed 

from the Mössbauer measurement and it was observed that the quadrupole splitting increases 

with increase in Al3+ ions concentration. M. Hashim et al. [85-86] have employed the citrate gel-

autocombustion method to synthesize Ni0.7Zn0.3Fe2-xAlxO4 (0.0≤x≤0.5) ferrites and have studied 

their structural, electric, dielectric and magnetic properties. They have used the impedance 

spectroscopy to investigate the effect of grain and grain boundary on the electrical properties of 

these ferrites. As expected, the magnetic moment is found to be decreasing with increase in Al3+ 

concentration. Ni0.5Zn0.5Fe1.97Al0.3O4 was synthesized by P.T.A. Santos et al. [87] using the 

combustion method. In their study, they have used the respective metal nitrates as the oxidizer 
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and urea as the fuel. These ferrite samples were then calcined at 700 0C for 1h.  The ‘as 

synthesized’ ferrites showed the superparamagnetic behaviour while the calcined ferrites showed 

the soft magnetic behaviour. A.A. Birajdar et al. [88] studied the permeability and the magnetic 

properties of Ni0.7Zn0.3Fe2-xAlxO4 (x= 0.0-0.5) ferrites synthesized using the sol-gel auto-

combustion method. The increase in Al3+ ions led in decrease in the saturation magnetization 

while the coercivity increased. The initial permeability and the Curie temperature were also 

found to decrease with the increase in Al3+ ions concentration. 

B.R. Babu et al. have employed the nitrate-citrate auto-combustion route to synthesize 

Ni0.5Zn0.5Fe2-xAlxO4 (x= 0.00-0.25) ferrites. They have sintered these ferrites at 1000 0C for 4h 

[89-90] and 1100 0C for 4h [91-93] in air atmosphere and have investigated the structural, 

electrical, dielectric and magnetic properties of these ferrites. L. Wang et al. [94] synthesized 

Ni0.75Zn0.25Fe2-xAlxO4 (x= 0.0-1.0, in steps of 0.2) ferrites using the wet chemical method. These 

ferrite samples are calcined at 950 0C for 12 hours to yield the resultant ferrite samples. The 

Hyperfine field and saturation magnetization along with the Curie temperature were found to 

decrease with increase in Al3+ ions substitution. It was inferred from the Mössbauer and XRD 

data that for the ferrite samples with x< 0.4, there is no specific preference of Al3+ ions in either 

A or B-sites but for the composition higher than x=0.4, Al3+ ions occupy specifically B-site. K. 

Kumar and others synthesized Ni0.5Zn0.5AlxFe2-xO4 (x= 0.0-2.0, in steps of 0.2) [95-96] using sol-

gel autocombustion method. It was observed that as the Al3+ ions concentration increased, the 

magnetic behaviour was found to decrease with x=2.0 composition, showing superparamagnetic 

behaviour with almost zero coercivity and retentivity. The dielectric constant and dielectric loss 

were found to decrease with increase in Al3+ ions concentration. For the sample with composition 

x=2.0, it showed the minimum value but as the temperature increased, value started increasing. 

These researchers have also synthesized NixZn1-xAlFeO4 (x= 0.0-1.0) using the same sol-gel 

autocombustion method. In these samples also with increase in Ni2+ ions concentration, the 

saturation magnetization, remanent magnetization and magnetic moment was found to decrease 

[97]. 

A.V. Raut et al. [98] employed the standard double ceramic method to synthesize Ni0.7Zn0.3Fe2-

xAlxO4 (x= 0.0-0.6) ferrites. These ferrites were sintered at 900 0C for 12h. The dielectric 

parameters were found to be greater for those measured at 1 kHz as compared to those measured 
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at 10 kHz. The AC susceptibility studies measurements showed that the ferrite samples contain 

the multidomain grains. The elastic properties and antistructural modelling for Zn0.5Ni0.5Fe2-

xAlxO4 (0.0≤x≤0.25) ferrites synthesized using the nitrate-citrate auto-combustion method was 

reported by B.R. Babu et al. [99]. The Al0.2Ni0.3Zn0.5Fe2O4 ferrite was synthesized using co-

precipitation method by T.S. Kuru et al. [100]. They investigated its structural, dielectric and 

humidity properties. It was observed that the impedance of all the samples decreases with 

increase in the relative humidity for all the test gases. T.K. Bromho et al. [101] also employed the 

ceramic technique to synthesize Ni0.65Zn0.35AlxFe2-xO4 (x= 0.00-0.12, in steps of 0.03) ferrites. 

The real part of the complex initial permeability, Curie temperature, resistivity and loss tangent 

of the ferrite powders were reduced while the quality factor was enhanced with the subsequent Al 

substitution in ferrites. 

1.2.4. Ferrite as Gas sensor 

A gas sensor plays an important role in technology, industry and daily life.  The reliable detection 

of various gases in low concentration is mandatory in the fields such as industrial plants, 

automotive technologies, environmental monitoring or air quality assurance, to name just a few. 

The research and development of gas sensor devices continue to be faced with numerous 

challenges in terms of sensitivity, selectivity, recovery time, promptness of response, robustness 

and many other aspects. Here, we are presenting detailed literature survey of ferrites being used 

as the gas sensor. 

C.V.G. Reddy et al. [102] synthesized nickel ferrite using citrate and co-precipitation methods. 

This ferrite was studied for its use as a chlorine sensor.  It showed response to chlorine with 

sensitivity of 0.75 at 300 0C but the response time was very slow and had a very long fall time. 

These researchers have also synthesized CuFe2O4, CoFe2O4 and ZnFe2O4 using the citrate 

process and have tested the response for different gases like LPG, H2S, CO, Cl2, CH4 at different 

operating temperatures [103]. It was observed that CoFe2O4 showed the response for H2S gas 

with a sensitivity of 0.6 at 225-250 0C. It also showed the response to Cl2 gas but at and above 

300 0C. The ZnFe2O4 also showed the maximum sensitivity for H2S gas and it was way above the 

other test gases. It started responding to LPG gas at above 200 0C and a maximum sensitivity of 

around 0.45 was observed at 325 0C. In case of the CuFe2O4, it did not show any selectivity. 
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N. Rezlescu et al. [104] synthesized NiFe2O4 + 1 wt.% CaO, Ni0.99Co0.01Mn0.01Fe1.99O4-δ and 

Ni0.99Co0.01Mn0.02Fe1.98O4-δ using the sol-gel autocombustion method. These ferrites have been 

tested for its gas sensing property towards different reducing gases like acetone, ethanol, methane 

and LPG. It was observed that Ni0.99Co0.01Mn0.02Fe1.98O4-δ ferrite showed a high sensitivity to 

acetone gas at an optimum working temperature of 488 K and the response time was 3 min. 

These researchers have also studied pure and samarium doped lithium ferrites for their gas 

sensing property [105]. The test gases were ethanol, methanol, liquified petroleum gas and 

ammonia. It was noted that all the ferrites showed a very good response to ethanol and methanol 

compared to other two gases. The best response was observed to ethanol and methanol at an 

operating range of 340-355 0C. 

X. Chu et al. [106] synthesized ZnFe2O4 using hydrothermal method and tested for the gas 

sensing property towards various gases like CH4, CO, CH3COCH3 and C2H5OH. It was observed 

that ZnFe2O4 showed the highest sensitivity and short response to C2H5OH, especially for 100 

ppm of C2H5OH it showed the sensitivity as high as 76. R.B. Kamble et al. [107] synthesized 

NiFe2O4 using the co-precipitation method and prepared the thick films of it in order to study its 

gas sensing property at room temperature. The different gases that were studied includes 

chlorine, ammonia, LPG and O2. It was seen that these ferrites thick film showed a good 

response towards Cl2 over other gases. The order of response was Cl2>NH3>LPG>O2. The thick 

films showed the maximum response of 96% to Cl2 and 68% to NH3 at room temperature. It was 

also observed that the thick films showed a better response as compared to pellet sensor. 

K. Mukherjee et al. [108] synthesized the porous ZnFe2O4 using the wet chemical method and 

studied the response and recovery kinetics of this ferrite as a H2 sensor. The gas sensing 

performance was studied by varying the hydrogen concentration in the test gas from 50-1660 

ppm and by varying the operating temperature from 250-380 0C. Through the analyses of 

conductance transients, it was demonstrated that both the sensor response and recovery behaviour 

can be modeled assuming a two site Langmuir adsorption kinetics. It was found that for both the 

adsorption sites, at constant temperature T, Langmuir adsorption isotherm behaviour is obeyed. 

These researchers have also synthesized magnesium-zinc ferrites and have studied their gas 

sensing property. It was observed that these ferrite samples showed a good sensitivity to variety 

of gases like CO, H2, CH4 and N2O but this sensor can be made selective to H2 by modulating the 
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operating temperature [109]. In yet another report [110] they compared the gas sensing property 

of magnesium-zinc ferrites prepared using PVA assisted wet chemical method and modified sol-

gel Pechini method and have inferred that the ferrites prepared using modified Pechini method 

showed better response as compared to other method.  It could detect low concentration (50 ppm) 

of H2 gas with a reasonable response of around 44% besides this the response and recovery times 

were also found to be lower as compared to the ferrite prepared using the PVA assisted method. 

The Mg0.5Zn0.5Fe2O4 ferrite prepared using the modified Pechini method has been used to 

prepare the ferrite nanotube. In one case this material was embedded into porous alumina 

template and in other case the isolated nanotube is coated on a quartz substrate and the 

comparison between the two in terms of its gas sensing property has been done. It was observed 

that both these embedded and isolated Mg-Zn ferrites can detect even a 10 ppm of H2 gas. 

Irrespective of the test gases (H2, CO, N2O), operating temperature (250-380 0C) and 

concentration of gas (10-1660 ppm), the embedded ferrite nanotubes showed n-type while the 

isolated tubes showed p-type sensing characteristics. This might be due to the higher chemi-

adsorption of oxygen over isolated tubes as compared to the embedded tubes [111]. The same 

authors have also synthesized the thin films of Mg0.5Zn0.5Fe2O4 and have studied the effect of 

film thickness and operating temperature on the H2 gas sensing property of this ferrite. These 

films were deposited on the alumina substrate using sol-gel spin coating method and it was 

observed that the thickness of film played an important role in the gas sensing. The films coated 

15 and 30 times showed a higher and faster response towards H2 as compared to the films which 

were coated 8 and 45 times [112]. Magnesium ferrite is another ferrite material synthesized by 

these researchers using the wet chemical method and have studied their gas sensing property for 

the test gases H2 and CO. The maximum response for H2 and CO is found to be 63 and 52%, 

respectively at an operating temperature of 315 0C for about 1660 ppm of the gases [113]. 

P.A. Murade et al. [114] synthesized La1-xSrxFeO3 (x=0.0-0.4) using the sol-gel auto combustion 

method and studied their gas sensing property. The sensing performance was investigated on 

different reducing test gases such as acetone, ethanol, H2S, H2 and LPG. It was observed that 

La0.7Sr0.3FeO3 showed a good sensing performance towards acetone gas with high sensitivity and 

response at 275 0C compared to LaFeO3. A.P. Kazin et al. [115] synthesized NixZn1-xFe2O4 (x=0-

1, in step of 0.2) ferrites and studied the influence of cation distribution and acidic properties on 

the gas sensing properties of these ferrite. The gases studied are ammonia and ethanol. It was 
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observed that the sensitivity of the ferrites towards ammonia increases when there is a decrease 

in the contribution of strong surface acid sites whereas in case of ethanol detection the inverse 

relation was observed. 

S. Singh et al. [116] employed the co-precipitation method to synthesize nanorods and mixed 

shape (nanosphere/nanocube) CuFe2O4. It was observed that as compared to nanorods, mixed 

shape CuFe2O4 showed an improved sensitivity towards LPG gas with a maximum response of 

57. The results were also found to be quite reproducible even after 1 month.  

It has been observed from the literature survey that A. Sutka et al. [117] have carried out 

extensive study on the gas sensing property of the ferrite. They have reported the gas sensing 

property of, stoichiometric and excess, iron nickel-zinc ferrites. They employed the sol-gel 

autocombustion method to synthesize Ni0.3Zn0.7Fe2+zO4 (z =0 and 0.1) ferrites. They have tested 

the gas sensing response towards 500 ppm acetone gas at operating temperature of 200-325 0C. It 

was observed that excess-iron nickel zinc ferrite showed the higher response at all the operating 

temperatures. This can be attributed to the presence of Fe2+ ions in nonstoichiometric ferrite. This 

leads to increase in the charge carrier concentration thereby increasing the oxygen adsorption 

which in turn oxidizes test gas. The influences of iron non stoichiometry on zinc doped ferrites 

have also been studied by these researchers [118]. Here they employed the same sol-gel 

autocombustion method to synthesize ZnFe2+zO4± (z = -0.025, -0.01, 0, 0.05, 0.1, 0.15 and 0.2). 

These sensors were employed to sense different volatile gases. It was observed that with 

increasing operating temperature, the sensitivity first increases and then start decreasing. The 

maximum response for all the samples was shown at an operating temperature of 275-300 0C. It 

was observed that ferrites ZnFe2.1O4+ and ZnFe2.15O4+ showed the highest sensitivity as compared 

to other compositions towards the ethanol gas. The same researchers also synthesized Ni1-

xCoxFe2O4 (x= 0, 0.1, 0.05 and 1.0) ferrites to study the gas sensing property [119]. In this study, 

to form the desired structure after auto combustion, they annealed the samples at 800 0C for 1h 

followed by slow cooling in air or rapid cooling by quenching in water. They studied the effect of 

Co ion as well as the cooling rate on the acetone gas sensing property of nickel ferrites. It was 

observed that the gas response of these ferrite samples was increased with decreasing cooling rate 

after annealing. The addition of cobalt leads to decrease in the gas sensing property. These 
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researchers have also studied the gas sensing property of Zn doped nickel ferrites as explained in 

section 1.2.1. [20].   

N. Domínguez-Ruiz et al. [120] added silver to NiFe2O4 while synthesizing nickel ferrite using 

co-precipitation method and studied the H2S gas sensing property of the same. It was observed 

that the addition of 5% wt. of Ag in nickel ferrite led to an improvement in the sensor response 

by 200% as compared to the pure nickel ferrite. MgFe2O4 sintered at 973 and 1173 K was 

synthesized by J.Y. Patil et al. [121] employing the combustion method wherein glycine acted as 

a fuel. They used these ferrites to study gas sensing response towards various test gases such as 

LPG, acetone, ethanol and ammonia. The ferrites showed good response towards the different 

gases and at different temperatures. The ferrite sintered at 1173 K showed the selectivity towards 

the 2000 ppm LPG with a maximum response of 71% at 698 K. M. Dziubaniuk et al. [122] 

synthesized BiFeO3 using the conventional solid state reaction method to study its ammonia gas 

sensing property in argon and in air atmosphere in the temperature range 300-600 and 350-450 

0C, respectively. The concentration of the gas used was from 0-2100 ppm. It was observed that 

the sensor response for NH3 in the neutral atmospheres are higher than in atmosphere containing 

synthetic air. 

A.B. Gadkari et al. [123] studied the effect of Sm3+ ions substitution on the gas sensing property 

of Mg1-xCdxFe2O4 (x= 0-1, in step of 0.2) ferrites. It was observed that with addition of Cd2+ ions, 

the response for LPG and Cl2 gas decreases while for ethanol it increases. The response of Sm3+ 

ions containing ferrites is found to be higher than the Mg-Cd ferrites. The response and recovery 

time for Sm3+ ions added Mg-Cd Ferrites goes on decreasing with increase in Cd2+ ion. 

H. Shan et al. [124] synthesized highly sensitive acetone sensor based on the La doped ɑ-Fe2O3 

nanotubes. The electrospinning method was employed to synthesize the pure and La doped ɑ-

Fe2O3. La doped ɑ-Fe2O3 showed a better response to acetone as compared to pure ɑ-Fe2O3. In 

case of La-doped, 7 wt.% doped sample showed a selectively good response to acetone. 

E.R. Kumar et al. [125] synthesized Mn0.4Cu0.6Fe2O4 using the autocombustion method and did 

the gas sensing study by taking the test gases such as LPG, H2, NH3, CO, ethanol and methanol. 

It was observed that this ferrite sample showed a very good sensing activity towards LPG at 

different operating temperature. The optimum response obtained was at 300 0C for 1000 ppm. 
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A.A. Bagade et al. [126] synthesized thin films of Co1-xMnxFe2O4 (0≤x≤0.5) deposited on quartz 

substrate using spray pyrolysis method. The different test gases used were LPG, SO2, NH3, H2S 

and NO2. These samples showed highest response towards the NO2 gas. The highest response 

was observed at moderately lower operating temperature of 150 0C for 100 ppm of NO2 gas. The 

Co0.7Mn0.3Fe2O4 ferrite showed the highest response for NO2 as compared to other ferrite 

compositions and also compared to other test gases. P. Rao et al. [127] synthesized Pd doped 

nickel ferrite thin films using automated spray pyrolysis technique and studied their response 

towards the Cl2 gas. It was observed that the incorporation of Pd in nickel ferrite led to 

enhancement of the response towards this gas and reduction in the operating temperature. Also, 

the response and the recovery times of Pd doped nickel ferrite were faster compared to pure 

nickel ferrite. The long term stability of these thin film sensors was evaluated for six months and 

this may be regarded as the significant facet for using it in practical application as a gas sensor. 

Y. Xu et al. [128] synthesized three kinds of ferrite nanospheres i.e. Co, Ni and Zn ferrites using 

the solvothermal method and studied their gas sensing property.  On exposure to the reducing 

gases all the ferrite showed n-type sensing behavior with cobalt ferrite showing the highest 

sensitivity and stability towards n-butanol. A.K. Yadav et al. [129] synthesized the Lanthanum 

ferrite by citrate-nitrate auto-combustion route and studied its LPG sensing property. The 

different volume % of LPG concentration such as 0.1, 0.2, 0.3, 0.4 and 0.5 was tested and it was 

found that the maximum response of 394 was observed at 0.5 vol% of LPG. The response and 

recovery times were found to be 50-100 sec and 350-400 sec, respectively. M. Singh et al. [130] 

have also studied the LPG sensing property. They have synthesized strontium ferrite thin film 

using the co-precipitation method and have tested the sensing property for different gases such as 

LPG, ammonia, ethanol and nitrous oxide. The maximum sensitivity of around 7 and % sensor 

response of around 602.23 for 5 vol % LPG was obtained. They reported that this sensor could be 

selectivity used for LPG sensing. 

Q. Li et al. [131] synthesized Ag modified bismuth ferrite using sol-gel method which was found 

to be a Chlorine sensor. Among the various test gases studied such as ether, ammonia, chlorine, 

acetone, formaldehyde, ethanol and methanol, these sensors showed selectively the maximum 

response for Cl2 gas. As compared to pure and 8 mL AgNO3 added bismuth ferrite, 4 mL AgNO3 
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added bismuth ferrite showed superior sensitivity to Cl2, with rapid response and relatively short 

recovery time, for 10 ppm Cl2 at 240 0C. 

E.R. Kumar et al. [132] synthesized Ni0.8Co0.2Fe2O4 using the simple evaporation technique 

wherein egg white was used as a bio-template. Three different samples with crystallite sizes of 

10.5, 16.4 and 21.9 nm were prepared by heat treating the samples at 600, 750 and 900 0C, 

respectively and their gas sensing properties were studied. It was observed that the ferrite sample 

with lowest crystallite size showed the best performance as a sensor for different gases such as 

LPG, H2, NH3 and CO. P.D. Prasad et al. [133] synthesized CoFe2O4 fibres using electrospinning 

method and studied their gas sensing property. They carried out gas sensing study at room 

temperature and found that response for ammonia is better as compared to other test gases such 

as ethanol, methanol, acetone and 2-propanol. They found that CoFe2O4 shows good response 

and reproducibility at 900 ppm for NH3 gas. 

Three different samples of Cu-doped zinc ferrite were synthesized containing 0.5, 1 and 2 mmol 

of CuCl2 using the hydrothermal method, by W. Zhang et al. [134]. They studied their gas 

sensing property using different test gases such as C2H5OH, H2, CH4, C2H6CO, HCHO and H2S. 

These samples showed selectively maximum response for H2S gas. The addition of Cu played an 

important role in gas sensing. The sample prepared with addition of 1 mmol of CuCl2 showed 

high response, excellent selectivity, good reproducibility and stability towards H2S gas. It 

showed a response of 37.9 to 5 ppm H2S gas at RT. 

1.2.5. Electrochemical properties of Ferrite 

The electrochemical capacitors popularly known as the supercapacitors are the promising energy 

storage devices in addition to the batteries. Based on type of the electrochemical response, 

electrochemical capacitors are classified into two types namely, 1) Electrical double layer 

capacitor (EDLC) and 2) Pseudocapacitors. The origin of capacitance in the EDLC is the charge 

separation at the electrode–electrolyte interface, whereas pseudocapacitance arises from fast, 

reversible faradic redox reactions taking place on or near the surface of the electrode. In this 

section, a detailed literature review of pure ferrite and the composites of ferrites used as 

supercapacitors have been discussed. 
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P. Sen et al. [135] synthesized a nanocomposite consisting of poly(3,4-ethylenedioxythiophene)-

NiFe2O4 and have investigated its electrochemical performance as an electrode for 

supercapacitor. The electrode was fabricated by taking 85 wt.% of active material, 10 wt.% 

acetylene black and 5 wt.% PTFE. This paste was pressed into a sheet and finally compressed on 

a stainless still mesh. 1M LiClO4 was used as the electrolyte and its electrochemical properties 

were measured using cyclic voltammetry and galvanostatic charge–discharge in acetonitrile 

solvent. It was observed that the highest specific capacitance of 251 F/g was observed for the 

nanocomposite electrode compared to the pure nickel ferrite and poly(3,4-

ethylenedioxythiophene) which showed the specific capacitance of 127 and 156 F/g, 

respectively. The electrochemical impedance measurements were also carried out of these 

electrodes. 

Y.P. Lin et al. [136] synthesized a new type of asymmetric supercapacitor in which MnFe2O4-

carbon black composite acted as anode while LiMn2O4 acted as cathode. The electrolyte used 

here was aqueous LiNO3.  It was observed that the specific power and specific energy of the full-

cell increases with increasing anode-to-cathode mass ratio (A/C) and saturate at A/C ∼4.0, which 

gives specific cell energies, based on total mass of the two electrodes, of 10 and 5.5 Wh kg−1 at 

0.3 and 1.8 kW kg−1, respectively. The good cycling stability was observed by this cell and 

exhibited a slower self-discharge rate compared to MnFe2O4 symmetric cell or any other 

asymmetric cells having the same cathode but different anode materials. B. Senthilkumar et al. 

[137] synthesized NiFe2O4 using the molten salt method at 900 0C. They used the binary salts of 

NaCl and KCl mixture which acted as a flux. The electrochemical properties of this ferrite were 

studied and it was observed that it showed a pseudocapacitive property in 1M of LiClO4 

electrolyte and at 10 mV/S showed a specific capacitance of 18.5 F/g. 

V.S. Kumbar et al. [138] employed simple chemical route to synthesize thin films of CoFe2O4 on 

stainless steel substrate. The electrochemical measurements of these samples were carried out 

using cyclic voltammetry in 1M NaOH electrolyte. They obtained specific capacitance of 366 F/g 

at a scan rate of 5 mV/s. The equivalent series resistance value of 1.1 Ω was obtained using the 

AC impedance technique.  

L. Lv et al. [139] employed the hard Al2O3 template to fabricate the porous CoFe2O4 and 

performed its electrochemical measurement. It was observed that this electrode showed a high 
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specific capacitance of 142 F/g at a scan rate of 2 mV/s and also showed a long cycling life. M. 

Zhu et al. [140] employed the solvothermal procedure to synthesize the porous CuFe2O4 and 

investigated its electrochemical properties. The electrochemical measurements were carried out 

using the cycling voltammetry and galvanic charge discharge study using three electrode cell in 

1M KOH electrolyte. It was observed that the CuFe2O4 nanospheres showed the maximum 

specific capacitance of 334 F/g and even after 600 charge-discharge cycles, 88% of it could be 

still retained. 

W. Cai et al. [141] synthesized MnFe2O4/graphene and did their electrochemical measurement in 

which it was observed that this electrode shows a high specific capacitance of 300 F/g at a 

current density of 0.3 A/g. They also constructed a flexible electrode by sandwiching two pieces 

of this MnFe2O4/graphene and separating it with an electrolyte consisting of polyvinyl alcohol-

H2SO4 gel. It was revealed that this flexible supercapacitor device with a 227 μm thickness 

showed a very good specific capacitance of 120 F/g at a current density of 0.1 A/g and an 

excellent cycle performance retaining 105% capacitance even after 5000 cycles. J. Shao et al. 

[142] constructed a symmetric aqueous rechargeable battery based on NiFe2O4 hollow 

microspheres as an electrode material. In this study, the anode and the cathode consist of same 

material but due to the presence of well separated redox NiFe2O4, it undergoes respective redox 

reactions. It was observed that this new battery has a capacity of 26 mAh/g with a high working 

voltage of 1.3 V. 

P. Xiong et al. [143] designed and fabricated a ternary electrode consisting of cobalt 

ferrite/graphene/polyaniline. From the electrochemical measurement, it was observed that it 

showed a specific capacitance of, as high as, 1133.3 F/g at a scan rate of 1 mV/s and at a current 

density of 0.1 A/g. The 767.7 F/g was observed using a three electrode system while for a two 

electrode system, it showed a specific capacitance of 716.4 and 392.3 F/g at a scan rate of 1 mV/s 

and at a current density of 0.1 A/g, respectively. After around 5000 cycles, it could retain 96 % of 

the capacitance. They have also fabricated one more ternary electrode in which instead of cobalt 

ferrite they have used manganese ferrite and have investigated their electrochemical properties 

[144]. These nanostructures exhibited a high specific capacitance of 458.8 F/g at a current 

density of 0.2 A/g and also showed a good cyclic stability. Using this as obtained hybrid, a 

symmetric device was fabricated and it was reported that this device exhibited a specific 
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capacitance of 307.2 F/g at a current density of 0.1 A/g with a maximum energy density of 13.5 

Wh/kg. D. Zha et al. [145] have synthesized a ternary electrode in which instead of graphene 

they have used carbon black. A hybrid of manganese ferrite, carbon black and polyaniline was 

synthesized and it was observed that this hybrid nanostructures have enhanced electrochemical 

property in which they could retain almost 98% capacitance at a current density of as high as 40 

A/g. Also, after about 1000 cycles at 5 A/g, almost 80% of capacitance was retained. A 

symmetric supercapacitor was fabricated using this hybrid nanostructure and it was observed that 

almost 94% capacitance was retained at a current density of 10 A/g and even after 10000 cycles 

at 5 A/g, 75% of capacitance was retained.  

W. Wang et al. [146] also used a ternary system which consisted of nitrogen-doped graphene, 

nickel ferrite and polyaniline. They synthesized these nanocomposites and studied their 

electrochemical properties in which it was revealed that these nanocomposites showed the 

specific capacitance of 645.50 F/g at 1 mV/s and 667.0 F/g at 0.1A/g in a three and two electrode 

system, respectively. The energy density of this nanocomposite was calculated in a two electrode 

system which was found to be 92.7 Wh/kg at a power density of 110.8 Wh/kg. Also, after 

repeating for 5000 and 10000 cycles, there was loss of only 5 and 10% capacitance at a high 

current density of 5 A/g. 

R. Wang et al. [147] studied the electrochemical performance of symmetric supercapacitor 

assembled by MnFe2O4 colloidal nanocrystal clusters in different aqueous electrolytes. They 

performed this measurement using various techniques like cyclic voltammetry, galvanic charge-

discharge studies and electrochemical impedance spectroscopy. When 2M KOH, NaOH, LiOH 

and Na2SO4 were used as the electrolyte, this electrode showed the specific capacitance of 97.1, 

93.9, 74.2 and 47.4 F/g, respectively at a current density of 0.1 A/g. When the concentration of 

KOH electrolyte was increased from 0.5 to 6M, the capacitance also increased from 56.9 to 152.5 

F/g, respectively. The best cycling stability was also observed in this aqueous 6M KOH 

electrolyte. 

L. Liu et al. [148] synthesized NiFe2O4 ferrite to be used as an anode in Li ion battery using 

hydrothermal method. They studied the effect of hydrogenation on the electrochemical properties 

of this ferrite. It was observed that the octahedral morphology of this ferrite was distorted due to 

this hydrogenation and it also resulted in oxygen vacancies and formation of metallic nickel. This 
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in turn led to the enhancement of the electrochemical property which showed almost 60% 

retention of the capacity at 50th cycle and also 3 times higher capacity was observed at a current 

density of 1 A/g compared to the pristine NiFe2O4. A. Rai et al. [149] synthesized aluminium 

doped lanthanum ferrites, (La1-xAlxFeO3, x= 0, 0.3) to be used as an electrode for a 

supercapacitor design. They employed the three electrode system to measure the electrochemical 

properties in which they observed that the Al doped lanthanum ferrite showed a better cycle life 

and coulombic efficiency as compared to the undoped ferrite sample. The specific capacitance of 

the doped ferrite sample was almost 1.5 times higher as compared to the undoped ferrite samples. 

This increase in the electrochemical properties of the doped ferrite sample was related to the 

relative decrease in the equivalent series resistance and lower molecular weight of aluminium 

doped lanthanum ferrite as compared to undoped lanthanum ferrite. 

E. Mitchell et al. [150] synthesized the mono-disperse iron oxide nanocrystals with an average 

particle size of 8 ±2nm and investigated its electrochemical properties with the help of cyclic 

voltammetry and galvanostatic charge discharge tests. This electrode showed a pseudocapacitive 

behavior in 3M KOH solution with a specific capacitance of 185 F/g at a current density of 1 mA 

and with a good cyclic stability. 

J. Hao et al. [151] synthesized 3D hierarchical Co3-xFexO4 on nickel foam. The morphology of 

this product was tailored from nanoflowers to microflowers with varying size void interiors. This 

material could be used as an electrode directly without using any binder or conductive agent. 

This electrode showed remarkably high specific capacitance and cycling stability. The 3D 

microflowers showed a specific capacitance of 768 F/g at a current density of 6 A/g. W. Zhang et 

al. [152] synthesized copper ferrite-graphene composite using the solvothermal synthesis. They 

have measured the electrochemical properties of this ferrite and observed that this electrode 

shows a specific capacitance of 576.6 F/g at a current density of 1 A/g in 3M KOH electrolyte. It 

also showed a good cycling stability. These results were much higher as compared to pure copper 

ferrite. 

A. Sarkar et al. [153] have reported the synthesis of TiO2/BiFeO3 nanoheterostructure array. In 

this they have anchored the BiFeO3 nanoparticles on the TiO2 nanotubes and have investigated 

their pseudocapacitive behaviour. It has been observed that the capacitive behaviour of this 

material is much higher as compared to pristine TiO2 nanotube. The specific capacitance 
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observed for this nanoheterostructure was about 440 F/g at a current density of 1.1 A/g. At 2.5 

A/g, it could retain almost 80% capacity. It also exhibited an energy density of 46.5 Wh/kg and 

power density of 1.2 kW/kg at a current density of 2.5 A/g with a moderate cycling stability of 

92% capacity retention, after 1200 cycles. 

M.K. Zate et al. [154] prepared the thin films of nickel-manganese ferrite (NixMn1-xFe2O4; x= 

0.2, 0.4, 0.6 and 0.8) onto a stainless steel substrate and investigated its electrochemical 

properties. It was observed that in 1M KOH electrolyte at a scan rate of 5mV/s, this electrode 

showed a specific capacitance of 147, 120, 131, 185 F/g for the compositions x= 0.2, 0.4, 0.6 and 

0.8, respectively. The lower specific capacitance value for x= 0.4 and 0.6 is attributed to higher 

Rs value for this two samples. These researchers have also prepared thin films of manganese 

ferrite onto stainless steel substrate to study its electrochemical supercapacitor electrode 

application [155]. It was observed that this thin film showed a superior electrochemical behavior 

in 1M KOH as electrolyte as compared to other electrolytes under study such as NaOH, Na2SO3 

and Na2SO4. Using CV scan at a scan rate of 5 mV/s, a maximum specific capacitance of 313 F/g 

was observed while from galvanostatic discharge studies, a maximum specific capacitance of 

293.5 F/g at 1 mA/cm2 was achieved. From the EIS studies, a series resistance of 2.1 Ω and 

charge transfer resistance of ~11 Ω was observed for this MnFe2O4 which is an indication of 

pseudocapacitive behaviour. 

B. Bhujun et al. [156] synthesized aluminium doped nickel-copper ferrites via sol-gel method. 

The cyclic voltammetry and galvanostatic charge-discharge measurements of these doped and 

undoped nickel copper ferrites as supercapacitor electrode were done in 1M KOH solution as an 

electrolyte. It was observed that Al0.2Ni0.4Cu0.4Fe2O4 showed a specific capacitance of 412.5 F/g 

at a current density of 1 A/g with energy density of 57.3 Wh/kg while the undoped sample 

showed the energy density of 34.3 Wh/kg. These researchers have also studied the 

electrochemical properties of aluminium doped copper-cobalt ferrites [157]. In this study, they 

have investigated the effect of aluminium concentration on the electrochemical properties of 

AlxCuyCozFe2O4 (where x+y+z=1) and have found that Al0.2Cu0.4Co0.4Fe2O4, at a scan rate of 100 

mV/s showed a highest specific capacitance of 548 F/g with energy and power density of 3.84 

Wh/kg and 270 Wh/kg, respectively. This improved electrochemical behaviour of this sample 

was attributed to the higher electrical conductivity of this ferrite sample. 
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B. Bashir et al. [158] investigated Mn1-xCuxFe2O4/rGO composite as an electrode in a 

supercapacitor and it was revealed that this nanocomposite with composition 

Mn0.9Cu0.1Fe2O4/rGO showed a higher specific capacitance (300 F/g) as compared to 

Mn0.9Cu0.1Fe2O4 and MnFe2O4. Also, this nanocomposite showed a better rate capability and 

cyclic stability as compared to the other two plain ferrites. The multi-shelled CoFe2O4 hollow 

microspheres with tuneable number of layers (1-4) were synthesized by Z. Wang et al. [159]. 

Here they used three electrode system to do the electrochemical measurements using 6M KOH as 

an electrolyte. It was observed that triple shelled CoFe2O4 hollow spheres indicated an excellent 

electrochemical measurement as compared to other electrodes. However, the CV curve did not 

maintain the rectangular shape indicating the Faradaic pseudocapacitive behaviour of this 

electrode. 

F. Meng et al. [160] employed the hydrothermal method to synthesize Ni-Zn Ferrite/reduced 

graphene oxide i.e. Ni0.8Zn0.2Fe2O4/rGO and aluminium and copper doped nickel zinc ferrite/ 

reduced graphene oxide i.e. Ni0.8Zn0.2Al0.1Fe0.9O4 and Ni0.6Cu0.2Zn0.2Fe2O4 and compared their 

electrochemical properties. It was observed that out of these three nanocomposites, aluminum 

doped nanocomposite showed a highest specific capacitance of 136.91 F/g and an energy density 

of 16.80 Wh/kg at a current density of 1 A/g. This enhancement of electrochemical behaviour in 

aluminium doped nanocomposite may be due to the high electronic conduction in the same. Y. 

Zhao et al. [161] synthesized a hybrid supercapacitor consisting of MoO2/NiFe2O4 composite. 

This composite material presented a nanosheet-nanocrystal heterostructure and when evaluated 

as an electrode in an alkaline electrolyte, it showed a greatly enhanced specific capacity of 2105 

mAh/g at 4 A/g which is much better than the individual components. It also showed retention of 

81.1% capacity after 1900 cycles. 

Y. Lin et al. [162] synthesized flowerlike porous LiFe5O8 microspheres by etching method using 

bulk LiFe5O8 particles. These particles were etched for 15, 30 and 45 minutes and were applied 

as electrode material for high performance electrochemical capacitors. It was observed that the 

sample prepared by etching at 45 min showed a higher capacitance of 278 F/g which is much 

higher than the unetched counterpart. Also, this electrode presents a good cyclic stability in 

which after 2000 cycles also there was retention of 78.3% capacitance which was much greater 

than the unetched counterpart. H. Gao et al. [163] synthesized hierarchically porous CoFe2O4 
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nanosheets on nickel foam and employed it as a supercapacitor electrode. It was observed that, at 

a current density of 2 A/g, a capacitance of 503 F/g was observed. When the current density was 

increased to 20 A/g, these nanosheets could retain almost 78.5% of the capacitance. An aqueous 

asymmetric supercapacitor based on CoFe2O4 nanosheet as a positive electrode and activated 

carbon as negative electrode was constructed and it was observed that this electrode exhibited a 

specific capacitance of 73.12 F/g at a current density of 1.2 A/g. 

K. Malaie et al. [164] employed the two step hydrothermal method to grow magnesium ferrite 

rose nanoflowers on nickel foam and various electrochemical techniques were used to find out its 

probability in using it as the supercapacitor electrode. It was observed that this electrode showed 

a specific capacitance of 240 F/g at a scan rate of 20 mV/s. This electrode was also investigated 

for two electrode system and a specific capacitance of 26 mF/cm2 at 0.5 mA/cm2 was observed. 

These researchers have also synthesized CoFe2O4 nanosphere cluster and have investigated its 

electrochemical properties [165]. The different electrolytes such as KOH, K2SO4 and Na2SO3 

were used to measure this property in the negative potential window of -0.3 to -1.3 V. It was 

observed that the highest specific capacitance of 151 F/g in 5mV/s scan rate for this electrode 

was obtained when KOH was used as the electrolyte. Also, the cycling stability of around 87% 

was observed for 1000 voltammetric cycles. 

J. Khajonrit et al. [166] synthesized BiFe1-xNixO3 (x= 0, 0.05, 0.1, 0.2 and 0.3) and fabricated it 

as an electrode to study the electrochemical properties. It was observed that as the nickel 

concentration is increased the specific capacitance of these electrodes goes on decreasing with 

the high specific capacitance ranging from 193-514 F/g. The 5% doped electrode showed the 

increase in the capacity retention after 500 cycles at 10 A/g. A.E. Elkholy et al. [167] synthesized 

manganese cobalt ferrite and investigated its electrochemical properties. This electrode showed a 

maximum specific capacitance of 675 F/g at a scan rate of 1 mV/s. Its energy and power density 

were also measured at 1.5 A/g and it was found to be 18.85 Wh/kg and 337.50 W/kg, 

respectively. Even after 1000 GCD cycles, only 7.14% degradation of specific capacitance was 

observed indicating a long term stability. Also, the equivalent series resistance was found to be 

constant after this 1000 GCD cycles. B. Bhujun et al. [168] synthesized three mixed ternary 

transition metal ferrites which include CuCoFe2O4, NiCoFe2O4 and NiCuFe2O4 and studied their 

electrochemical properties using two-electrode system in 1M KOH solution used as an 
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electrolyte. It was observed that out of this three, CuCoFe2O4 showed a maximum specific 

capacitance of 221 F/g at a scan rate of 5 mV/s. It also showed a very good cyclic stability. 

H. Kennaz et al. [169] synthesized CoFe2O4 magnetic nanoparticles via two methods, namely, 

co-precipitation and hydrothermal and investigated their electrochemical properties using three-

electrode system in 6M KOH solution as an electrolyte. It was observed that the nanoparticles 

synthesized using the hydrothermal method showed superior faradaic type behaviour with a 

specific capacitance of 429 F/g at a current density of 0.5 A/g. It was found that even after 6000 

cycles at a current density of 10 A/g, it showed an excellent cycle life with a coulombic 

efficiency of 98.8%. 

J.S. Sagu et al. [170] employed the aerosol-assisted chemical vapour deposition technique to 

fabricate cobalt ferrite thin films and investigated its electrochemical properties. From the three 

electrode system measurement, it revealed that this electrode is pseudocapacitive and has 

excellent conductivity. Its studies in two electrode symmetric supercapacitive configuration 

showed that this electrode has a capacitance of 540 μF/cm2. Its cycling stability was measured 

and it was observed that even after 7000 cycles, it could retain 80% of the capacitance at a 

charging voltage of 1V indicating that the pseudocapacitive process in this electrode is highly 

reversible and it exhibited a good stability in 1M NaOH alkaline electrolytic solution. 

M.L. Aparna et al. [171] synthesized different metal ferrites (MFe2O4, M=Fe, Co, Ni, Mn, Cu, 

Zn) and compared the electrochemical performance of this electrodes. In these measurements, 

3M KOH was used as an electrolyte and it was observed that out of these six ferrites, CoFe2O4 

exhibited the best electrochemical performance with specific capacitance of 444.78 F/g at a scan 

rate of 2mV/s. This can be attributed to the high specific surface area and mesoporous surface 

with pore diameter of 3.125 nm.  Also, this ferrite showed low resistance and uniform size 

distribution. V. Vignesh et al. [172] employed the co-precipitation method to synthesize 

MnFe2O4 nanoparticles and investigated its electrochemical performance by varying the 

electrolytes. They have used 1M LiNO3, 1M Li3PO4 and 3.5 M KOH as electrolytes. It was 

observed that the MnFe2O4 electrode exhibited a specific capacitance of 31, 173 and 430 F/g, 

respectively. Although in Li3PO4 electrolyte, this electrode showed the highest specific 

capacitance but it was found to have poor rate performance. This electrode showed a good rate 

performance when 3.5 M KOH was used with a capacitance retention of 60% at 10 A/g. This 
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MnFe2O4 as an electrode material was also fabricated in a symmetric cell in 3.5 M KOH as an 

electrolyte and it showed a maximum specific capacitance of 245 F/g and energy and power 

density of 12.6 nWh/kg and 1207 W/kg, respectively. Also, it could retain a specific capacitance 

of 105% after almost 10,000 cycles at the high current density of 1.5 A/g. 

M. Hua et al. [173] synthesized NiFe2O4 nanocrystals consisting of different average sizes which 

include 81, 69, 63 and 46 nm, using hydrothermal method. The electrochemical performances of 

these ferrites were investigated and it was observed that NiFe2O4 with the average size of 46 nm 

showed the excellent specific capacitance of 562.1 F/g with a good cycling stability. It could 

retain as much as 80.3% capacitance after 1500 cycles at 4 A/g. An asymmetric supercapacitor 

was also fabricated using this NiFe2O4 nanocrystal as positive electrode and activated carbon as 

negative electrode and it could exhibit energy density of 34.91 Wh/kg at 1100 W/kg and also 

exhibited a good cyclic stability suggesting that crystal size plays an important role. Y. Lin et al. 

[174] synthesized Co0.5Ni0.5Fe2O4 ferrite and explored its electrochemical behaviour in which it 

was observed that this porous material exhibited a specific capacitance of 113 F/g in 1M KOH 

solution as an electrolyte at a scan rate of 5 mV/s. It also exhibited an excellent cyclic stability in 

which a growth of 120.05% in its specific capacitance was observed after 1000 cycles thus 

revealing that this material could be used as a pseudocapacitive material for supercapacitors. 

F.M. Ismail et al. [175] synthesized the nanoneedles of MnZnFe2O4 ferrite using the simple co-

precipitation method and studied electrochemical performance of this electrode. From this study, 

it was observed that this electrode showed a specific capacitance of 783 F/g which is 

significantly higher than many reported ferrites. Also, it showed a very high coulombic 

efficiency with a good cycling stability. These nanoneedles along with activated carbon were 

fabricated into an asymmetric supercapacitor and it was observed that this electrode exhibited an 

energy density of 15.8 Wh/kg at a power density of 899.7 W/kg. It was found that, of the total 

specific capacitance, only 3.14% is found to be due to the double layer capacitance and the rest is 

based on the pseudocapacitance faradaic mechanism. 

B.J. Rani et al. [176] synthesized CoxZn0.04-xFe2O4 (x= 0, 0.01 and 0.02) ferrites using the co-

precipitation method. The electrochemical measurements of these ferrites were performed using 

1M NaOH as an electrolyte. It was observed that the specific capacitance of these electrodes 

increased with increase in cobalt concentration wherein the highest concentration of cobalt 
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showed the specific capacitance of 377.81 F/g. K.V. Sankar et al. [177] prepared the battery type 

carbon coated CoFe2O4 nanoparticles using the hydrothermal method and tested it as the possible 

negative electrode in supercapattery application. The battery type charge storage behaviour of 

this material was observed from the peak and the plateau region in the cyclic voltammogram and 

galvanostatic charge discharge curve. At 1 mV/s, this material delivered a maximum length 

capacitance of 99 F/m and also a lifespan of over 5000 cycles. The fabricated supercapattery 

exhibits the energy density of 160 x 10-8 Wh/cm at a power density of 67.2 μW/cm. Also, this 

device showed a good coulombic efficiency of 93% and specific capacitance retention of 75% 

over 11000 cycles. 

G. Singh et al. [178] synthesized MnFe2O4 using the thermal decomposition method and studied 

its electrochemical performance. For this, they have investigated the electrochemical behaviour 

of MnFe2O4 in different electrolytes such as NaOH, KOH, H2SO4, Na2SO4, PBS buffer etc. In 

their study they revealed that in none of the electrolytes, this electrode showed any promising 

result. A very small specific capacitance of 10.12 and 6.18 F/g was observed when Na2SO4 and 

KNO3 was used as an electrolyte while when 1M KOH and 1M NaOH was used as electrolyte, 

the specific capacitance of 18.32 and 24.9 F/g, respectively was observed indicating that the 

choice of electrolyte plays a crucial role in any electrochemical measurement. 

S.J. Uke et al [179] have synthesized different concentrations of Zn doped MgFe2O4 nanocrystals 

and have investigated their electrochemical properties and it has been observed that the highest 

specific capacitance of 484.6 F/g was observed for 2% doped material with 10.8 WhKg-1 energy 

density at a current density of 1 mA/cm2. S. Martinez-Vargas et al [180] have prepared two 

flexible graphene electrode and one of them was coated with different cobalt ferrite nanoparticles 

and it was found out that on coating the cobalt ferrite with increase in its concentrations the 

specific capacitance as well as the discharge time was enhanced.  

U Wongpratat et al [181] have synthesized Ni1-xMgxFe2O4 (x=0-1.0 in steps of 0.25) employing 

the hydrothermal route in an aloe vera extract solution and its electrochemical performance was 

tested.  The electrochemical measurement was carried out in 6M KOH and it was observed that 

MgFe2O4 and Ni0.25Mg0.75Fe2O4 showed the highest specific capacitance of 259.89 and 133.95 

F/g, respectively at 0.5A/g current density. 
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1.3. Aims and Objectives 

As we have already discussed the importance of ferrite in today’s world where it finds its own 

space in most of the technologies and has versatile applications, we move on to the synthesis of 

two of the ferrite series to be taken up in the present study. The method of synthesis plays an 

important role along with metal ions present in deciding the properties of the final product. After 

going through the different available methods of synthesis present in the literature, we have 

decided to employ two synthesis methods namely, combustion method and precursor combustion 

method for the synthesis of ferrites of our choice. In case of the combustion method, the 

properties of the ferrites can be tuned by varying the nature and the amount of fuel with respect 

to oxidiser, while in the case of precursor combustion method it is the nature and type of the 

precursor selected which helps in tuning the properties of any ferrite. 

From the literature search we found that the Ni-Zn Ferrite which is a soft ferrite, has been 

extensively studied because of different properties it possesses which forms the basis of its 

various applications. Because of some of the properties such as low eddy current losses, high 

resistivity and good magnetic properties like high saturation magnetization and low coercivity, it 

finds its applications in transformer cores, frequency circuits, rod antennas, high frequency 

filters, read/write head etc. These ferrites have also been used as the catalyst in some organic 

reactions, as gas sensors and also in supercapacitors. So, by taking this clue from the literature, 

we have decided to select Ni-Zn ferrite as our primary source and thought of modifying its 

properties by adding one magnetic component in one of the ferrite series to be synthesised and a 

non-magnetic component in another series.  It was planned to study the effect of these additions 

on the properties of Ni-Zn ferrites. So, accordingly we chose Mn2+ and Al3+ as magnetic and non-

magnetic metal ions, respectively, to be substituted in Ni0.7Zn0.3Fe2O4 ferrite, resulting in 

formation of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) and Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite series. 

In both cases, the metal ions which we have added are abundantly and cheaply available, thereby 

maintaining the cost effectiveness of the ferrites to be prepared. We know that, the particle size 

of the ferrite plays a critical role not only in altering the properties of the ferrites, but also in 

deciding about its application. For example, the nanosized ‘as prepared’ ferrite is suitable for gas 

sensing and catalysis, while the sintered high density ferrite find applications in electronic as well 

as defence related equipment manufacturing. Keeping this in mind, we have not only decided to 
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prepare these ‘as prepared’ and ‘sintered’ ferrites but also made up our mind to compare their 

properties to study the effect of the particle size on various properties.  

First and foremost, the detailed characterization of the precursors, in case of the ferrites prepared 

by the precursor-combustion method has been planned followed by characterization of the ‘as 

prepared’ and ‘sintered’ ferrites. The various techniques to be used for the characterization 

consist of TG-DTA, ICP-AES, XRD, IR, Raman, XPS, BET surface area, TEM, SEM and 

Mössbauer spectroscopy. The solid state properties like electrical, dielectric and magnetic are 

planned to be studied, of both, ‘as prepared’ and ‘sintered’ ferrites. Besides this, the effect of 

Mn2+ and Al3+ ions addition in Ni-Zn Ferrite will also be studied. 

As we know that the monitoring of the environment is very much important and hence it is the 

need of the hour to synthesize gas sensors in order to sense different gases which are not only 

causing air pollution but are harmful to the human being. The synthesis of a good gas sensing 

material which will be having good selectivity and sensitivity to a particular gas is the top 

priority today among researchers. So, we thought of giving a try in this direction and hence 

decided to prepare thick films of our chosen ‘as prepared’ substituted Ni-Zn ferrites and study 

their gas sensing property, as we were aware from the literature survey that Ni-Zn ferrites are 

acting as gas sensors. So, it was planned to study ‘as prepared’ substituted Ni-Zn ferrites as gas 

sensors towards both, the oxidizing as well as the reducing gases, such as NH3, LPG, NO2 and 

Cl2 from RT-150 OC but with an aim to find a low temperature sensing ferrite having a good 

selectivity and sensitivity to a particular gas among different gases.  

Ferrites also exhibit good electrochemical property as can be seen from the literature search. The 

addition of manganese or aluminium to ferrites has always led in increase in this property. The 

supercapacitors are the energy storing devices and fabricating an electrode to be used as a 

supercapacitor with good electrochemical behaviour is very much essential. So, it was planned to 

study the electrochemical behaviour of ferrites which will be synthesized in the course of study. 

The measurement of the electrochemical properties using the cyclic voltammetry, galvanostatic 

charge-discharge studies and electrochemical impedance spectroscopy is aimed to be done after 

fabricating the electrode from the synthesized ferrites. 
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So, in brief the aim of our proposed work was to synthesize Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) 

using the precursor-combustion method in which it was decided to use the fumarato-hydrazinate 

as the ligand and prepare the mixed metal precursors which when just burnt with a burning 

splinter catches fire and autocatalytically decomposes to ferrite leading in a furnace less 

synthesis. The second series planned to synthesize, was Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) using 

the combustion method wherein the malic acid was decided to be used as the fuel. This fuel has 

been planned to use for the first time in combustion synthesis of ferrites, as evidenced from the 

literature survey.  It is also aimed at studying the effect of magnetic and non-magnetic 

substitution on the various properties of Ni-Zn ferrites and also comparing different properties of 

‘as prepared’ and ‘sintered’ ferrites. Finally, the application of these ferrites is planned to be 

studied in the field of gas sensing and also to learn their electrochemical behaviour. 

So, this thesis is the compilation of all the above mentioned work, planned and carried out in the 

last six years, which is systematically arranged into following six chapters. The organization of 

the theses has been given below. 

Chapter 1: this includes the introduction to ferrite and the literature review of different 

ferrites synthesized along with the review of their application in field of gas sensing and their 

electrochemical properties. The aim and objective have also been discussed in this chapter. 

Chapter 2: describes the experimental synthesis along with a brief description of the different 

characterization techniques used to characterize the precursors, ‘as prepared’ and ‘sintered’ 

ferrites. 

Chapter 3: this chapter describes in detail the characterization of ‘as prepared’ and ‘sintered’ 

Ni0.7-xMnxZn0.3Fe2O4 (x= 0.0-0.7) ferrites along with their solid state properties. The influence 

of addition of a magnetic substituent in Ni-Zn ferrite has been studied and also the comparison 

of the ‘as prepared’ and ‘sintered’ ferrite has been done. 

Chapter 4: this chapter describes in detail the characterization of ‘as prepared’ and ‘sintered’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x= 0.0-0.6) ferrites prepared from combustion method along with their 

solid state properties. The influence of addition of non-magnetic Al3+ ions in Ni0.7Zn0.3Fe2O4 

ferrite has been studied and also the comparison of the ‘as prepared’ and ‘sintered’ ferrite has 

been presented. 
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Chapter 5:  It describes the applications of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) and 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites in the field of gas sensing and also their 

electrochemical properties are described here. 

Chapter 6: Conclusion 
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2.1. Introduction 

The method of synthesis of any material especially of ferrites plays an important role in deciding 

the properties of these ferrites. The method of synthesis has a profound influence on the size, 

shape and distribution of cations in different sites, which can significantly affect the properties of 

ferrites. There are many methods of synthesis found in the literature to synthesise nano and bulk 

spinel ferrites but every method has some limitations and hence no method can be a perfect 

method for the synthesis of both, nano and bulk ferrites. All the methods are broadly categorised 

into two approaches namely, bottom up and top down approach. In the bottom-up approach, ions 

come together in chemical formations to form the nanoparticles while in the top down approach, 

the larger particles are crushed into smaller particles either by using high energy ball milling or 

conventional solid state method.  

In the present work, we have prepared two ferrite series i.e. Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) and 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6). The Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrite series has been 

prepared by adding a magnetic constituent (Mn2+) in Ni0.7Zn0.3Fe2O4 while to prepare 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite series, we have added a non-magnetic constituent (Al3+) 

in Ni0.7Zn0.3Fe2O4.  The Ni0.7-XMnxZn0.3Fe2O4 (x=0.0-0.7) series has been prepared by using 

precursor-combustion method while Ni0.7Zn0.3Fe2-xAlxO4(x=0.0-0.6) has been prepared by using 

combustion method. The detail synthesis procedure has been discussed in the subsequent 

sections. 

2.2. Synthesis of Ni0.7-XMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites using precursor-combustion 

method 

The Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.7) was prepared by the precursor-combustion method 

which was first devised by our group [1]. In this method, fumarato–hydrazinate was used as a 

ligand which was prepared by taking requisite amount of sodium fumarate in aqueous medium 

and stirring it with the optimised amount of hydrazine hydrate for about 2 h in the N2 

atmosphere. To this ligand solution, the freshly prepared ferrous chloride solution mixed with the 

desired amount of metal chloride solutions (NiCl2.6H2O, MnCl2.4H2O, and ZnCl2), was added 

dropwise with continuous stirring. The precipitate thus obtained was filtered, washed with 

ethanol and dried with diethyl ether. This precipitate is labelled as the mixed metal fumarato-
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hydrazinate precursor, which was then spread in an evaporating dish, and a small portion of it 

was ignited with a burning splinter. The precursor burns and the glove spreads over the entire 

volume decomposing it autocatalytically to form the single phase nanosize mixed metal ferrite. 

All the ferrites from the series Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.7) were prepared similarly. These 

ferrites were then calcined at 500 0C for 5 hours to remove unburned carbon, if any. These 

ferrites were then ground for 2h using mortar and pestle. These as synthesized ferrites are called 

as the ‘as prepared’ ferrites. The pellets of these ferrites were made by applying a pressure of 6 

tones for 5min on a hydraulic press. These pellets were then pre-sintered at 800 0C for 5h. The 

process of pre-sintering not only helps in homogenization of sample but also takes care of any 

shrinkage in particles. If pre-sintering is not done, then chances of pellets cracking during final 

sintering increases. After pre-sintering, these pellets were broken down into powder form and 

ground for 2h using mortar and pestle and again pelletized by applying a pressure of 6 tones for 5 

min. These pellets were then sintered at 1100 0C for 1h. The best sintering temperature was 

selected after optimization.  

2.3. Synthesis of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 0.6) ferrites using combustion method 

2.3.1. Optimization of the combustion method 

The combustion method is based on the principle of exothermic reaction between an oxidizer and 

fuel. When the heat evolved is more than the heat required for the reaction, the combustion 

process becomes self-sustained. The exothermicity of this exothermic reaction can be suitably 

controlled by varying fuel content in the redox mixture without affecting the stoichiometry of the 

combustion end product. The energy released by the combustion of the redox mixture will be 

maximum when the equivalent ratio is unity. In propellant chemistry as described by A. S. 

Prakash et al. [2], the elements C, H and divalent metal ions and trivalent metal ions are 

considered as reducing species with valences of +4, +1 and +2, +3, respectively. The oxygen on 

the other hand is considered as an oxidiser having valence of -2 while N is considered to have 0 

valence.  

Before preparing the main series of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 0.6), the optimization of this 

method was done based on above principle and for optimization, the ferrite with the middle 

composition from the main series i.e. Ni0.7Zn0.3Fe2-xAlxO4 (x=0.3) was selected. The different 
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samples of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.3) ferrites were prepared by using the various oxidizer:fuel 

ratios. The oxidizers used in present study are the metal nitrates (Ni(NO3)3.6H2O, 

Zn(NO3)3.6H2O, Al(NO3)3.9H2O, Fe(NO3)3.9H2O) and the fuel used is malic acid. The amount of 

the metal nitrates is kept constant while the amount of the fuel is varied. Since the reaction 

between nitrates and malic acid is of redox type, the oxidizing and the reducing valences of the 

oxidizer and the fuel were used to calculate, the amounts to be taken to match the above-

mentioned stoichiometry, as described by A. S. Prakash et al. [2]. The XRD patterns of these 

ferrites powders were then recorded and from the XRD patterns, the best ratio of oxidiser to fuel 

was selected based on the ferrite pattern which showed the single phase spinel formation with 

nano-crystalline nature of particles indicated by broadening of XRD peaks.  

2.3.2. Preparation of the main series of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 0.6) 

From the optimization study of the combustion method (section 2.3.2), the best ratio selected was 

1:0.28. This ratio was used to synthesize the rest of the ferrites, Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 

0.6). In the beginning of the combustion method, first the stoichiometric amounts of the metal 

nitrates were weighed and were taken in a beaker. This beaker was then heated on a hotplate till 

all the salts were melted to form a solution. This solution was allowed to cool and then to it, the 

stoichiometric amount of the fuel i.e. malic acid was added. The mixture so obtained was stirred 

to make it homogeneous which was then kept in a preheated furnace for around 10 minutes at 

400 0C. The redox mixture underwent combustion by releasing a huge amount of nitrate gases to 

form ferrite. This ferrite was crushed, ground for around 10 min and was again kept in furnace at 

500 0C for 5 h to remove any unburned carbon, if remained. The obtained ferrite was then ground 

for 2h and the resultant product was then called as the ‘as prepared’ ferrite. The pellets of this ‘as 

prepared’ ferrite were prepared by applying a pressure of 7 tones for 5 min and were pre-sintered 

in the same way as described in above section. The final sintering of this ferrite was done at 1000 

0C for 10h. All the ferrites from the series Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 0.6) were prepared 

similarly. 
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2.4. Characterization Techniques 

2.4.1. Chemical Analysis 

The first and the foremost step before beginning the characterization of any material is the 

chemical analysis. From chemical analysis we can know if the compound under study has been 

formed in the desired stoichiometry or not. It can be done by either using the conventional 

laboratory experiments or by using some of the sophisticated instruments. In this work, the metal 

ion content present in Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) was determined using ICP-AES 

technique. Arcos simultaneous spectrometer, Spectro analytical instruments GmbH, Germany 

was used for the same. The basic principle of this technique is, once the electrons are excited by 

the high temperature argon plasma; the excited electrons emit energy as they come back to the 

ground state. And the most important thing is that each element emits energy at a specific 

wavelength depending upon the characteristic of the atom.   

In case of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7), the traditional laboratory method was employed to 

find out the metal content, in which first the decomposition of the ferrite was done using 9N HCl 

and then the basic anion exchange resin was used to separate the different metal ions present in 

this ferrite, as described by Wilkins [3] and Kraus et al. [4]. Once the metal ions are separated 

than the estimation of Ni2+, Zn2+ and Mn2+ was done complexometrically while Fe3+ was 

estimated gravimetrically [5]. 

The C, H and N content of the mixed metal fumarato-hydrazinate precursors was determined 

using the Elementar Vario Micro Cube CHNS analyzer. The estimation of hydrazine was also 

carried out volumetrically using Andrew’s condition [5].  

2.4.2. Thermal Analysis 

The thermal analysis of precursors is an important step in the present study, as it helps in 

finalizing the decomposition temperature of precursors as well as helps in predicting the formula 

of final product after decomposition of precursors. The isothermal weight loss studies of these 

precursors were carried out at different set temperature along with hydrazine estimation at that 

temperature. The total mass loss studies were done by keeping the precursors in the furnace at 

500 0C for 5h. 
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The TG-DTG-DTA analysis of the precursors was carried out using NETZSCH STA 409 PC 

(Luxx) analyzer in air atmosphere at a heating rate of 10 0C per minute from RT- 800 0C. The 

TG-curve helps in identifying the mass loss of the precursors with change in temperature and the 

simultaneous DTA correlates this mass loss to the corresponding phenomenon by either showing 

an endo or an exo peak. In the present study, both the peaks observed in DTA are exothermic 

since the processes involved during decomposition of precursors are dehydrazination and 

decarboxylation. At lower temperature (i.e. till around 150 0C) the absence of any endothermic 

peak in all the precursors helps in ruling out absorption of any moisture by the precursor formed. 

2.4.3. Powder X-ray Diffraction studies 

The X-ray powder diffraction technique is a basic analytical technique which helps in identifying 

the phase purity of any crystalline material. We can also get the information regarding the unit 

cell dimensions along with the crystallite size (if the material is nanosized) and the X-ray density 

of the material. In the present study, the XRD analysis of the ‘as prepared’ and ‘sintered’ ferrites 

was carried out using the Rigaku Miniflex X-ray diffractometer with Cu Kα radiations (λ=1.540 

Å) filtered through Ni absorber. The measurements were carried out from 20- 800, with steps of 

0.020. 

From the XRD data, the lattice parameter, X-ray density and porosity was calculated. The lattice 

parameter ‘a’ was calculated using the following formula 

     𝑎 = 𝑑√ℎ2 + 𝑘2 +  𝑙2          (2.1) 

Where, d is the interplanar spacing given by Bragg’s law while h,k,l are Miller indices of the 

crystal planes. 

The measured density ‘dm’ and the theoretical or X-ray density ‘dx’ were calculated as follows 

[6]. 

    𝑑𝑚 =
𝑚

𝜋𝑟2ℎ
                    (2.2) 

Where ‘m’ is the mass, ‘r’ is the radius and ‘h’ is the height of the pellet. 

                                                                   𝑑𝑥 =  
8𝑀

𝑁𝑉
                             (2.3)                          
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Here ‘8’ is the number of the formula units in a unit cell, ‘N’ is the Avogadro’s number, ‘M’ is 

the molecular weight of the one formula unit and ‘V’ is the volume of the unit cell which is equal 

to a3 for spinel cubic system.   

The Porosity (P) of the ferrite samples was calculated as follows 

      𝑃 = 1 −
𝑑𝑚

𝑑𝑥
                  (2.4) 

The Scherrer equation (given below) was used to calculate the average crystallite size of 

nanosized ferrites 

                                                                    𝑡 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                          (2.5) 

where ‘λ’ is the X-ray wavelength, ‘β’ is the full width at half maxima and ‘𝛉’ is the Bragg’s 

diffraction angle. 

2.4.4. Infrared spectroscopy studies 

The IR spectrum helps in confirming the presence or absence of any functional group present in a 

molecule. Our interest lies in the IR region of 350-4000 cm-1 from where we can determine the 

functional groups present in the precursors as well as the M-O stretching data in the tetrahedral 

and octahedral sites of ‘as prepared’ and ‘sintered’ ferrites. The IR spectra were recorded on the 

Shimadzu FTIR Prestige-21 spectrophotometer. 

2.4.5. Raman Spectroscopy Studies 

Raman spectroscopy is a complimentary technique to Infrared spectroscopy. The information 

given by Raman spectroscopy deals with light scattering process while in case of IR, it is light 

absorption process. In case of ferrites, it has been widely used for identification of ferrites as it is 

sensitive towards the cation distribution and also has the ability to reveal the extrinsic iron oxide 

phases like hematite or magnetite and can help in identifying the impurities, if present. It is also 

been used to study the surface enhanced Raman scattering if the ferrite nanoparticles have been 

functionalized for a specific biomedical application [7]. In this study, the Raman spectra of Al3+ 

doped Ni-Zn ferrites were recorded using Horiba Jobin Vyon, Laser Raman Microscope (model 
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Lab Ram HR) having confocal microscope. The laser sources of 532 and 633 nm were used for 

‘as prepared’ and ‘sintered’ ferrite sample, respectively. 

2.4.6. Morphological studies 

This study deals with the identification of morphological features of particles such as shape, size 

and cavities/pores. The morphology studies can be done using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). When the particles are very small in the 

nano regime (less than ~50 nm), TEM is used for identifying their morphology while in case of 

micron size particles, the SEM is used for recording their morphology. In our work, we have 

recorded the TEM images of ‘as prepared’ ferrites along with their SAED pattern using PHILIPS 

CM 200 transmission electron microscope, while the SEM images of ‘as prepared’ as well as 

‘sintered’ ferrites were recorded along with their EDS spectra using Carl Zeiss SEM model No. 

EVO18 microscope. 

2.4.7. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is a surface characterization technique which can analyze the 

sample to a depth of 2-5 nm. It can be used to measure the elemental composition, empirical 

formula, chemical and electronic state of the element within a material. In this work, we have 

used PHI 5000 Versa Prob II, FEI Inc. model instrument to record the XPS spectra of our 

synthesized ferrite. From these XPS spectra, the oxidation states of different elements present in 

the ferrite were found out. XPSPEAK41 software was used for the deconvolution of the peak 

along with the Origin 8.1 software. All XPS binding energies were referred to C1s core level at 

284.5 eV.  

2.4.8. BET surface area studies 

The Brunauer–Emmett–Teller (BET) theory explains the physical adsorption of gas molecule on 

the surface of a solid and in turn this analysis helps in measuring the specific surface area of the 

material. This theory is particularly applied to the systems of multilayer adsorption and to 

measure the specific surface area, generally the probing gas is chosen in such a way that it does 

not chemically react with the material surface. Normally, N2 gas at 77 K is used most commonly 

as the gaseous adsorbate. The specific surface area is then calculated using the BET equation. In 
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our present work, N2-isotherms and BET surface area of the ‘as prepared’ ferrites was measured 

using Quantachrome Autosorb iQ-MP-C instrument. First, the samples were degassed at 250 0C 

for 2 h and then the N2 sorption studies were carried out at 77 K.  The nature of the isotherm 

helps in revealing the nature of the pores present in the system. The multipoint measurement was 

done in order to determine the specific surface area. 

2.4.9. Mössbauer spectroscopy studies 

The Mössbauer spectroscopy is based on the Mössbauer effect which is stated as the recoilless 

emission of γ-rays from a nucleus in a solid matrix followed by the resonance absorption of it by 

identical nuclei in same or different environment. The 57Fe is the most commonly studied isotope 

in this spectroscopy. It helps in the identification of the valence state of the iron atom along with 

the coordination number of iron. The site occupancy of the cation can be predicted using this 

spectroscopy. In our work, the room temperature Mössbauer spectra were recorded using a 

Mössbauer spectrometer operated in constant acceleration mode (triangular wave) in 

transmission geometry. The source employed was Co-57 in Rh matrix of strength 25 mCi. The 

different parameters like, isomer shift, quadrupole splitting, hyperfine field were calculated from 

this spectra. When a nucleus is present in the chemical surrounding which is not same as that of 

the source then it will not absorb at the same frequency. This effect is called as the isomer shift. 

Basically Mossbauer spectra are interpreted based on this three parameters; isomer shift which 

arises due to the difference in the s electron density between the source and the absorber, 

quadrupole splitting which is a shift in the nuclear energy levels that is induced by an electric 

field gradient caused by nearby electrons and the hyperfine field which arises only in case of 

magnetic materials. When a magnetic field is present in the nucleus the Zeeman splitting takes 

place which is called as the hyperfine splitting. 

2.4.10. Electrical Resistivity studies 

The electrical resistivity is an intrinsic property of a material which helps in finding out how 

much strongly does it resists the electric current. Depending on the nature of the plot of 

resistivity, one can conclude if the material under study is a conductor or semiconductor. In the 

present investigations, the electrical resistivity of all the ferrite samples was measured using two 

probe dc resistivity set up in the temperature range of RT to 500 0C. In order to measure the 
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resistivity, a pellet of the ferrite material was used and at a constant voltage, its current was 

measured. Using the Ohm’s law, the resistance was measured using the following formula 

𝑅 =
𝑉

𝐼
                                                           (2.6) 

Where, ‘R’ is the resistance of the sample under study, ‘V’ is the voltage applied and ‘I’ is the 

current obtained at that particular temperature 

The resistivity (ρ) was then calculated using the formula given below 

𝜌 =
𝑅𝑙

𝐴
                                                         (2.7) 

Where ‘l’ is the thickness of the pellet and ‘A’ is the cross section area of the pellet. 

The plot of log ρ v/s 1000/T was plotted and from the nature of the plot the nature of the material 

is studied. Also, the effect of addition of the substituent in Ni-Zn ferrite is studied along with the 

impact of sintering on the resistivity of the material. 

2.4.11. Dielectric Studies 

A dielectric material is an electrical insulator and it can be polarized by applying the electric 

field. A dielectric in capacitors serves three purposes which includes, keeping the conducting 

plates from coming in contact with each other, allowing for smaller plate separations and 

therefore higher capacitances and to increase the effective capacitance by reducing the electric 

field strength which leads in getting the same charge at lower voltage. A loss of energy that goes 

into heating a dielectric material in a varying electric field is called as the dielectric loss. In the 

present work, the dielectric measurements were done using a Wayne Kerr 6500P LCRQ meter in 

the frequency range of 20 Hz to 1 MHz. The dielectric measurements were also studied as a 

function of temperature from room temperature (RT) - 500 C at a constant frequency. The pellets 

were used to measure the capacitance of the material at a given frequency and using the 

following equation the dielectric constant was calculated. 

έ =
𝐶𝑑

𝜀0𝐴
                                           (2.8) 
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where, ‘έ’ is the dielectric constant, ‘C’ is the capacitance of the sample in Farads, ‘d’ is the 

thickness of the pellet in meters, ‘ε0’ is the permittivity of the free space, 8.854 x10-12 F/m and 

‘A’ is the area of the cross section of the pellet in m2. 

 The dielectric loss of the ferrites was calculated using the equation 2.9 

tan δ = D or 1/Q       (2.9) 

Where, ‘D’ is the dissipation energy and ‘Q’ is the quality factor. 

The plot of dielectric constant or dielectric loss v/s frequency at room temperature and the plot of 

dielectric constant or dielectric loss v/s temperature at a constant frequency have been plotted of 

all the ferrites samples under study. The effect of the substitution of the Mn2+ ions or Al3+ ions in 

Ni-Zn ferrite and also the sintering effect on the dielectric property of these ferrites have been 

investigated.  

2.4.12. Permeability Studies 

The initial permeability is the limiting value of the core materials permeability at the origin of the 

magnetization curve and is given by equation 2.10 

𝜇𝑖 =  
1

𝜇0
lim
𝐻→0

𝐵

𝐻
               (2.10) 

Where, ‘μi’ is the initial permeability, ‘μ0’ is the permeability of vacuum, ‘B’ is magnetic flux 

density and ‘H’ is the magnetic field strength which is a measure of the magnetizing field 

produced by electric current flow in a coil of wire. This measurement helps in confirming the 

formation as well as the homogeneity of the material. In the present work, for the measurement 

of the initial permeability, the toroid of the ‘sintered’ ferrite was prepared and it was wounded 

with 30 SWG enameled Cu wire and the inductance of it was measured using a Wayne Kerr 

6500P LCRQ meter at constant frequency varying from RT-600 0C. Also the inductance was 

measured at RT at different frequencies from 20 Hz to 10 MHz. From the inductance, the initial 

permeability was calculated using the following equation 

𝐿 = 0.0046𝑁2ℎ𝑙𝑜𝑔
𝑑1

𝑑2
               (2.11) 
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Where, ‘L’ is the inductance in μH, ‘N’ is the number of turns of the copper winding, ‘h’ is the 

height of the core in inches and ‘d1’ and ‘d2’ are the outer and inner diameter of toroid, 

respectively. 

2.4.13. Magnetic Studies 

The spinel ferrites are magnetic materials and magnetic property is guided by the magnetic and 

non-magnetic cations distributed at the tetrahedral and octahedral sites in the solids having spinel 

structure. The magnetic properties of ferrites were studied using two methods. In first one is the 

AC susceptibility studies which were carried out using powdered ferrite samples while in the 

other, the magnetization of the ferrites was found out using the Vibrating sample magnetometer 

(VSM). Both the techniques are explained in brief in the sections below.  

2.4.13.1. AC Susceptibility Studies 

The AC susceptibility study helps in identifying the nature of the particles in the material along 

with the Curie temperature. In this work, the studies on the thermal variation of normalized AC 

susceptibility of all the ferrites were carried out using the high-temperature AC susceptibility set 

up in the temperature range of RT to 600 C supplied by ADEC Embedded Technology & 

Solutions Pvt Ltd, Corlim-Goa, India. The plots of normalized AC susceptibility v/s temperature 

of all the ferrites were plotted and from the nature of the plot, it was determined whether the 

sample has single domain, superparamagnetic or multidomain particles. Normally less than 10 

nm size particle shows superparamagnetism in which there is a straight fall in the susceptibility 

with increase in temperature. From 10 to around 50 nm particles shows single domain nature 

wherein there is a linear increase in the susceptibility with increase in temperature and at a 

certain point falls continuously giving the Curie temperature while in case of multidomain, the 

susceptibility remains almost constant and at Curie temperature there is sharp fall.  

2.4.13.2. DC Magnetization studies   

The DC magnetization studies were carried out on a vibrating sample magnetometer (VSM). In 

this technique, first in an uniform magnetic field, the sample is magnetized and then sinusoidally 

vibrated. When the sample is made to undergo sinusoidal vibration, an electrical signal will be 
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induced in suitably located stationary pick-coils. This signal is proportional to the magnetic 

moment, vibration amplitude and the vibration frequency. 

In the present investigations, the Quantum design, USA make cryogen-free Versa Lab vibrating 

sample magnetometer with 3 Tesla magnet was used for the ZFC-FC measurements in the 

temperature range 50-400 K with a field of 250, 500 and 1000 Oe. The magnetic hysteresis 

parameters of all the ferrite samples were also measured using the same magnetometer at 300 K 

and 50 K from -3 to +3 Tesla. The plot of magnetic field v/s magnetic moment was plotted at a 

constant temperature and from this plot the saturation magnetization, coercivity and remnant 

magnetization was calculated. An approximately 5 mg of the powder sample wrapped in Teflon 

was used for this measurement. In case of zero field cooling (ZFC) measurement, first the sample 

was cooled from RT to 50 K without applying any field and then the constant field was applied 

and the sample was heated from 50-400 K. The measurements were done while heating. While in 

case of field Cooled (FC) measurement, the ferrite sample was cooled from RT-50 K, in presence 

of applied constant field and then the sample was heated from RT-400 K in presence of the field. 

The measurement in this case was also done while heating the sample. The plot of magnetic 

moment v/s temperature at a constant field was plotted in this case and from this plot the 

blocking temperature was calculated. The effect of Mn2+ ions or Al3+ ions in Ni-Zn ferrites on the 

magnetic properties were investigated along with the effect of sintering. 

2.5. Gas sensing Studies of ferrites 

Gas sensors or gas detectors are the electronic devices that can detect and identify different gases. 

They find use in factories and manufacturing units to detect leakage of gases, in environment to 

detect toxic and harmful gases, in food industry for fermentation control, diagnostic and patient 

monitoring and also in household to detect the leakage of LPG.  

The different types of gas sensors available are: 

• Catalytic sensors 

• Optical sensors 

• Acoustic sensors 

• Potentiometric sensors 

• Electronic structural sensors (MOS: Metal oxide-semiconductor, FET: Field effect transistor) 
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• Conducting Polymer sensor 

• Inorganic Conducting sensors (based on oxides, sulphides, etc.) [8] 

Metal oxide semiconductor gas sensors have been extensively studied because of its promising 

nature in long term detection at low concentrations and without any need of complex measuring 

technique. One of its characteristic features is the reversible interaction of the gas with the pre-

adsorbed ambient oxygen thus changing the resistance of the sample. The spinel ferrites with the 

AB2O4 formula unit are the promising candidates as the gas sensors due to their chemical 

composition and structure. In this, not only two different cation sites are occupied by either 

transition or post transition cations but the cations differing in the charge and chemical nature are 

situated in between the polyhedra which are present between the cations and the surrounding 

lattice oxygen. By combining various transition and post-transition cations in spinel ferrites, one 

can achieve different gas sensing characteristics like selectivity, sensitivity, quick response and 

long term stability [9]. 

In the present study, we have carried out gas sensing study of the ‘as prepared’ ferrites using the 

thick film of it.  The details about the gas sensing measurement are explained in detail in 

following section. 

2.5.1. Fabrication of thick Film  

We had prepared the thick films of the ‘as prepared’ ferrites in order to study its gas sensing 

property. The thick films were prepared by using the screen printing method. First and foremost a 

paste of ferrite was prepared by mixing it with binder ethyl cellulose using solvent butyl carbitol 

acetate in a 70:30 mixture. This paste was then screen printed on a glass substrate using a nylon 

mesh screen with 200 mesh density applying the standard photolithography technique. The films 

produced were rectangular in nature having the dimensions of 9 x 4 mm. The paste produces nice 

and clean film on the glass substrate. This glass substrate having raw film was first kept in oven 

at 60 0C for 1h and then was kept in a tubular furnace at 400 0C for 30 minutes to remove the 

organic constituents. The silver contacts were made at both edges of the film using the high 

temperature sensitive conducting silver paste in order to make the electrical contacts.  
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2.5.2. Gas sensing Setup 

In order to carry out the gas sensing measurement of any material in the form of bulk, thin or 

thick films or nanostructured electrodes, two different protocols have been adapted namely, static 

and dynamic. In case of the static method, the test gas and the carrier gas is injected sequentially 

in a closed container which contains the sensing material and the heater assembly. Whereas, in 

case of dynamic method, the flow rate of the test gas and the carrier gas are controlled to 

maintain a specific test gas concentration inside the test chamber under the dynamic gas flow 

environment. As obvious in case of static method, during the evaluation of sensor characteristic, 

the test gas concentration changes with time and during the recovery, the chamber should either 

be evacuated or flushed with the carrier gas to remove the analyzed gas while in the dynamic 

method, during the sensing measurement, the test gas concentration does not change with time. 

The recovery of the sensor is achieved by stopping the test gas flow followed by flushing of the 

system with the carrier gas until the base resistance is recovered [10]. 

In our research work, we have employed the static method and the setup of gas sensing 

measurement is shown below in Fig. 2.1. It can be seen from this figure that the fabricated 

electrodes are placed inside a sample holder which makes an electrical contact with the voltmeter 

and an electrometer. This assembly of sample holder is placed inside an airtight stainless steel 

container which has a 250 mL capacity. A thermocouple is present inside this chamber along 

with the inbuilt dc power supply. An external variac is connected to it to control the power 

supply and regulate the temperature. The gas is injected inside the chamber using a syringe and 

the change in the resistance is measured using the Keithley 6514 electrometer and the data is 

acquired on a PC in an excel based software through interface with the electrometer. Further, for 

the recovery of the sensor, the outlet valve is opened to evacuate out all the gas from the chamber 

and the chamber is flushed with the carrier gas. 
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Fig. 2.1. Gas sensing setup used for gas sensing measurements 

2.5.3. Gas sensing Measurement 

We tested our ferrites samples for sensing both oxidizing as well as the reducing gases. The 

oxidizing gases include Cl2 and NO2 while the reducing gases were NH3 and LPG. The 

measurements were done at constant temperatures of RT, 50, 100 and 150 0C and we varied the 

concentration of the gases from 20, 50, 100, 150, 200 and 300 ppm. These gases were 

synthesized in the laboratory using the traditional laboratory methods as explained below (except 

LPG) and used as test gases. 

As we know that, chlorine is a greenish yellow oxidizing gas and is extremely irritating so also a 

lot of controversy surrounds the quantification of its toxicity. The exposure to chlorine is known 

to affect the lungs; it can cause injury to eyes, skin and upper airways. The chlorine inhalation 

toxicity can occur during routinely visiting the swimming pools, during military exposures, 

during accidents while transporting or industrial exposure and also with misuse of domestic 

cleaners or chemical terrorism [11-12]. Thus, making a sensor which can sense this chlorine gas 

is very important. In our study, this gas was synthesized by adding concentrated HCl to KMnO4 

in an air tight glass assembly using calcium chloride as moisture trap.  
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Nitrogen dioxide (NO2) gas is a highly toxic gas and the different sources of it include petroleum 

vehicles, nuclear power plants, diesel powdered heavy engine and industries. It is a chemical 

asphyxiate, which affects the human’s nervous system and could cause people to lose 

consciousness at a very low concentration. It has harmful effects on lungs and heart of the human 

body and can cause asthma, heart attacks etc. It not only affects the human being but participates 

as a precursor in the formation of other contaminants, such as tropospheric ozone, fine particulate 

matter (PM2.5) and acid rain thus causing harm to the environment [13-15]. Thus there is a need 

to synthesize a sensor which can selectively sense this gas with good response and recovery. In 

the present work, we have synthesized this gas by using Cu metal and concentrated HNO3 in an 

air tight assembly. 

Ammonia is a colorless gas with a characteristic pungent smell. The prolonged exposure to large 

ammonia concentration (> 50ppm) for more than 10 min may result in serious harm to the human 

health. It is very irritating to the respiratory system, skin and eyes. It can lead to an ecological 

disaster in a local area if there is an uncontrolled leakage of this gas in the environment. 

Ammonia is produced in thousands of tones as it is used in the manufacturing of fertilizers, 

ammonium salts and nitric acid and also in refrigeration system. It also finds use as a chemical 

fuel for electrical power production in solid oxide fuel cell and as a substrate for hydrogen 

production. So there is a need to develop a better sensor device which can detect even a small 

amount of this gas in case of leakage [8, 16]. We have synthesized ammonia gas by mixing 

calcium hydroxide and ammonium chloride in an airtight assembly whereas calcium oxide was 

used as a moisture trap. 

Liquified petroleum gas (LPG) which is a flammable gas possesses danger to both humans and 

environment. It is used as a fuel for domestic as well as industrial purpose. The accidental 

leakage of this gas can lead to explosions and thus there is a need for finding a reliable sensor for 

the same [17]. We have used the LPG from the domestic LPG cylinders for testing. 

In the present work, the required concentration of the test gas was injected in the sample chamber 

and the gas response was calculated using the following equation 

𝐺𝑎𝑠 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) =
|𝑅𝑎−𝑅𝑔|

𝑅𝑔
 × 100               (2.12) 
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Where, ‘Ra’ is the resistance of the thick film in air and ‘Rg’ is the resistance of the thick film in 

test gas. 

2.6. Electrochemical properties of ferrites 

Recently, there is a great demand for the renewable energy resources as well as their storages and 

many people are putting their effort in making devices for the same in terms of high power 

density and cycling stability. The supercapacitors play a powerful role in power systems as 

compared to the batteries and dielectric capacitors. In the present research work, we have made 

an attempt to fabricate the ‘as prepared’ ferrites into an electrode to be used in supercapacitors as 

we have already learnt from the literature that ferrites have been used in supercapacitors. 

2.6.1. Fabrication of electrode 

For fabricating an electrode the ‘as prepared’ ferrite was first added to carbon black which acted 

as a conducting agent and then to this mixture poly(vinylidene fluoride) was added as a binder in 

a ratio of 70:15:15, respectively. A paste of it was made by mixing it with the help of N-methyl 

pyrrolidone as solvent. This paste was coated on 1x1 cm nickel foam which was thoroughly 

cleaned using HCl, ethanol, acetone and distilled water followed by heating at 80 0C before use. 

This electrode was then heated at 120 0C for 12 h and then a pressure of 10 MPa for 1 min was 

applied to it using the hydraulic press and was used for the measurement. 

2.6.2. Electrochemical measurement 

The electrochemical measurement was performed using an electrochemical workstation (Model: 

Autolab, PGSTAT 100 potentiostat). The CV, galvanostatic charge-discharge studies and the 

electrochemical impedance spectroscopy measurements were carried out using this instrument. 

These measurements were performed using a three electrode cell in which Pt electrode was used 

as counter electrode, Ag/AgCl was used as the reference electrode and the working electrode is 

the one which was fabricated using the active material in 1M aqueous KOH which acted as an 

electrolyte. The CV measurements were performed from -1.2 to -0.3 V with scan rates of 5, 10, 

20, 40, 60, 80 and 100 mV/s. The GCD measurements were performed from -1.12 to -0.3 V at 

current densities of 0.1, 0.2 and 0.5 A/g and the EIS measurement were performed at an AC 

amplitude of 10 mV from 0.1 Hz to 100 kHz.  
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The specific capacitance was calculated from the CV curve using the equation given below [18] 

𝐶 =
∫ 𝑖𝑑𝑣

ʋ ×𝑚×𝑈
              (2.13) 

Where, ‘C’ is the specific capacitance in F/g, ‘i’ is the positive/negative scan rate current in A, 

‘V’ is the corresponding voltage in V, ‘ʋ’ is the scan rate in V/s, ‘m’ is the mass of the active 

material in g and ‘U’ is the potential difference in V. 

The Specific capacitance was calculated from the discharge curve using the following equation 

[19] 

𝐶𝑠 =
𝐼𝑡

(∆𝑉)𝑚
                                (2.14) 

Where, ‘Cs’ is the specific capacitance in F/g, ‘I’ is the discharge current in A, ‘V’ is the 

potential window in V, ‘t’ is the discharge time and ‘m’ is the mass of the active material. A 

Nyquist plot was plotted using the EIS data. 
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3.1. Introduction 

The nanomaterials have attracted a huge attention of the scientific community because of their 

varied applications in different field and drastic change in properties compared to their bulk 

counterpart. The ferrite nanoparticles have an advantage over their magnetic metal 

counterparts because of their excellent magnetic properties, inexpensive raw materials and 

ease in synthesis. The synthesis of any material as we know plays an important role in tuning 

the properties of that material. Apart from the synthesis method, the metal ions present in the 

ferrite also tune the properties. Ni-Zn ferrites along with the Mn-Zn ferrite are the soft 

magnetic materials wherein Ni-Zn possesses high resistivity and low initial permeability 

whereas the Mn-Zn possesses high initial permeability and low resistivity. The high resistivity 

along with the high permeability is the requirement for magnetic applications in the high 

frequency regions and the combination of these two ferrites is envisaged to meet this 

requirement and hence it was decided to synthesise Ni-Mn-Zn ferrites. 

The literature review suggested very few reports on Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites 

and hence it was decided to synthesize this ferrite series using the precursor-combustion 

method wherein fumarato-hydrazinate was used as the ligand to form the mixed metal 

precursors. The detailed characterization of these precursors was done and then decomposed 

to get Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites. The Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites, 

in nano as well as in bulk form were characterized and their solid state properties were 

studied. The influence of the addition of the magnetic ion i.e. Mn2+ in Ni-Zn ferrite was also 

investigated. 

3.2. Synthesis of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites by precursor-combustion 

method using fumarato-hydrazinate as the ligand 

The synthesis of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites was done by using the precursor 

combustion method, the detailed procedure of which has been discussed in Chapter 2. The 

precursor formed here has general formula Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) 

and is not very stable as it absorbs moisture easily by replacing the hydrazine. Because of the 

presence of hydrazine, this precursor can catch fire once ignited with a burning splinter, 
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forming ferrite thus leading to a furnaceless synthesis. The detail characterization of these 

precursors along with the ferrites formed along with the solid state studies of ‘as prepared’ and 

‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites has been discussed below in this chapter. 

3.3. Characterization of the Ni0.7-xMnxZn0.3Fe2(C4H2O4)3.6N2H4 (x=0.0-0.7) precursors 

3.3.1. Chemical analysis 

The freshly prepared Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors slowly start 

absorbing moisture over the time and hence were immediately characterised after their 

preparation. Their carbon, hydrogen and nitrogen contents were determined using CHN 

analyser. The data pertaining to the same is given in Table 3.1.  

Table 3.1. The theoretical and experimental percentages of Carbon (C), Hydrogen (H) and 

Nitrogen (N) in Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors 

Element Composition (x) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

C 

(%) 

Theoretical 20.39 20.40 20.41 20.42 20.43 20.44 20.45 20.46 

Experimental 20.55 19.90 19.60 20.44 20.39 19.96 19.80 19.7 

H 

(%) 

Theoretical 4.28 4.29 4.29 4.29 4.30 4.30 4.30 4.30 

Experimental 4.172 4.446 4.268 4.244 3.619 4.234 4.372 4.442 

N 

(%) 

Theoretical 23.78 23.79 23.81 23.82 23.83 23.84 23.86 23.87 

Experimental 23.84 23.68 23.31 24.20 23.57 23.84 23.47 23.94 

 

It can be seen from this table that the experimental and the theoretical percentages of C, N, 

and H in Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors matched very well with 

each other, thus helping in fixing the formula of these precursors. 

3.3.2. IR studies 

The IR spectra of all the precursors were recorded soon after their synthesis in order to study 

the different binding modes of the hydrazine and the fumarate ligands to the metal ions, as the 
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precursor gets decomposed in air, if kept for a longer time.  The IR spectra are depicted in 

Fig.3.1 of all the precursors. By looking at these spectra, we can observe that all the spectra 

are nearly identical suggesting the formation of all the precursors with similar structure.  

 

Fig. 3.1(A&B). The IR spectra of Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors 

The absorption band near 3067-3390 cm-1 corresponds to the N-H stretching frequencies. The 

band at ~972 cm-1 observed in all the precursors corresponds to the N-N stretching frequency 

which indicates the bidentate bridging nature of the hydrazine ligand [1]. The absorption band 

corresponding to C=C functional group from fumarate ion is observed at ~1626 cm-1 in all the 

precursors. The asymmetric and symmetric stretching frequencies of carboxylate ions in all 

the precursors were observed between 1549-1585 and 1370-1380 cm-1, respectively with Δʋ 

(ʋas-ʋs) separation of 169-213 cm-1. This wide separation is an indication of the monodentate 

linkage of both carboxylate groups in the dianion [2]. Thus, the IR spectral studies confirm the 

presence of fumarate ion and hydrazine in the precursors.  

 

A B 
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3.3.3. Thermal Analysis 

3.3.3.1. Isothermal mass loss studies/Total mass loss studies 

The isothermal mass loss studies of all the Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) 

precursors were carried out at predetermined temperatures. The precursors were kept for 

heating for the set time at predetermined temperature and their mass loss was determined 

along with the percentage of hydrazine. The data pertaining to the same along with the total 

mass loss studies and hydrazine content has been presented in Table 3.2. It can be observed 

from this table that a stepwise decomposition of the precursors takes place with loss of 

hydrazine at different temperatures. The precursor with composition x=0.0, gets decomposed 

above 150 0C, while the precursor with composition x=0.7 gets decomposed at 115 0C. The 

rest of the precursors gets decomposed at 135 0C. The total mass loss studies data [Table 3.2] 

indicate that the theoretical and experimental mass losses are in close agreement. The 

hydrazine content from the precursors is also found to be matching with the theoretically 

calculated values [Table 3.2] which supports the suggested formula of the precursors. 

3.3.3.2. TG-DTG-DTA Studies 

The TG-DTG-DTA studies of all the Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) 

precursors coded as NMZFP0.0-0.7 were carried out from RT-800 0C in air atmosphere in 

order to see the decomposition pattern and confirm the predicted formula for the precursors. 

The TG-DTG-DTA plots of the precursors can be seen in Fig. 3.2(A-H) while the data 

pertaining to the thermal decomposition of precursors is given in Table 3.3. It can be clearly 

seen from the TG plots of all the precursors that these precursors decompose to oxide in four 

steps wherein two are major while two are minor steps. The first step is a minor step where 

there is a loss of 0.5-1.5 moles of hydrazine followed by the major step which is loss of 

remaining hydrazine molecules followed by beginning of decarboxylation. The third step is 

the total decarboxylation step and this is also a major step followed by the fourth step which is 

a minor step in which there is a loss of any unburned species which finally leads to the 

formation of the oxide.  
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From Fig. 3.2(A), which depicts the TG-DTG-DTA plot of Ni0.7Zn0.3Fe2(C4H2O4)3·6N2H4, it 

can be seen that there is an initial loss of 1.5 moles of hydrazine from RT-97 0C which can be 

confirmed from the mass loss of 6.82 % in TG with a very weak exothermic peak in DTA at 

45 0C. Following this, from 97-133 0C, total dehydrazination takes place with beginning of 

decarboxylation which is shown with the weight loss of 22.48 % in TG. The corresponding 

DTG peak is obtained at 102 0C with an exothermic peak in DTA at 110 0C. The emergence of 

decarboxylation at relatively lower temperature can be explained as follows. 

During decomposition, there is release of hydrazine and this hydrazine reacts with the oxygen 

from air and liberates enormous amount of energy as given in following reaction: 

                                  𝑁2𝐻4 +  𝑂2  →  𝑁2 +  𝐻2𝑂;   ∆𝐻 =  −625𝑘𝐽/𝑚𝑜𝑙                           

Thus, an exothermic decarboxylation of this dehydrazinated complex is initiated by this 

liberated heat energy [3].  

The total decarboxylation takes place with a mass loss of 36.5 % in TG and a corresponding 

peak in DTG at 142 and 306 0C from 133-400 0C. An exothermic peak is observed in DTA at 

146 0C which is a very weak peak and a strong peak at 310 0C is observed. The total mass loss 

of 67.92 % observed in TG at 500 0C nearly matches with the theoretical value of 66.56 %. 

The TG-DTG-DTA trace of Ni0.6Mn0.1Zn0.3Fe2(C4H2O4)3·6N2H4 is shown in Fig. 3.2(B). It 

can be seen from the TG trace of this precursor that from RT-107 0C, there is a mass loss of 

5.33 % which corresponds to a little more than 1 mole of hydrazine. From 107-250 0C, a mass 

loss of 38.92% is observed in TG with a corresponding DTG peak at 115 0C and an 

exothermic peak in DTA at 132 0C which correspond to total dehydrazination followed by 

beginning of decarboxylation. From 250-450 0C, total decarboxylation takes place with a mass 

loss of 22.12 % in TG. A broad peak is observed in both DTG and DTA corresponding to the 

same at 247-334 and 227-447 0C (broad), respectively. A very small mass loss of 2.56 % is 

observed from 450-800 0C, corresponding to loss of any unburned species, remaining. 

Sometimes this bending of trace downwards between 450-800 0C can happen due to slight 

mismatch of operational parameters. The oxide is formed at around 450 0C with a residual 

mass of 33.63 % in TG which matches closely with the theoretical residual mass of 33.40 %. 
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Table 3.2. The isothermal mass loss along with hydrazine estimation, theoretical and experimental hydrazine and total mass loss of 

Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors 

Compo

sition 

(X) 

Isothermal mass loss (%)/Hydrazine estimation (%) Hydrazine content 

(%) 

Total mass loss (%) 

RT-70 

(0C) 

70-100 

(0C) 

100-115 

(0C) 

115-135 

(0C) 

135-150 (0C) Theoreti

cal 

Experim

ental 

Theoreti

cal 

Experime

ntal 

0.0 3.38/24.15 4.1/18.55 5.6/9.42 1.79/6.56 27.21 27.24 66.56 66.54 

0.1 4.89/24.52 5.04/17.79 4.37/12.50 2.3/9.13 Precursor 

decomposed 

27.22 27.40 66.6 66.11 

0.2 4.58/25.48 5.82/16.99 1.98/15.06 3.65/8.33 Precursor 

decomposed 

27.24 27.48 66.63 66.79 

0.3 9.20/25.80 4.04/20.19 3.58/15.70 3.26/11.05 Precursor 

decomposed 

27.25 26.44 66.67 66.60 

0.4 4.86/25.48 4.16/20.03 2.97/16.34 2.87/12.99 Precursor 

decomposed 

27.27 27.08 66.7 66.28 

0.5 4.72/25.56 4.82/18.33 3.95/12.64 2.02/7.23 Precursor 

decomposed 

27.28 27.58 66.74 66.23 

0.6 2.49/27.40 1.52/25.80 2.48/23.08 5.57/13.14 Precursor 

decomposed 

27.30 27.56 66.77 66.21 

0.7 2.78/27.89 1.06/27.56 0.16/26.76 Precursor decomposed 27.31 27.48 66.81 65.61 



                                                                                 Chapter 3: Influence of addition of a magnetic…. 

81 

 

 

Fig. 3.2 (A-H). The TG-DTG-DTA traces of Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) 

precursors 
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Fig. 3.2(C) shows the TG-DTG-DTA plot of Ni0.5Mn0.2Zn0.3Fe2(C4H2O4)3·6N2H4. It can be 

seen from this TG trace that first there is a mass loss of 4.32 % from RT-85 0C corresponding 

to loss due to one mole of hydrazine. The remaining hydrazine molecules decomposes in the 

next step in the temperature range of 85-250 0C along with emergence of decarboxylation with 

39.86 % mass loss shown in TG with an exothermic peak shown in DTA at 129 0C. The 

corresponding peak in DTG is also observed at 92 0C. The total decarboxylation takes place 

with a mass loss of 20.44 % in TG from 250-450 0C. The corresponding peak in DTG is 

observed at 316 0C and an exothermic peak shown in DTA at the same temperature. A total 

mass loss of 66.78 % is observed in TG which matches closely with the theoretical mass loss 

of 66.63 %. 

The TG-DTG-DTA trace of Ni0.4Mn0.3Zn0.3Fe2(C4H2O4)3·6N2H4 has been shown in Fig. 

3.2(D). From this figure, it can be observed that the TG curve shows a mass loss of 3.86 % 

from RT-100 0C corresponding to little more than half mole of hydrazine. The total 

dehydrazination accompanied by beginning of decarboxylation occurs in next step with a 

mass loss of 27.14 % from 100-250 0C. The DTG trace shows a peak at 152 0C while an 

exothermic peak is observed in DTA at 168 0C. From 250-400 0C, a broad exothermic peak is 

obtained in DTA from 247-417 0C with a mass loss of 34.61 % observed in TG correspond to 

total decarboxylation. A DTG plot shows a peak at 290 0C. The mass loss of 1.67 % is 

observed from 400-800 0C indicating loss of any unburned species remaining. The theoretical 

total mass loss for this precursor is 66.67 % and is in close agreement with the observed mass 

loss of 67.28 %. 

Fig. 3.2(E) shows the TG-DTG-DTA curves of Ni0.3Mn0.4Zn0.3Fe2(C4H2O4)3·6N2H4 where the 

first mass loss of 5.06 % in TG is observed from RT-103 0C equivalent to little more than one 

molecule of hydrazine. The total dehydrazination followed by emergence of decarboxylation 

is observed in TG in the temperature range 103-266 0C with a mass loss of 42.75 % where the 

corresponding peak in DTG is observed at 94 0C and an exothermic peak in DTA at 144 0C. 

The total decarboxylation takes place with 16.8 % mass loss observed in TG from 266-450 0C. 

A peak in DTG is observed at 316 0C and an exothermic peak in DTA is observed at 310 0C 

corresponding to this process.  The loss of remaining unburned species corresponding to a 
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mass loss of 1.93 % is observed in TG in the temperature range 450-800 0C. The formation of 

oxide is confirmed at this temperature where the total residue in TG obtained is 33.46 % 

which matches closely with the theoretical value of 33.3 %. 

In the case of TG-DTG-DTA curve of Ni0.2Mn0.5Zn0.3Fe2(C4H2O4)3·6N2H4 (Fig. 3.2F), nearly 

1 molecule of hydrazine is lost between RT-106 0C with a mass loss of 3.86% is observed in 

TG in this temperature range. This is followed by complete dehydrazination and occurrence of 

beginning of decarboxylation with mass loss of 25.7% observed in the temperature range of 

106-240  0C with a peak in DTG at 153 0C and an exotherm in DTA at 164 0C. An exothermic 

peak in DTA at 319 0C and a peak in DTG at 301 0C accompanying with a mass loss of 35.06 

% in the temperature range of 240-400 0C was due to decarboxylation. A little mass loss of 

0.95 % is observed further till 800 0C corresponding to loss of any unburned species. A total 

mass loss of 65.57 % is nearly in close agreement with the theoretical mass loss of 66.74 %. 

The TG-DTG-DTA trace of Ni0.1Mn0.6Zn0.3Fe2(C4H2O4)3·6N2H4 can be seen at Fig. 3.2(G) in 

which around 1.5 molecules of hydrazine is lost first from RT-116 0C with a mass loss of 6.04 

% as seen in TG plot. The remaining hydrazine molecule are then lost with beginning of 

decarboxylation from 116-234 0C with a mass loss of 24.03 % with a peak observed in DTG 

at 159 0C and an exothermic peak in DTA at 168 0C. The total decarboxylation takes place 

with 34.83 % mass loss observed in TG from 234-400 0C. A peak in DTG is observed at 308 

0C and an exothermic peak in DTA is observed at 316 0C corresponding to this process. A 

small mass loss 1.18 % is observed from 400-800 0C corresponding to loss of any unburned 

species remaining. A total residue of 33.92 % obtained in TG studies at the end matches very 

well with the theoretically calculated residue of 33.23 %. 
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Table 3.3. The data pertaining to TG-DTG-DTA of Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7) precursors 

Composition 

(x) 

TG DTG 

peak 

(0C) 

DTA peak 

(0C) 

Remarks 

Temp (0C) Mass loss 

(%) 

 

 

0.0 

RT-97 6.82 - 45 (exo) Loss of 1.5 N2H4 

97-133 22.48 102 110 (exo) Total dehydrazination followed by starting of decarboxylation 

133-400 36.5 142 

306 

146 

310 

Total decarboxylation 

400-800 2.12 - - Loss of unburned species 

 

0.1 

RT-107 5.33 - - Loss of 1 N2H4 

107-250 38.92 115 132 (exo) Total dehydrazination followed by starting of decarboxylation 

250-450 22.12 247-334 227-447 (exo) Total decarboxylation 

450-800 2.56 - - Loss of unburned species 

0.2 RT-85 4.32 - - Loss of 1N2H4 

85-250 39.86 92 129 (exo) Total dehydrazination followed by starting of decarboxylation 

250-450 20.44 316 316 (exo) Total decarboxylation 

450-800 2.16 - - Loss of unburned species 

 

 

0.3 

RT-100 3.86 - - Loss of ½ N2H4 

100-250 27.14 152 168 (exo) Total dehydrazination followed by starting of decarboxylation 

250-400 34.61 290 247-417 (exo) Total decarboxylation 
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400-800 1.67 - - Loss of unburned species 

 

0.4 

RT-103 5.06 - - Loss of 1N2H4 

103-266 42.75 94 144 (exo) Total dehydrazination followed by starting of decarboxylation 

266-450 16.8 316 310 (exo) Total decarboxylation 

450-800 1.93 - - Loss of unburned species 

 

0.5 

RT-106 3.86 - - Loss of ½ N2H4 

106-240 25.7 153 164 (exo) Total dehydrazination followed by starting of decarboxylation 

240-400 35.06 301 319 (exo) Total decarboxylation 

400-800 0.95 - - Loss of unburned species 

 

0.6 

RT-116 6.04 - - Loss of 1½ N2H4 

116-234 24.03 159 168 (exo) Total dehydrazination followed by starting of decarboxylation 

234-400 34.83 308 316 (exo) Total decarboxylation 

400-800 1.18 - - Loss of unburned species 

 

 

0.7 

RT-112 3.08 - 100 (exo) Loss of 0.5 N2H4 

112-200 27.08 149 157 (exo)  Total dehydrazination 

200-250 3.14 197 201 (exo) Beginning of decarboxylation 

250-400 32.06 315 320 (exo) Total decarboxylation 

400-800 1.02  - Loss of unburned species 
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The Fig. 3.2(H) depicts the TG-DTG-DTA trace of Mn0.7Zn0.3Fe2(C4H2O4)3·6N2H4 precursor. 

It can be observed from this plot that this precursor decomposes to final oxides in 5 steps. It 

begins with 3.08 % mass loss in TG from RT-112 0C agreeing with a mass loss of little more 

than half molecule of hydrazine with a very small hump in DTA seen at 100 0C. From 112-

200 0C, a mass loss of 27.08 % is obtained corresponding to total dehydrazination with an 

exothermic peak in DTA obtained at 157 0C. The corresponding peak at 149 0C is obtained in 

DTG. The beginning of decarboxylation occurs from 200-250 0C with a mass loss of 3.14 % 

and an exothermic peak at 201 0C in DTA and a peak in DTG at 197 0C. The complete 

decarboxylation occurs from 250-400 0C with an exothermic peak in DTA at 320 0C and a 

mass loss of 32.06 % obtained in TG with corresponding peak in DTG at 315 0C. A small 

mass loss 1.02 % is observed from 400-800 0C corresponding to loss of any unburned species 

remaining. The total mass loss of 66.38 % is observed which matches closely with the 

theoretical value of 66.81 %. 

Thus, from these thermal studies data in addition to the chemical analysis and IR study, we 

can infer that the precursor obtained has been stoichiometrically correct as predicted. 

3.4. Characterization of the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 

0.7) ferrites 

3.4.1. Structural Characterization  

The XRD patterns of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites coded as 

NMZFA0.0-0.7, respectively were recorded in order to confirm the phase purity of the 

synthesized ferrites. The XRD patterns of the same are given in Fig. 3.3. It can be observed 

from this figure that except the sample with composition x=0.7, all the samples show the 

single phase cubic spinel structure. The h,k,l planes corresponding to cubic structure of spinel 

ferrite at 220, 311, 222, 400, 422, 333, 440 and 622 are observed in all these synthesized 

ferrites. In case of sample with composition x=0.7, in addition to these planes an extra plane is 

observed corresponding to α-Fe2O3. Since an impurity phase was observed in one of the ferrite 

composition, it was decided to do the optimization of the sintering temperature in order to 

select the temperature at which the single phase ferrite formation will take place. 
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Fig. 3.3. The XRD patterns of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.7) ferrites 

In order to do optimization of the sintering temperature, the middle composition of the present 

ferrite series i.e. Ni0.3Mn0.4Zn0.3Fe2O4 was chosen. The sintering temperature chosen for 

optimization were 600, 700, 800, 900, 1000, 1050 and 1100 0C and the time chosen was 5 

hours.  The XRD patterns of Ni0.3Mn0.4Zn0.3Fe2O4 ferrites thus obtained by sintering at various 

temperatures are given in Fig.3.4. It was observed that the impurity phase of α-Fe2O3 is 

observed at all the samples sintered at all the temperatures except ones sintered at 1100 0C. It 

was observed that the intensity of this α-Fe2O3 peak decreased with increase in the sintering 

temperature. In the sample sintered at 1100 0C for 5 hours, a single phase cubic spinel 

structure was observed. Since impurity free cubic spinel phase was formed at this temperature 

sintered for 5 h (which was used as standard time), we thought of reducing the time duration 

to see whether single phase can be obtained at lower duration of time. So the sintering was 

carried out at 1100 0C for 1 h and its XRD pattern was recorded.  It was observed from this 

XRD pattern that with these reduced hours of sintering time, a single phase cubic spinel 

Ni0.3Mn0.4Zn0.3Fe2O4 ferrite can be obtained. So, the sintering condition of 1100 0C for 1 h 

was fixed and used to sinter all the Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites.  
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Fig.  3.4. The XRD patterns of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite sintered at various temperatures 

 

Fig. 3.5. The XRD patterns of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.7) ferrites 
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The XRD patterns of all the ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites were recorded 

in order to confirm the phase purity and the same are presented in Fig. 3.5. Here also like 

optimization studies, it was observed that except the ferrite sample with composition x=0.7 

(NMZFA0.7), the rest of the ferrite samples have formed single phase cubic spinel structure.  

Because of the presence of impurity in the ferrite sample with composition x=0.7 (Fig. 3.5), it 

was decided to optimize its sintering temperature once again.  So this ferrite sample was 

sintered at 1100, 1150, 1200 and 1250 0C for 5h and their XRD patterns were recorded and the 

same can be seen in Fig.3.6. From this figure, it can be clearly seen that the impurity phase of 

α-Fe2O3 is still present in this ferrite sample even after sintering at 1250 0C for 5 hours. Since 

we were not able to synthesize this ferrite sample with composition x=0.7 in single phase even 

after sintering at 1250 0C for 5 hours, the further characterization of this ferrite sample was not 

done and its solid state properties were not measured.  

Table 3.4. The lattice parameter, measured and theoretical density, porosity and crystallite 

size calculated from the XRD patterns of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites 

Compo

sition 

(x) 

 

Lattice 

parameter 

(Å) 

Measured 

density 

(g/cm3) 

Theoretical 

density 

(g/cm3) 

Porosity (%) Crystallite 

size (nm) 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

0.0 8.359 8.352 3.129 3.375 5.376 5.390 42 37 31 47 

0.1 8.365 8.371 3.158 3.322 5.357 5.345 41 38 30 50 

0.2 8.368 8.388 2.942 3.406 5.41 5.304 45 36 28 49 

0.3 8.386 8.392 3.166 3.294 5.298 5.287 40 38 27 48 

0.4 8.387 8.400 3.086 3.306 5.289 5.264 42 37 30 49 

0.5 8.390 8.408 3.204 3.430 5.274 5.242 39 34 26 44 

0.6 8.391 8.416 2.908 3.216 5.265 5.218 44 38 18 42 
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From the XRD patterns of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.6) 

ferrites, different parameters like lattice parameter, measured and theoretical density, porosity 

and crystallite size was calculated and the same is tabulated in Table 3.4. It can be clearly 

observed from this table that the lattice parameter goes on increasing with increase in the 

Mn2+ concentration. This is because we are replacing Ni2+ ion which has an ionic radii of 0.69 

Å with Mn2+ ion having the ionic radii of 0.82 Å in Ni0.7-xMnxZn0.3Fe2O4 (x=0.0 to 0.6) 

ferrites. So, the replacement of smaller ion with a bigger ion leads to increase in the lattice 

parameter of these ferrites with increasing Mn2+ ions concentration [4]. There is no trend 

observed in the case of density in both ‘as prepared’ as well as the ‘sintered’ ferrites so is the 

case with the porosity and the crystallite size. The crystallite size of the ‘as prepared’ ferrites 

is found to vary from 18 to 31 nm with the sample having composition x=0.6, showing the 

smallest crystallite size of 18 nm. In case of the ‘sintered’ ferrite the crystallite size is found to 

vary from 42 to 50 nm with the sample with composition x=0.6 showing the smallest 

crystallite size of 42 nm. 

 

Fig. 3.6. The XRD patterns of Mn0.7Zn0.3Fe2O4 ferrite sintered at different temperatures 
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From Fig. 3.3 it can be clearly seen that the diffraction peaks obtained in the case of ‘as 

prepared’ ferrites are broad and more noisy as compared to the ‘sintered’ ferrites (Fig. 3.5) 

indicating the nanosize nature of these ferrites. The measured density and the crystallite size 

of the ‘sintered’ ferrites was found to be higher while the porosity of the sintered ferrite was 

found to be lower as compared with the ‘as prepared’ ferrites. After sintering, the grains tend 

to merge with each other thereby decreasing the porosity and increasing the crystallite size 

and the density. The lattice parameter was found to be higher in case of ‘sintered’ ferrites 

except in the ferrite with composition x=0.0. The increase in lattice parameter after sintering 

can be explained based on the meta-stable cation distribution at the nanoparticles. The similar 

results have also been obtained by other researchers. Because of the very high electrostatic 

stability of the Zn2+ and Mn2+ ions, they prefer to occupy the tetrahedral sites in spite of 

having higher ionic radii than the tetrahedral site radius. However, in case of nano size 

structure due to the high disorder created in them, the electrostatic energy is reduced; as a 

result small amount of Mn2+ and Zn2+ ions can occupy octahedral sites. Due to this, some of 

the Fe3+ ions occupying the octahedral sites can be forced to occupy now the tetrahedral sites.  

The smaller the ion, the more will be this effect. Comparing the ionic sizes of Mn2+, Zn2+, and 

Fe3+ ions and tetrahedral and octahedral interstitial sites, it follows that the contraction of A-

sublattice will be more as compared to the expansion of B-sublattice. Also since on sintering 

the particle size increases, the lattice parameter is expected to increase [5].  

3.4.2. IR Studies 

The IR spectra of all the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, respectively was recorded and the same are 

given in Fig. 3.7 (A&B), respectively. It can be clearly seen from these IR spectra that there is 

no presence of any organic functional group however two absorption bands, one at around 400 

cm-1 and the other at around 600 cm-1, corresponding to the intrinsic M-O stretching vibrations 

at octahedral and tetrahedral sites, respectively, characteristic of spinel ferrites were observed 

in both ‘as prepared’ and ‘sintered’ ferrites [6]. In case of the ‘as prepared’ ferrites the M-O 

stretching vibrations at octahedral and tetrahedral sites, were seen between 403-412 cm-1 and 

572-601 cm-1 while in case of ‘sintered’ ferrites the absorption bands were observed between 
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403-463 cm-1 and 582-601 cm-1, respectively. There was no any trend observed in absorption 

bands with increase in the Mn2+ concentration. The two bands observed in above regions 

indirectly confirms the formation of the spinel ferrites at 500 0C. 

 

Fig. 3.7(A&B). The IR spectra of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites 

3.4.3. Chemical Analysis 

The chemical analysis of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites was 

carried out as described in Chapter 2. The experimental and the theoretical percentages of the 

nickel, zinc, manganese and iron are given in Table 3.5 and it can be concluded from this table 

that the percentages of all the metal ions are in close agreement with its theoretical values 

confirming the formation of the ferrites with required stoichiometry. 

 

A B 
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Table 3.5. The theoretical and the experimental percentages of Nickel, Zinc, Manganese and 

Iron present in Ni0.7-xMnxZn0.3Fe2O4 (0.0-0.6) ferrites 

Element Composition (x) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Ni  

(%) 

Theoretical 17.38 14.92 12.45 9.98 7.50 5.00 2.51 

Experimental 16.69 14.96 12.96 9.92 8.28 4.83 2.60 

Mn  

(%) 

Theoretical - 2.33 4.66 7.01 9.35 11.71 14.08 

Experimental - 2.30 4.98 7.18 9.90 11.51 14.82 

Zn 

(%) 

Theoretical 8.30 8.31 8.33 8.34 8.35 8.37 8.38 

Experimental 8.51 8.33 8.77 8.79 8.46 8.81 8.82 

Fe  

(%) 

Theoretical 47.24 47.32 47.40 47.48 47.55 47.63 47.70 

Experimental 48.25 48.27 48.28 47.64 48.39 46.88 46.81 

 

3.4.4. Morphological Studies 

3.4.4.1. Transmission Electron Microscopy Studies 

The TEM images of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (0.0-0.6) ferrites coded as 

NMZFS0.0-0.6, respectively were recorded along with their SAED pattern and the same are 

depicted in Fig. 3.8. The cuboidal nature of these ferrites can be clearly seen from the TEM 

images.  The average particle size obtained from TEM was found to range between 8 to 22 

nm. From the SAED pattern, we can observe the bright concentric rings present in all the 

ferrite samples indicating the crystalline nature of all the ferrites. 



                                                                                 Chapter 3: Influence of addition of a magnetic…. 

94 

 

 

Fig. 3.8. The TEM images of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites with their 

SAED patterns 

3.4.4.2. Scanning Electron Microscopy/ Electron Diffraction Spectroscopy Studies 

The SEM images of all the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, respectively were recorded along with 

their EDS spectra in order to gain information regarding their morphology along with the 

qualitative estimation of the metal ions present in the ferrites. The SEM images along with 

their EDS spectra of ‘as prepared’ ferrites are shown in Fig.3.9 (A-G) while of the ‘sintered’ 

ferrites are given in Fig.3.10 (A-G).  It can be seen from these images that in case of the ‘as 

prepared’ ferrites there is agglomeration of particles while the increase in particle size on 

sintering can be clearly observed in the SEM images of the ‘sintered’ ferrites. Although the 
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particles were having cuboidal shape in ‘as prepared’ ferrites (as can be seen from TEM), it 

changed to irregular shape after sintering, as can be seen from SEM images of ‘sintered’ 

ferrites. The average particle size of the ‘as prepared’ ferrites is found to vary from 52-110 nm 

while in case of ‘sintered’ ferrite it is found to vary from 98-209 nm. From the EDS spectra, it 

is confirmed that all the constituent metal ions of the synthesized ferrite are present in both the 

‘as prepared’ as well as the ‘sintered’ ferrites. We can clearly see the increase in intensity of 

Mn peak and decrease in intensity of Ni peak with addition of Mn in both ‘as prepared’ and 

‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites indicating the substitution of Ni with Mn. 

 

A 

C 

B 
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Fig. 3.9(A-G). The SEM images, EDS spectra along with elemental composition of ‘as 

prepared’ Ni0.7MnxZn0.3Fe2O4 (x=0.0 -0.6) ferrites 

G 

F 

D 

E 
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Fig. 3.10(A-G). The SEM images, EDS spectra along with elemental composition of 

‘sintered’ Ni0.7MnxZn0.3Fe2O4 (x=0.0 -0.6) ferrites 

3.4.5. X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy is a non-destructive technique which can be used to 

find out the chemical state of the metal ion. The sensitivity of the binding energy of various 

electron energy levels for a specific oxidation state of a metal ion helps in determining the 

valence state of the different metal ions present in a material. The XPS spectra of all the ‘as 

‘prepared’ Ni0.7MnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6, respectively 

were recorded and the survey scan of the same is given in Fig.3.11. From this figure we can 

observe that all the constituent elements are present in all the ‘as prepared’ ferrite samples and 

E 

F 

G 
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there is no impurity peak except that of carbon. The deconvolution of iron, nickel, manganese, 

zinc and oxygen was done and the spectra of the same are given in Fig.3.12-3.16, respectively.  

 

Fig. 3.11. The Survey scan of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The XPS spectra of Fe present in all the ‘as prepared’ ferrite samples are given in Fig.3.12 and 

the binding energies for the same are presented in Table 3.6. The Fe 2p peaks from oxidized 

iron are associated with the satellite peaks.  The satellite peak with the main peak occurs due 

to the two final states caused by the photoemission of the Fe site of the metal oxide. In one of 

the states, a significant amount of the charge transfer takes place in the valence band from 

ligand (oxygen) to metal site in the relaxation process after photo-excitation. Since, Fe2+ and 

Fe3+ have d6 and d5 electronic configuration in the valence band, the satellite peak appears at 

different positions during relaxation of the metal ions and is a characteristic of the oxidation 

state of the metal ion. In case of  Fe2+ 2p3/2 peak the satellite peak is always associated 6.0 eV 

above the main peak while in case of Fe3+ 2p3/2 peak the satellite peak is associated 8.0-9.0 eV 
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above the main peak, while the Fe3+ 2p1/2 peak is associated with a satellite peak 6.0eV above 

the main peak [7-8].  

 

Fig. 3.12. The deconvoluted peaks of Fe 2p of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 

It can be seen from this Fig. 3.12 that it shows two main peaks of 2p3/2 and 2p1/2 with their 

respective satellite peaks. The peak obtained at ~710 eV in all ferrite spectra corresponds to 

2p3/2 and the peak at ~724 eV corresponds to 2p1/2 with a satellite peak at ~718 eV indicating 

that Fe is in +3 oxidation state [9-11]. The 2p3/2 peak has been split into two peaks, one at 

~710 eV corresponding to the presence of Fe3+ cation at the octahedral site while the peak at 

~713 eV corresponds to the presence of Fe3+ cation at the tetrahedral site in the spinel 

crystalline structure [12]. Similarly, the 2p1/2 peak has also been split into two peaks, one at 
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~724 eV corresponding to the Fe3+ ion located at octahedral site and the other peak at ~728 eV 

corresponding to the Fe3+ cation located at tetrahedral site. The corresponding satellite peak 

for 2p1/2 is obtained at around 732 eV. The absence of any Fe2+ ions in these ferrite samples is 

confirmed as there are no any peaks at 709.5 and 716 eV, which correspond to Fe 2p3/2 and 

2p1/2 when Fe is present in +2 oxidation state [11, 13]. 

Table 3.6. The binding energies of Fe obtained by deconvolution of XPS peaks of ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

Composition 

(X) 

 

Binding energy (eV) 

 

Fe
3+

 2p
3/2

 

(Oct) 

Fe
3+

2p
3/2

 

(Tetra) 

Sat. of 

Fe
3+

2p
3/2

 

Fe
3+

2p
1/2 

 

(Oct) 

Fe
3+

2p
1/2

 

(Tetra) 

Sat. of 

Fe
3+

2p
1/2

 

0.0 710.6 713.55 718.55 724.15 728.25 732.65 

0.1 710.85 713.55 718 724.6 728.05 732.1 

0.2 710.7 713.25 719.05 724.65 727.65 731.55 

0.3 710.55 712.55 718.95 724.5 727.35 733.1 

0.4 710.3 712.55 718.3 724.25 727.85 732.15 

0.5 710.45 713 717.7 724.35 727.55 731.5 

0.6 710.5 712.9 718.05 724.35 728.25 732.5 

 

The XPS spectra of Ni for all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites are 

shown in Fig. 3.13 and the corresponding binding energies are tabulated in Table 3.7. It can be 

observed that the two main peaks corresponding to Ni 2p3/2 and 2p1/2 are obtained at around 

854-855 eV and ~872 eV, respectively for all the ‘as prepared’ samples except for sample 

with composition x=0.6 [10]. For sample with composition x=0.6, the 2p1/2 peak is observed at 

865.45 eV. This might be because as we can see from the Fig. 3.13 that for sample with 

composition x=0.6, the spectra obtained is very noisy and hence there are chances of the error 

taking place during data processing. The corresponding shake-up type satellite peak are 

obtained at around 860-861 and 878-879 eV corresponding to Ni2+ [14, 15]. The difference 
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between the binding energies of 2p3/2 and 2p1/2 ranges between 17.35 to 17.8 for all the ferrites 

except for ferrite with composition x=0.6, indicating that the Ni is present in +2 oxidation 

state [16]. The absence of any shoulder peak just above 1.2 eV at 2p3/2 peak indicates absence 

of formation of NiO and supports that Ni is present in spinel structure only [7]. The Ni2+ 2p3/2 

peak appearing at ~855 eV, indicates that Ni is present in the octahedral site. If it is present at 

tetrahedral site then this peak appears at higher binding energies [17]. 

 

Fig. 3.13. The deconvoluted peaks of Ni 2p of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 
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Table 3.7. The binding energies of Ni obtained by deconvolution of XPS peaks of ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

Composition 

(X) 

 

Binding energy (eV) 

Ni
2+

 2p
3/2

 Sat. of Ni
2+

2p
3/2

 Ni
2+

2p
1/2 

 Sat. of Ni
2+

2p
1/2

 

0.0 854.85 861.05  872.35  878.2 

0.1 855 861.2  872.5  878.65 

0.2 855.05 860.5  872.4  - 

0.3 855 860.85  872.8  879.35 

0.4 854.8 861.5  872.25  879.1 

0.5 854.7 861.25  872.4  878.45 

0.6 854.2 859.9  865.45  877 

 

The XPS spectra of Mn for all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites are 

given in Fig.3.14 and the binding energies obtained through it are presented in Table 3.8. The 

binding energies obtained at ~641 eV belong to the Mn 2p3/2 and the peak obtained at ~653 eV 

belongs to the Mn 2p1/2 corresponding to the presence of Mn in +2 oxidation state [17-18]. 

The satellite peak has been obtained for Mn2+ 2p3/2 just above ~2.55 to 5.65 eV higher than the 

main peak. It has been reported in the literature that the Mn2+ 2p3/2 peak shows a satellite 

shake-up peak at 4.5 eV higher than the main peak but in our case with increase in the Mn 

concentration in these ferrites, the difference between the main peak and the satellite peak 

goes on decreasing. The presence of this satellite peak rules out the presence of Mn3+ or Mn4+ 

in ferrites [19].  
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Fig. 3.14. The deconvoluted peaks of Mn 2p of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.1-0.6) 

ferrites 

 

Table 3.8. The binding energies of Mn obtained by deconvolution of XPS peaks of ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.1-0.6) ferrites 

Composition (X) 

 

Binding energy (eV) 

 

 Mn
2+

2p
3/2

 Sat. of Mn
2+

2p
3/2

 Mn
2+

2p
1/2

 

0.1 642.15 647.8  653.05  

0.2 641.7 646.35  653.2  

0.3 641.9 645.5  653.45  

0.4 641.4 644.6  653.1  

0.5 641.45 644  653.2  

0.6 641.65 644.6  653.3  
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The XPS spectra of zinc of all the ‘as prepared’ ferrites are shown in Fig. 3.15 and the binding 

energies of the same are given in Table 3.9. We can see from the Fig. 3.15 that two peaks are 

observed for Zn2+, one at ~1021 eV and the other at ~1044 eV, corresponding to 2p3/2 and 

2p1/2, respectively, indicating that zinc is present in +2 oxidation state and is located at 

tetrahedral site in the spinel lattice [9, 20, 21]. The XPS spectra of O1s in all the ‘as prepared’ 

ferrites are shown in Fig. 3.16 and the binding energies is given in Table 3.9. It can be 

observed from this Fig. 3.16 that O 1s spectra splits into two peaks one at around 529 eV and 

the other one at around 531 eV. The main peak at ~529 eV is attributed to the lattice oxygen 

while the shoulder peak at around 531 eV corresponds to the defects in the oxides or the 

surface adsorbed oxygen [22, 23]. 

 

Fig. 3.15. The deconvoluted peaks of Zn2p of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 
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Fig. 3.16. The deconvoluted peaks of O 1s of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 
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Table 3.9. The binding energies of Zn and O obtained by deconvolution of XPS peaks of ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

Composition 

(X) 

 

Binding energy (eV) 

Zn
2+

2p
3/2

 Zn
2+

2p
1/2

 O1s (lattice 

oxygen) 

O1s (surface adsorbed 

oxygen) 

0.0 1021.05 1044.2 529.6 532 

0.1 1021.05 1044.15 529.65 531.7 

0.2 1021.15 1044.3 529.75 531.8 

0.3 1021.15 1044.3 529.65 531.7 

0.4 1020.95 1044.1 529.55 531.2 

0.5 1021 1044.15 529.55 531.7 

0.6 1021.12 1044.25 529.65 531.35 

 

3.4.6. BET surface area measurement 

The surface area measurements of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6, respectively were carried out using the multipoint BET 

measurement. The N2 adsorption-desorption isotherm of all the ‘as prepared’ ferrites were 

recorded and the same are shown in Fig. 3.17 and the surface area derived using the BET 

equation is given in Table 3.10. In Fig.3.17, by looking at these isotherms and using the 

IUPAC nomenclature, these isotherms can be categorized as Type IV isotherm having H3 

type hysteresis loop which suggests the presence of mesopores with narrow slit shaped pores 

[24]. The amount of N2 adsorbed was found to be increasing with increase in Mn2+ ions 

concentration in ferrites except for the sample with composition x=0.4 (NMZFA0.4). The 

surface area is found to increase with increase in Mn2+ ions concentration except for the 

sample with composition x=0.4 where it suddenly drops. The highest surface area of ~50 m2/g 

was obtained for ferrite sample with composition x=0.6 (NMZFA0.6).  
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Fig. 3.17. The N2 isotherms of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

 

Table 3.10. The BET surface area of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

calculated using the multipoint BET measurement. 

Composition (x) Surface area (m2/g) 

0.0 24.587 

0.1 24.758 

0.2 34.752 

0.3 38.912 

0.4 35.199 

0.5 40.331 

0.6 50.239 
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This increase in surface area with increase in Mn2+ ions concentration may be related to the 

decrease in crystallite size with increasing Mn2+ ions concentration in ferrites. In case of 

crystallite size also the sample with composition x=0.4 shows a deviation in the trend and the 

same results are obtained for surface area also [25]. 

3.4.7. Mössbauer Spectroscopy  

The Mössbauer spectroscopy is an important tool to determine the oxidation state of the iron 

ion along with its position either in octahedral or the tetrahedral site. The room temperature 

Mössbauer spectra of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.5) ferrites coded as 

NMZFA0.0-0.6, respectively were recorded and the same has been shown in Fig.3.18. All the 

Mössbauer parameters derived from these are given in Table 3.11. From the above mentioned 

figure and table, we can see that the Mössbauer spectra has been fitted using three sextets, out 

of which one is assigned to the tetrahedral site while the rest two are assigned to the 

octahedral site. The six-line magnetic spectrum arises due to the super exchange interaction 

between the magnetic ions at A- and B- sublattices [26]. The first sextet is assigned to the 

tetrahedral site. Basically, the isomer shift (IS) of iron present in tetrahedral site is lower as 

compared to the iron present in octahedral site. The isomer shift is the result of the 

electrostatic interaction between the s-electrons which are having the probability of being 

close to the nucleus and the charge density of the nucleus [17]. The isomer shift values of all 

the ferrites is less than 0.8 mm/s, indicating the absence of any Fe2+ ions and confirming that 

all the iron ions are in +3 oxidation state. The isomer shift values at the tetrahedral site are 

found to increase with increase in Mn2+ ions concentration up to x=0.3; for x=0.4, it is 

decreased and further for x=0.5, it is increased again. The increase in the isomer shift with 

increasing Mn2+ ions concentration in ferrites indicates the increase in the bond length (Fe3+-

O2-) of the tetrahedral site [27]. 

The Quadrupole splitting (QS) value of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.5) 

ferrites is very small [Table 3.11] indicating that the electric gradient surrounding the iron 

nucleus is very low [28] and shows the cubic symmetry [27]. The hyperfine field (H
hf

) at the 

tetrahedral site is generally found to be low as compared to the octahedral site. The percentage 

occupancy of iron ion at the tetrahedral site is found to increase when moving from the sample 
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with composition x=0.0 to 0.1 and then decreases up to x=0.3 with sudden increase for x=0.4 

and then decrease for 0.5 as noted from the relative area (RA) of these sextets. 

 

Fig. 3.18. The Mössbauer spectra of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.5) ferrites 

The room temperature Mössbauer spectra of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0, 0.1, 0.3, 

0.4 and 0.5) ferrites coded as NMZFS0.0-0.6, respectively were also recorded and the same 

are given in Fig. 3.19 and the various parameters derived from these are given in Table 3.12. 

In the case of ‘sintered’ ferrites, the Mössbauer spectra were fitted using two sextets 

confirming that iron is present in two different environments. One sextet was attributed to the 

iron present in tetrahedral site while the other to the iron present in octahedral site. The sextet 

showing lower isomer shift (IS) value is assigned to the iron present in tetrahedral site. The 

lower isomer shift at the tetrahedral site is the result of the more covalent nature of the bond 

formed by the Fe cation at this site as compared to the octahedral site. Since we know that, the 

interionic distance at the tetrahedral site between Fe cation and O anion is smaller than 

compared to presence of Fe cation at octahedral site. This result in more overlap of Fe cation 

and O anion in tetrahedral site, thus leading in more covalent nature of this bond formed 



                                                                                 Chapter 3: Influence of addition of a magnetic…. 

111 

 

resulting in lower isomer shift [17]. In this case also the isomer shift value of all the ferrites 

are less than 0.8 mm/s indicating that the iron is present in +3 oxidation state. It can be noted 

from the isomer shift values that as the Mn2+ ions concentration in ferrites increases, the 

isomer shift at the tetrahedral site first remains constant for x=0.0 and 0.1 samples and then 

starts increasing with further increase in Mn2+ ions concentration. There is no clear trend for 

the isomer shift values of iron at octahedral site. 

Table 3.11. Mössbauer parameters of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.5) ferrites 

Composition 

(x) 

Fe sites IS (δ) 

mm/s 

QS (Δ) 

mm/s 

H
hf 

(Tesla) 

R
A
 

(%) 

Outer line 

width, () 

mm/s 

0.0 Sextet 1 (Td) -0.152 0.049 35.048 28.57 0.577 

Sextet 2 -0.132 -0.0007 36.598 42.85  0.418 

Sextet 3 -0.188 -0.0070 31.14 28.57 0.954 

0.1 Sextet 1 (Td) -0.155 0.022 35.367 45.64 1.017 

Sextet 2 -0.128 0.0125 36.327 32.60  0.403 

Sextet 3 -0.072 -0.041 31.024 21.73 1.108 

0.2 Sextet 1 (Td) -0.158 0.0214 30.852 28.57 0.905 

Sextet 2 -0.130 0.0003 36.16 42.85 0.515 

Sextet 3 -0.131 0.042 34.146 28.57 0.386 

0.3 Sextet 1 (Td) -0.162 0.0285 34.623 22.22 0.293 

Sextet 2 -0.137 -0.0128 36.571 33.33 0.330 

Sextet 3 -0.807 0.1626 31.293 44.44 0.483 

0.4 Sextet 1 (Td) -0.109 0.1164 35.188 55.39 0.88 

Sextet 2 -0.351 -0.376 34.897 26.76 0.832 

Sextet 3 -0.162 0.0398 28.224 17.84 1.142 

0.5 Sextet (Td) -0.1412 0.1335 28.55 37.32 1.046 

Sextet 2 -0.1577 -0.0028 36.547 37.60 0.558 

Sextet 3 -0.1522 -0.0250 34.404 25.06 0.691 
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Fig. 3.19. The Mössbauer spectra of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0, 0.1, 0.3, 0.4 and 

0.6) ferrites 

The quadrupole splitting value for these ‘sintered’ ferrite samples are also found to be very 

near to zero indicating a very small electric gradient at the iron nucleus. There is not much 

change in the hyperfine field value with increase in the Mn2+ ions concentration in ferrites but 

the hyperfine field values are found to be higher for the iron ion present at tetrahedral site as 

compared to the octahedral site. This might be because as each iron ion present at tetrahedral 

site is surround by 12 nearest metal ions present at octahedral sites while each iron ion present 

at octahedral site is surrounded by 6 nearest metal ions present at tetrahedral sites through 

oxygen ions. The tetrahedral Fe ion which might be surrounded by Mn2+ and Fe3+ ions present 

at octahedral site leads in increase in the hyperfine field at tetrahedral site [28]. Also, the 

hyperfine field value of ‘sintered’ ferrite samples is found to be higher as compared to the ‘as 

prepared’ ferrite samples. This might be because of the particle size, as it has been reported 

that the hyperfine field value decreases with decrease in the particle size [26]. In this case, it is 

observed that the occupancy of iron ion at tetrahedral site is more for ferrites with composition 
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x=0.0, 0.1 and 0.3 and for ferrites with composition x=0.4 and 0.6, the occupancy of iron ion 

at octahedral site is more compared to tetrahedral site. 

Table 3.12. Mössbauer parameters of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0, 0.1, 0.3, 0.4 and 

0.6) ferrites 

Composition 

(x) 

Fe sites IS (δ) 

mm/s 
 

QS (Δ) 

mm/s 
 

H
hf 

(Tesla) 
 

R
A
 

(%) 

Outer line 

width, () mm/s 
 

0.0 Sextet 1 0.34 0.04 42.8 23.1 0.96 

Sextet 2 (Td) 0.26 -0.1 47.6 76.9 0.63 

0.1 Sextet 1 0.23 -0.07 42.4 30.1 1.08 

Sextet 2 (Td) 0.26 -0.01 47.3 69.9 0.62 

0.3 Sextet 1 0.29 -0.10 41.1 28.7 0.96 

Sextet 2 (Td) 0.27 0 46.7 71.3 0.70 

0.4 Sextet 1 0.33 0.02 43.6 51.3 0.95 

Sextet 2 (Td) 0.28 -0.02 47.3 48.7 0.55 

0.6 Sextet 1 0.33 0.03 43.3 56.8 1.09 

Sextet 2 (Td) 0.29 0.00 47.3 43.2 0.57 

 

3.5. Solid state studies of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 

3.5.1. Electrical resistivity studies 

The resistivity of any material depends on the purity of the starting materials along with the 

preparation technique and the sintering temperature. The grain size, grain boundary, 

stoichiometry, porosity are some of the factors which are affecting the resistivity. The 

electrical resistivity studies of all the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, respectively were studied during 

the heating as well as the cooling cycle from RT to 500 0C. The plots of log resistivity v/s 

inverse of temperature of ‘as prepared’ ferrites during heating and cooling are shown in Fig. 

3.20 (A&B), respectively while that of ‘sintered’ ferrites are shown in Fig.3.21 (A&B), 
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respectively. From the Fig. 3.20 A, we can observe that first with increase in temperature, the 

resistivity increases and then after a certain temperature it starts decreasing with further 

increase in temperature. While from the cooling plot, it is clearly visible that as the 

temperature increases, the resistivity starts decreasing. This is a normal trend of a 

semiconductor and indicates that the ferrites in the present study show semiconducting 

behaviour. The initial increase in the resistivity at lower temperature during heating cycle may 

be due to presence of certain impurities like moisture. When this moisture was evaporated, the 

normal trend of decreasing resistivity with increasing temperature was observed. In the case of 

the ‘sintered’ ferrites (Fig. 3.21 A&B) also, the semiconducting behaviour was observed in the 

plots of log resistivity v/s 1/T*1000. In case of both ‘as prepared’ as well as the ‘sintered’ 

ferrites the resistivity is found to decrease with increase in Mn2+ ion content in ferrites except 

for the ‘sintered’ ferrite sample with composition x=0.6 which shows little higher resistivity as 

compared to the ferrite sample with composition x=0.5 (Fig. 3.21). The ferrite sample with 

composition x=0.0 shows anomalous behaviour in both ‘as prepared’ as well as ‘sintered’ 

ferrites. This decrease in resistivity with increasing Mn2+ ions concentration in ferrites is also 

observed by many researchers [29, 30-31].  Generally, in ferrites the conduction mechanism is 

explained based on the Verwey’s hopping mechanism, which states that the conductivity 

arises in ferrite due to the hopping electrons between the ions of the same element present in 

more than one oxidation state. The probability of B-B hopping is more as compared to the A-

B hopping in AB2O4 as the distance between the two metal ions at the B-site is smaller as 

compared to the A and B-sites [32]. In case of Ni-Zn-Mn Ferrites, Ni2+ and Zn2+ ions prefers 

to occupy octahedral and tetrahedral site, respectively, while Fe3+ ions doesn’t have any 

preference for the sites and can occupy both the sites. The Mn2+ ions generally prefer the 

tetrahedral site but sometime can also occupy octahedral site in small quantity. When Mn2+ is 

added in Ni-Zn ferrites, it will try to occupy the tetrahedral site and as a result some of the 

Fe3+ ions present in tetrahedral site will move to octahedral site thus enhancing the probability 

of electron hopping [30, 31]. Also it is known from the literature that Ni-Zn ferrites have 

higher resistivity while the Mn-Zn ferrites have lower resistivity. So, the incorporation of 

Mn2+ ions in place of Ni2+ ions in ferrites leads to decrease in the resistivity. 
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Fig. 3.20. The plot of log resistivity v/s 1/T*1000 of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites during A) heating and B) cooling 

 

Fig. 3.21. The plot of log resistivity v/s 1/T*1000 of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites during A) heating and B) cooling 

At room temperature, it is observed that the resistivity of the ‘sintered’ ferrite sample is higher 

as compared to the ‘as prepared’ ferrite samples. This is because of presence of conducting 

moisture at RT. Generally, it is observed that with decrease in particle size the resistivity 

increases but here, we are observing the reverse trend at the RT. This behaviour suggests that 

other than the grain size some other factors are also responsible for the resistivity. This 

A 

A B 

B 
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increased resistivity on sintering suggests increased structural improvement i.e. more uniform 

crystal structure with reduced imperfections. This suggests that the structural perfection plays 

a significant role as compared to the grain size [33]. At higher temperature, the normal trend 

i.e. higher resistivity for the ‘as prepared’ samples is observed compared to the ‘sintered’ 

ferrite samples except for the sample with composition x=0.0 and 0.6. As we know that for 

smaller grains, large no of grain boundaries are present and these grain boundaries are 

insulating in nature and forms a barrier for the flow of electrons thus leading in reduced 

conduction and increase in resistivity [29, 33]. These results indicate that, at room temperature 

the structural perfection plays a dominant role while at higher temperature the grain size plays 

a dominant role as far as the resistivity of a material is concerned. Also, the higher density and 

lower porosity of the ‘sintered’ ferrite samples as compared to the ‘as prepared’ ferrite 

samples is one of the reason for the observed lower resistivity of the ‘sintered’ samples at 

higher temperature [8]. 

3.5.2. Dielectric Studies 

3.5.2.1. Dielectric studies as a function of frequency 

The dielectric studies of all the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, respectively were studied as a function 

of frequency and the plots of dielectric constant and dielectric loss v/s log frequency were 

plotted and the same are shown in Fig.3.22 (A&B) and Fig.3.23 (A&B) for ‘as prepared’ and 

‘sintered’ ferrites, respectively. It can be observed from these plots that as the frequency 

decreases the dielectric constant decreases. The decrease in dielectric constant is very sharp at 

lower frequencies and as the frequency is increased further, it becomes almost constant which 

is a normal behaviour shown by the spinel ferrites. This phenomenon can be explained based 

on the space charge polarization. According to Maxwell and Wagner two layer model, space 

charge polarisation arises due to the presence of the grains which are conducting in nature 

inside an insulating matrix i.e. the grain boundaries of a dielectric material, thus leading to 

localized accumulation of charges under the influence of an electric field. In this case, because 

the space charge carriers require to move through the resistive bodies, it requires some finite 

time to align their axes parallel to the alternating field. If, under this situation, the frequency of 
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the field reversal increases continuously then there will be a point where the space charge 

carriers will not be able to keep up with the pace of this field reversal and will lead in 

alternation of their direction thus lagging behind the field. This process contributes very little 

towards the space charge polarization thus causing a reduction in the dielectric constant. As 

the frequency of the field continues to increase further, there will be a point where the space 

charge carries will barely move ahead of the field reversals thus contributing nothing towards 

the space charge polarization and this justifies the almost stable dielectric constant at higher 

frequencies [30, 34].  In case of the dielectric loss also, the same behaviour was observed 

except for the sample with composition x=0.3 and 0.5 of ‘as prepared’ and x=0.0 of both ‘as 

prepared’ and ‘sintered’ ferrite sample. In the present study, a hump is observed at lower 

frequency. Normally a peak in the dielectric loss is observed when the hopping frequency is 

approximately equal to the external applied electric field [30, 35]. The dielectric loss depends 

upon several factors such as structural homogeneity and stoichiometry which in turn depends 

upon the composition and the sintering temperature [34]. The higher value of dielectric loss at 

lower frequencies can be explained based on the Koop’s model which suggest that at lower 

frequency the resistivity is high and as a result the energy required for hopping of electrons is 

also high at the grain boundaries which leads to higher energy losses at lower frequency [35]. 

 

Fig. 3.22. The plot of A) dielectric constant and B) dielectric loss as a function of frequency at 

room temperature of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

B A 
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Fig. 3.23. The plot of A) dielectric constant and B) dielectric loss as a function of frequency at 

room temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

With increase in Mn2+ ions concentration in ferrites, there is no trend observed in the dielectric 

constant at RT. The ‘as prepared’ ferrite sample with composition x=0.5 (NMZFA0.5) shows 

the highest dielectric constant while the ferrite with composition x=0.1 (NMZFA0.1) was 

found to show the highest dielectric loss. In case of ‘sintered’ ferrite, the sample with 

composition x=0.4 is showing the highest dielectric constant as well as dielectric loss. 

It is observed that the dielectric constant as well as dielectric loss of ‘as prepared’ ferrite 

sample is higher as compared to the ‘sintered’ ferrite sample except for the sample with 

composition x=0.4 (NMZFS0.4) respectively which shows higher dielectric constant and 

dielectric loss for the ‘sintered’ ferrite samples. 

3.5.2.2. Dielectric studies as a function of temperature  

The dielectric studies were also carried out as a function of temperature at a constant 

frequency of 1 kHz and 1 MHz of both ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites. The plots of dielectric constant and dielectric loss at a constant frequency 

of 1 kHz at a varied temperature for ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, respectively are shown in Fig. 3.24 

(A&B) and 3.25 (A&B), respectively. While, the plots of dielectric constant and dielectric loss 

B A 
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at a constant frequency of 1 MHz at a varied temperature for ‘as prepared’ and ‘sintered’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, 

respectively are given in Fig.3.26 (A&B) and 3.27 (A&B), respectively. It can be observed 

from the dielectric constant plots that as the temperature increases the dielectric constant 

remains almost constant at a lower temperature and as temperature increases further, dielectric 

constant also increases. The onset of increase of dielectric constant goes on decreasing with 

increasing Mn2+ ions concentration in ferrites except the sample with composition x=0.0 

which shows some anomalous behaviour in some of the measurements. 

In case of the dielectric loss studies a similar behaviour like dielectric constant studies was 

observed but a hump was observed in all the ‘sintered’ ferrites at 1 kHz and at higher 

temperature while in case of ‘as prepared’ ferrites, the sample with composition x=0.4, 0.5 

and 0.6 shows a slight hump. 

 

Fig. 3.24. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 kHz of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

A B 
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Fig. 3.25. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 kHz of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The dielectric constant is found to increase with increase in Mn2+ ions concentration in Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites in both ‘as prepared’ as well as the ‘sintered’ ferrites 

except the ferrite with composition x=0.0 in the case of the ‘sintered’ sample and a slight 

decrease was observed for x=0.3 (NMZFA0.3) sample in the case of ‘as prepared’ ferrite 

sample which was measured at 1 kHz. While for the measurement carried out at 1 MHz it 

showed the same trend i.e. increase in dielectric constant with increase in Mn2+ ions content in 

ferrites for ‘as prepared’ ferrite samples while for ‘sintered’ sample a deviation was observed 

for x=0.0 (NMZFS0.0) and 0.6 (NMZFS0.6) compositions (Fig. 3.27A). It is known that 

dielectric constant and resistivity are inversely related to each other and the same trend is 

observed in our studies. In case of resistivity studies also the ‘sintered’ sample with 

composition x=0.0 and 0.6 showed the deviation (Fig. 3.21). This suggests that the dielectric 

behaviour is also governed by the conduction mechanism. The increase in resistivity obstructs 

the space charge carriers and in turn impedes the build-up of space charge polarization while 

the decrease in resistivity accelerates the flow of space charge carriers which leads in 

increasing the space charge polarization. As the space charge carriers gets piled up at the 

layered interfaces it leads in increase in dielectric constant [30]. The increase in dielectric 

constant with increasing Mn2+ ions concentration in Ni-Zn ferrites has been reported by other 

researchers [36] and has attributed this to the hopping mechanism. The Mn ions prefer to 

A B 
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occupy the tetrahedral site but in some cases can also occupy octahedral site in small amount. 

Infact both Mn and Fe ions, which can exist in 2+ as well as in 3+ states can occupy both A 

and B sites.  Normally when Mn2+ ions are added in place of Ni2+ ions in Ni-Zn ferrites, the 

Mn2+ ions preferably occupy tetrahedral sites thus forcing some of the Fe3+ ions to move from 

tetrahedral sites to octahedral sites. It cannot be ruled out that some of the Mn2+ ions may 

undergo oxidation to Mn3+ ions in the system; thereby forcing Fe3+ ions to get converted to 

Fe2+ ions so as to maintain the charge neutrality. The hopping of electrons can then take place 

between Fe3+ and Fe2+ ions which can lead to decrease in the resistance of the grains. This 

increases the probability of electrons reaching the grain boundary thereby leading to increase 

in polarization and hence increase in dielectric constant [36]. But as we have observed from 

the XPS and Mossbauer data that there is absence of Fe2+ ions in our system so probability of 

this mechanism happening in our system is very low.  In the case of the dielectric loss, no 

trend with increasing Mn2+ ions content in Ni-Zn ferrites was observed, especially in 

‘sintered’ ferrites but in the ‘as prepared’ ferrites, the onset of increase of dielectric loss is 

found to clearly decrease with increase in Mn2+ ions concentration, when the measurements 

were carried out at a constant frequency of 1 MHz. 

 

Fig. 3.26. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 MHz of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

B A 
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Fig. 3.27. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 MHz of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The dielectric constant and dielectric loss is found to be higher at lower frequency and as the 

frequency is increased this values are found to decrease. Generally, the dielectric constant of 

any material depends upon four types of polarization, namely, dipolar, interfacial (space-

charge), ionic and electronic polarization. Out of these four, dipolar and interfacial 

polarization plays an important role at lower frequencies and both are temperature dependent. 

In case of dipolar polarization, it decreases with increase in temperature while interfacial 

polarization increases with increase in temperature. The increase in dielectric constant with 

increasing temperature suggests that interfacial polarization plays a dominant role. The 

electronic and ionic polarization plays an important role at higher frequencies and both these 

polarizations are independent of temperature as a result we observe a rapid increase in 

dielectric constant at lower frequencies and a slower increase in dielectric constant at higher 

frequencies [35, 36]. 

The dielectric constant and dielectric loss is found to be higher for ‘as prepared’ ferrite 

samples as compared to the ‘sintered’ ferrites except with the composition x=0.0 and 0.6 

which shows higher dielectric constant and dielectric loss, respectively for the ‘sintered’ 

ferrite sample at 1 kHz while at 1 MHz, the dielectric constant of ‘as prepared’ ferrite samples 

is higher as compared to the ‘sintered’ ferrite except with the composition x=0.0, 0.1 and 0.3 

B A 
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while the dielectric loss is found to be almost comparable with each other. Generally, the 

researchers have reported the higher dielectric constant for sintered samples because of 

formation of Fe2+ ions on sintering and thus leading in increased polarization. But we are 

getting the inverse trend which suggests that the formation of Fe2+ ions doesn’t take place on 

sintering or even if it forms, it is very less [37]. The reduced dielectric constant on sintering 

suggests the improved structural perfection and also this follows the trend that since the 

resistivity of the ‘sintered’ ferrite samples are found to be higher at RT as compared to the ‘as 

prepared’ ferrite samples, the dielectric constant are observed to have lower values for the 

‘sintered’ samples. 

3.5.3. Initial Permeability studies 

The initial permeability is an important parameter to evaluate the quality of the soft ferrites 

[38]. The permeability of any polycrystalline material depends on two types of magnetization 

processes. It is a superposition of two components namely, domain wall movement and spin 

rotation. It can be given as 𝜇𝑖 = 1 + 𝜆𝑑𝑤 + 𝜆𝑠𝑝𝑖𝑛  ; where 𝜆𝑑𝑤  and 𝜆𝑠𝑝𝑖𝑛  corresponds to the 

susceptibilities due to the domain wall and spin rotation, respectively [39]. The initial 

permeability studies were carried out of all the ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFS0.0-0.6 by varying the frequency from 20Hz to 10 MHz and also its 

temperature variation was studied at a constant frequency of 100 Hz. The thermal and 

frequency dependence of the initial permeability helps in predicting many properties of a 

material like domain nature, Curie temperature etc. Generally, initial permeability of a 

material is dependent on various factors like microstructure, grain size, stoichiometry, internal 

stress, crystalline defects along with the intrinsic properties like saturation magnetization and 

anisotropy constant [40]. The Fig. 3.28 (A&B) represents the plots of initial permeability and 

permeability loss v/s frequency, respectively. It can be seen from Fig.3.28A that the initial 

permeability first increases up to around 300 Hz and then remains almost constant for most of 

the frequency range and then finally at higher frequency, there is an onset of increase in the 

permeability. Thus, there is observance of resonance at higher frequency. This resonance 

frequency represents the frequency up till which this material can be used in a device. The 

frequency range which shows constant initial permeability region, is the region which can be 
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used in the devices [38, 41]. The low frequency dispersion suggests that the major 

contribution to the initial permeability is due to the domain wall displacement. Usually, the 

dispersion at above 1 MHz is attributed to the spin resonance in the internal anisotropy field 

[42].  In the case of the loss tangent (Fig.3.28B), at lower frequency it is found to be higher 

and as the frequency is increased it drastically falls and remains almost constant at higher 

frequency. The similar results have also been observed for other ferrite systems [43]. The 

permeability loss arises due to the lag of the motion of the domain walls vis-à-vis the 

alternating magnetic field and this lag is ascribable to the imperfections in the crystal system 

[38, 43]. 

 

Fig. 3.28. The plot of A) initial permeability and B) loss tangent as a function of frequency at 

room temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The temperature dependence plots of initial permeability and its loss of ‘sintered’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFS0.0-0.6 are shown in Fig. 3.29 (A&B), 

respectively. It can be observed from the Fig. 3.29A that initial permeability increases with 

increase in temperature and falls very sharply just before Curie temperature exhibiting a 

peaking behaviour in almost all the ferrite samples except the sample with composition x=0.2 

and 0.6 (NMZFS0.6) where the peaking nature is not observed. In case of sample with 

composition x=0.3-0.5, a slight decrease in permeability is observed before the appearance of 

peak. Although there is absence of any peak in x=0.6 ferrite, there is a slight decrease 
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observed before the sharp fall. The fall is very sharp and it indicates the presence of single 

phase in these ferrites complimenting the XRD data [42, 44-45]. 

 

Fig. 3.29. The plot of A) initial permeability and B) loss tangent as a function of temperature 

at a constant frequency of 100 Hz of  ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The peaking nature in these ferrite samples can be related to the anisotropy constant. 

Generally, the anisotropy constant and the saturation magnetization decrease with increase in 

temperature because of the thermal agitations at the higher temperature thus disturbing the 

alignment of the magnetic moments. This effect is more prominent for anisotropy constant 

means the decrease of anisotropy constant is much faster as compared to the saturation 

magnetization and when anisotropy constant goes through zero, a maximum in initial 

permeability is observed just above the Curie temperature. Thus this peak observed in initial 

permeability was due to the change in sign of the anisotropy constant [40, 44-45]. Also, this 

Hopkinson peak indicates the presence of the single domain particles in these ferrites [42]. 

The Curie temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites obtained from 

these measurements are tabulated in Table 3.13. It can be observed from this table that the 

Curie temperature goes on decreasing with increase in Mn2+ ions concentration in Ni0.7-

xMnxZn0.3Fe2O4 ferrites. Some researchers have reported some variations in this trend which 

they have attributed to the weakening of the A-B interaction [46-47]. 
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Table 3.13. The Curie temperature of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites obtained from AC susceptibility and Initial permeability measurements 

Composition (x) Curie Temperature (K) 

‘as prepared’ ‘sintered’ 

AC Susceptibility Initial 

permeability 

0.0 773 712 674 

0.1 834 693 672 

0.2 808 680 654 

0.3 781 667 641 

0.4 779 664 639 

0.5 756 656 622 

0.6 698 664 614 

 

From the plots of permeability loss tangent versus temperature (Fig. 3.29B), it can be seen that 

initially, with increase in the temperature, the loss tangent remains almost constant and after a 

certain temperature, it starts increasing very sharply till a point is reached where it again 

changes its slope and increases linearly. The first temperature where there is onset of sharp 

increase in loss tangent as cab be seen in Fig. 3.29B, is the temperature where initial 

permeability starts sharply falling in the initial permeability versus temperature plot (Fig. 

3.29A). The second point in the plots in Fig.3.29B, where there is a change in slope after 

sharp increase, can be correlated to the Curie temperature. Near the Curie temperature the loss 

increases sharply and becomes very large which can be attributed to the damping effect of the 

domain walls which may be very small [42]. 

With increase in the Mn2+ ions concentration in ferrites, it was observed (Fig.3.29A) that the 

initial permeability of ferrites first decreases till composition x=0.2 (NMZFS0.2) and then 

increases till x=0.4 (NMZFS0.4) and then decreases again up to x=0.6 (NMZFS0.6). Similar 

type of result were also been reported by other researchers where some of them had attributed 

this to the redistribution of cations on addition of Mn2+ ions in ferrites [47]. Several factors 
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which contribute to the initial permeability are saturation magnetization, crystallite size, 

density, porosity and it has been observed that a certain trend is not followed in most of these 

properties with increasing Mn2+ ions concentration. If we consider just the trend and not the 

value of the initial permeability then it can be observed that the initial permeability of these 

ferrites follows the exact trend to that of the crystallite size (except for sample x=0.2) wherein 

an increase in crystallite size leads in increasing the initial permeability. Also, for higher 

concentration of Mn2+ ions in ferrites i.e. from x=0.4-0.6, it follows a linear trend with the 

saturation magnetization wherein the initial permeability is found to decrease with increasing 

concentration. The same trend has been observed for saturation magnetization which will be 

discussed in the next section. Usually, increase in grain size tends to increase the number of 

domain walls in each grain. The movement of domain walls determines the initial 

permeability so the increase in the number of domain wall will lead to increase in initial 

permeability [47-49].   In the case of permeability loss, it was observed that with increase in 

Mn2+ ion concentration in ferrites, the permeability loss goes on decreasing up to the sample 

with composition x=0.4 and then again starts increasing up to x=0.6. 

3.5.4. Magnetisation studies  

3.5.4.1. AC susceptibility studies 

The AC susceptibility measurements of all the ‘as prepared’ and ‘sintered’ ferrite samples 

were carried out in order to understand the nature of the particles along with its Curie 

temperature. The plots of normalized AC susceptibility v/s temperature of all the ‘as prepared’ 

and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6 and 

NMZFS0.0-0.6, respectively are presented in Fig. 3.30 (A&B), respectively. It can be 

observed from these plots that in case of ‘as prepared’ ferrites, all the samples showed single 

domain type of particles with increasing superparamagnetism as the Mn2+ ions concentration 

increases in ferrites while in the case of ‘sintered’ ferrites the multidomain type of particles 

are observed with almost negligible single domain behaviour in Mn rich ferrites.  
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Fig. 3.30. The plots of normalized AC susceptibility v/s temperature of A) ‘as prepared’ and 

B) ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

The Curie temperature is the temperature above which the magnetic domains with 

spontaneous magnetization disappear. The separation of the disordered paramagnetic phase on 

the ordered ferrimagnetic phase occurs at this temperature. At Curie temperature, both the 

magnetization and the permeability show a sharp decline [50]. It depends on many factors 

such as type of cations and their site occupancy which in turn depends on synthesis method, 

calcination temperature and grain size [51]. The magnetic super-exchange interaction has the 

direct relation with the Curie temperature in which the strength of the A-B interaction, which 

is the interaction between the antiparallel uncompensated electron spin of A and B sublattices, 

is the most dominant and it is determined by the number of 𝐹𝑒𝐴
3+ − 𝑂2− − 𝐹𝑒𝐵

3+ linkages per 

formula unit [52]. The Curie temperatures obtained from these plots are given in Table 3.13 

and it can be seen from this table that in ‘as prepared’ ferrites, with addition of Mn2+ ions in 

Ni0.7-xMnxZn0.3Fe2O4, first the Curie temperature increases for sample with composition x=0.1 

and with further Mn2+ ions addition it goes on decreasing while in ‘sintered’ ferrites the Curie 

temperature decreases with increase in Mn2+ ions concentration in Ni0.7-xMnxZn0.3Fe2O4, 

except for the sample with composition x=0.6, which shows higher Curie temperature. This 

trend can be explained based on the crystallite size as it has been observed that the higher the 

crystallite size, the higher will be the Curie temperature.  
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                                                                                 Chapter 3: Influence of addition of a magnetic…. 

129 

 

As we have seen that in case of Ni0.7-xMnxZn0.3Fe2O4 ferrites there is more or less continuous 

decrease in crystallite size with increase in Mn2+ ions concentration [Table 3.4] except for 

sample with composition x=0.4 (which shows little increase). Almost the similar decreasing 

trend is observed in the Curie temperatures of Ni0.7-xMnxZn0.3Fe2O4 ferrites with increasing 

manganese concentration except for the last composition of ‘sintered’ ferrites and second 

composition of ‘as prepared’ ferrites, wherein they show little increase. The Curie temperature 

and the saturation magnetization will be lower when the magnetic particles are smaller. Also 

for smaller particles the surface to volume ratio is very high and they have a significant 

fraction of atoms on the surface and because of their lower coordination, their A-O-B 

interactions will be weaker. This will lead to the lowering of the average Curie temperature 

compared to the interior atoms and hence will account for the reduced Curie temperature [53-

54].  

It has been observed in the present study that the ‘as prepared’ ferrites shows higher Curie 

temperatures as compared to the ‘sintered’ ferrites and this can be related to the lattice 

parameter of these ferrites. It has been reported that the lattice parameter and the Curie 

temperature shows the inverse trend. The increase in lattice parameter leads to decrease in the 

super-exchange interactions between the magnetic ions on A and B sublattices which in turn 

results in decrease in Curie temperature. As Mn2+ ion has higher ionic radius it will increase 

the interatomic distance between the magnetic sites. In the present study, it is observed that 

the ‘sintered’ ferrites show higher lattice parameter as compared to the ‘as prepared’ ferrites 

[Table 3.4] which supports the lower Curie temperatures obtained for the ‘sintered’ ferrites 

compared to ‘as prepared’ ferrites and also the increase in lattice parameter with increasing 

Mn2+ ions concentration in Ni0.7-xMnxZn0.3Fe2O4 ferrites [Table 3.4] leads to decrease in the 

Curie temperature with Mn2+ ion substitution [26, 55-56]. 

 3.5.4.2. DC Magnetization Studies 

The magnetic properties of all the ‘as prepared’ and the ‘sintered’ ferrites were studied as a 

function of applied field from -3 to +3 T at 50 K and RT and also as a function of temperature 

from 50 K to 400 K, at a constant applied field of 250, 500 and 1000 Oe. The magnetic 

property of any material depends on the composition, type of cation and its occupancy in 
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different site and the nature of the dopant. The Fig. 3.31 and Fig. 3.32 represent the hysteresis 

loop of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6, 

respectively, at a constant temperature of 50 K and RT, respectively while the Fig. 3.33 and 

Fig. 3.34 represent the hysteresis loop of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFS0.0-0.6, respectively, at a constant temperature of 50 K and RT, respectively. 

The various parameters obtained from these hysteresis loops of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites such as saturation magnetization, coercivity and remanent magnetization are 

presented in Table 3.14.  

 

Fig. 3.31. The plot of magnetization v/s magnetic field of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at 50 K 
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Fig. 3.32. The plot of magnetization v/s magnetic field of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at RT 

 

Fig. 3.33. The plot of magnetization v/s magnetic field of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at 50 K 
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Fig. 3.34. The plot of magnetization v/s magnetic field of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at RT 

It can be observed from these plots that these ferrites show a narrow hysteresis loop indicating 

the soft ferrimagnetism nature of these ferrites. In case of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at 50 K (Fig. 3.31), it can be seen that the saturation 

magnetization goes on increasing with increase in Mn2+ ions concentration upto the sample 

with composition x=0.3 and then with further increase in Mn2+ ions concentration it starts 

decreasing [Table 3.14]. While at RT, it is observed that the saturation magnetization 

decreases with increase in Mn2+ ions concentration (Fig. 3.32) except for sample with 

composition x=0.3 where it shows sudden increase. The shift in the value of the saturation 

magnetization with increasing Mn2+ ions concentration in Ni0.7-xMnxZn0.3Fe2O4 is very 

narrow. In the case of ‘sintered’ ferrites, measured at 50 K and RT, it has been observed that 

with the addition of Mn2+ ions in Ni0.7-xMnxZn0.3Fe2O4, there is an initial decrease in 

saturation magnetization from composition x=0.0 to x=0.1 followed by an increase in the 

same upto composition x=0.3 (NMZFS0.3) and then with further addition of Mn2+ ions in 

Ni0.7-xMnxZn0.3Fe2O4 there is a decrease in saturation magnetization upto x=0.6 (NMZFS0.6). 
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Table 3.14. The Saturation Magnetisation (Ms), Coercivity (Hc),  Remanence (Mr) and 

Blocking temperature (TB) of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 

Composition 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

 

Ms 

(emu/g) 

50 K ‘as prepared’ 94 96 97 107 98 90 80 

‘sintered’ 103 97 107 121 120 108 98 

RT ‘as prepared’ 72 71 71 77 70 63 55 

‘sintered’ 79 73 79 87 85 73 64 

 

Hc (Oe) 

50 K ‘as prepared’ 165 152 170 184 156 135 209 

‘sintered’ 51 44 35 39 35 32 32 

RT ‘as prepared’ 72 58 56 46 36 47 19 

‘sintered’ 33 25 28 18 - - - 

 

Mr 

(emu/g) 

50 K ‘as prepared’ 13 12 16 16 16 13 17 

‘sintered’ 2 4 4 4 4 4 3 

RT ‘as prepared’ 6 5 5 4 4 4 2 

‘sintered’ 2 3 3 2 - - - 

TB (Oe) 250 ‘as prepared’ 347 351 339 304 303 280 257 

‘sintered’ - 300 266 245 183 183 135 

500 ‘as prepared’ 217 220 208 196 182 163 161 

‘sintered’ 302 - - - - - - 

1000 ‘as prepared’ 112 104 97 107 85 88 88 

‘sintered’ - - - - - - - 

 

Similar results are also been reported by other researchers. This type of behaviour may be 

explained based on the cation distribution and the exchange interaction between the iron and 

the manganese ions at the tetrahedral (A) and octahedral (B) sites. As we know that Zn2+ ions 

and Ni2+ ions prefers to occupy tetrahedral and octahedral site, respectively while Fe3+ ions 

and Mn2+ ions doesn’t have specific preference and can occupy both the sites. In most of the 

cases Mn2+ ions prefers to occupy tetrahedral sites whereas at certain cases it can also occupy 
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octahedral site depending upon the synthesis method and its concentration. In the present 

study, the Mn2+ ions are substituted for Ni2+ ions in Ni-Zn ferrites. Since Mn2+ ions will 

occupy tetrahedral site, some of the Fe3+ ions from tetrahedral site will move to octahedral site 

to compensate the Ni2+ ions which are being substituted and are missing from octahedral sites. 

This will increase the concentration of Fe3+ ions at the octahedral sites leading to increase in 

the magnetic moment at the B-sublattices for the lower concentration of Mn2+ ions (till x=0.3). 

With further addition of Mn2+ ions in Ni-Zn ferrites, the concentration of Fe3+ ions at A-site 

decreases which will reduce the A-B interaction experienced by the B-site iron. Also due to 

increase in Fe3+ ions at B-site, the B-B interaction increases and this causes the spin canting 

making the magnetization of the B-sublattice to decrease [27, 47, 49, 57]. As expected the 

saturation magnetization is found to be higher at 50 K due to decrease in the thermal 

fluctuation effects on the magnetic ions at lower temperature [58].  Also the ‘sintered’ ferrites 

are showing the higher saturation magnetization as compared to the ‘as prepared’ ferrites 

[Table 3.14]. The lower value of magnetization for the ‘as prepared’ ferrites can be attributed 

to the existence of random canting of particles surface spins caused by competing 

antiferromagnetic exchange interactions due to asymmetry in the environment of these spins. 

Also the researchers have claimed that lower magnetization may be due to non-saturation 

effects because of random distribution of the small particles with enhanced value of 

magnetocrystalline anisotropy [59]. It has been reported that the saturation magnetization 

increases with increase in particle size, so the higher value of magnetization for the ‘sintered’ 

ferrites can be attributed to the higher particle size of these ferrites [49, 60]. 

 The coercivity of a material depends on many factors such as magnetocrystalline anisotropy, 

micro-strain, morphology, size distribution, shape anisotropy and magnetic domain size [47].  

The coercivity measurement shows that ‘as prepared’ Ni-Zn ferrites are showing higher 

coercivity as compared to the ‘sintered’ ferrites [Table 3.14]. This can be attributed to the 

porosity of these materials. The porosity affects the magnetization process as the pores act as 

the generator of the demagnetizing field and thus hinders the free movement of the domain 

walls during the magnetization process. As the consequence of this, the effective magnetic 

field applied to the material is reduced. Thus as the porosity is decreased, high field is needed 

to push the domain wall which results in the coercivity decrease [47, 57, 61-62]. Also, higher 
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coercivity can be attributed to the lower particle size of ‘as prepared’ ferrites. As we know that 

sintering increases the particle size and the particles with higher size exhibits lower porosity. 

The number of domain walls present in bigger grains is more and the phase lag between the 

domain rotation and the applied field is more than the applied field and domain wall 

displacement. As a result the magnetization/demagnetization requires more energy if it is due 

to domain wall rotation as compared to domain wall displacement and as a result the ‘sintered’ 

ferrite samples have lower coercivity [31, 60, 63]. As expected, the coercivity of both ‘as 

prepared’ and ‘sintered’ ferrites in the present study was found to be higher at lower 

temperature, i.e. at 50 K than at RT. This trend is in accordance with the reported data [64]. 

The increase in the coercivity with decreasing temperature indicates that there is an increase in 

the effective anisotropy with decreasing temperature. At lower temperature, frozen spin-glass 

like surface spins are strongly pinned with ordered core spins by exchange interactions and 

hence extra energy is needed to switch the core spins and thus coercivity increases for lower 

temperature [65-67]. There is no trend observed in coercivity with increase in the Mn2+ ions 

concentration for both ‘as prepared’ as well as ‘sintered’ Ni-Zn ferrites. The coercivity of the 

‘sintered’ ferrite samples with composition x=0.4-0.6 was very negligible at RT and we were 

unable to measure it.  

The Table 3.14 shows very low value of remanent magnetization for both ‘as prepared’ as 

well as ‘sintered’ Ni-Zn ferrites measured at RT and also for ‘sintered’ ferrites measured at 

50K. However, the ‘as prepared’ ferrites measured at 50 K showed higher remanence 

compared to rest. The ‘sintered’ ferrites with composition x=0.4-0.6, showed negligible 

remenance at RT which is also the trend for these samples in their coercivity studies. 

The temperature dependence of magnetization was studied from 50 K to 400 K at a constant 

applied field of 250, 500 and 1000 Oe for both ‘as prepared’ and ‘sintered’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6 and NMZFS0.0-0.6, 

respectively and the plots of the same are presented in Fig. 3.35 to Fig. 3.40. The zero field 

magnetization (ZFC) and the field cooled magnetization (FC) measurements were carried out 

of all the ferrite samples. In case of ZFC measurement, the sample was first cooled to 50 K 

without applying any field and once the sample attains the 50 K, the field was applied and 
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then the sample was heated from 50 K to 400 K. The measurements were done during the 

heating cycle while in case of FC measurement, the ferrites were cooled in presence of the 

applied field and then the samples were heated also in presence of applied field. In the case of 

FC magnetization also, the measurements were done during the heating cycle. The Fig.3.35-

3.37 represent the plots of magnetization v/s temperature of ‘as prepared’ ferrites at a constant 

applied field of 250, 500 and 1000 Oe, respectively while Fig. 3.38-3.40 represent the plots of 

magnetization v/s temperature of ‘sintered’ ferrites at a constant applied field of 250, 500 and 

1000 Oe, respectively. From the plots of ‘as prepared’ ferrites it can be seen that in the case of 

ZFC measurements, first the magnetization increases, attains a maximum and then starts 

decreasing again while in the case of FC measurement, there is a continuous decrease in 

magnetization as the temperature is increased. The maxima obtained in the ZFC magnetization 

is called as the blocking temperature (TB) and the blocking temperature obtained for all the 

ferrite samples are reported in Table 3.14. The blocking temperature is the measure of the 

thermal energy required to overcome the superexchange transition and is defined as the 

temperature at which the nanoparticles do not relax during the time of measurement [68]. The 

temperature at which the FC and ZFC curve bifurcates is called as the irreversible temperature 

(Tirr) and it correspond to the blocking temperature of the largest nanoparticle in the system. 

At blocking temperature, the magnetic anisotropy energy barrier of the single domain 

nanoparticle is overcome by the thermal energy and then the spins fluctuate randomly above 

TB [65]. The broad peaks obtained in case of these ferrites indicate the wide distribution of the 

particle sizes. Generally, in an ideal monodispersed system, TB and Tirr occur at a same 

temperature and are sensitive to the applied magnetic field as well as the size distribution of 

the particles. However this observed difference in the Tirr and TB in the present studies can be 

related to the spin-spin or cluster-spin type of interaction [69]. The anisotropy field play a 

significant role during determination of both the FC and ZFC magnetization. The 

magnetocrystalline anisotropy aligns the spins in the preferred direction.  
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Fig. 3.35. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 250 Oe

 

Fig. 3.36. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 500 Oe 
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Fig. 3.37. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 1000 Oe 

In case of ZFC measurements, the sample attains the lower temperature without applying any 

field and when a small field is applied at this lower temperature the magnitude of the 

magnetization will depend on the magnetic anisotropy of that material.  If the sample has very 

low anisotropy then the small applied field will be sufficient to rotate the spins in the direction 

of the applied magnetic field and as a result the magnetization will be very large and the 

difference between the ZFC and FC curve will be very low and the FC curve will show almost 

constant magnetization. But if the anisotropy is very high then the FC magnetization will 

increase with decreasing temperature. The observed decrease in magnetization with increasing 

temperature during FC measurement in our studies suggests that these ferrite samples have 

very high anisotropy [70]. 

It can be seen from figures that with increase in the applied field, the TB and also Tirr, shift 

towards the lower temperatures. This occurs because both the thermal agitation and applied 

magnetic field contribute to overcoming the magnetic anisotropy in the samples [71]. The 

blocking temperature was found to decrease with increase in Mn2+ ion concentration in Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) at both 250 and 500 Oe except for sample with composition 
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x=0.1 which shows slight increase in blocking temperature. In case of the measurements 

carried out at 1000 Oe some deviations are observed in the trend. The Tirr is also found to 

decrease with increase in Mn2+ ions concentration in Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites. 

It has been reported that the magnetic interactions such as dipole-dipole interactions between 

the particles and exchange interactions between the surface spins and the core spins of the 

nanoparticles plays a significant role in determining the magnetic property of the particles. 

The stronger dipole interaction also leads to increase in the blocking temperature. Also, the 

reduction in magnetic anisotropy at higher Mn2+ ions concentration in Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites leads to weakening of dipole interactions resulting in decrease in the 

blocking temperatures [65, 72].   

 

Fig. 3.38. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 250 Oe 



                                                                                 Chapter 3: Influence of addition of a magnetic…. 

140 

 

 

Fig. 3.39. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 500 Oe 

 

Fig. 3.40. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites measured at a constant field of 1000 Oe 
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In the case of ‘sintered’ ferrites, it was possible to measure the blocking temperature only at 

250 Oe, in the present study. In the measurements carried out at 500 and 1000 Oe, it was 

observed that in case of ZFC measurements also, the magnetization goes on decreasing with 

increase in the temperature except for ferrite sample with composition x=0.0 (NMZFS0.0) at 

500 Oe (Fig. 3.39) wherein it was possible to determine TB. It has been reported that when the 

applied field is very much greater than the coercivity, then all the magnetic moments 

overcome the magnetocrystalline energy and thermal energy and orient themselves in the 

direction of the applied field which vanishes the difference between the FC and ZFC curves 

and hence the blocking temperature is not observed [69]. Also, for ferrite samples measured at 

250 Oe and for one ferrite sample with composition x=0.0 measured at 500 Oe, the Tirr was 

not observed. In these samples up to 400 K, the ZFC and FC curve did not meet. The 

bifurcation of the FC-ZFC curves throughout the temperature measured indicates that 

although the samples are chemically homogenous, they are not magnetically homogenous. 

This may be the indication of the presence of magnetic cluster phase in the system [66]. The 

Tirr was found to decrease with increase in applied field. The disappearance of the curve 

occurs in case of the ZFC measurements while the Tirr is still observed at high field. This high-

field irreversibility in ZFC and FC magnetization curve can be related to the spin-glass like 

behaviour. The disordered surface spins in the core-shell ferrite nanoparticles results in spin-

glass like behaviour in surface layer. The broken exchange bonds between the surface spins 

and the translational symmetry breaking of the lattice are the major reasons for the origin of 

the spin-glass like phase of disordered surface spins [65]. 

3.6. Summary 

The synthesis of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites was successfully carried out using 

the precursor-combustion method in which the fumarato-hydrazinate was used as the ligand. 

The precursors prepared in the present study was Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-

0.7) and its formation was confirmed using various techniques. The C, H, N analysis, TG-

DTG-DTA, hydrazine estimation, IR studies and isothermal mass loss studies along with total 

mass loss studies were used to confirm the formation of these precursors. Since the precursors 

had a short shelf life, their characterization was done quickly after their synthesis and then a 
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burning splinter was used to burn these precursors to obtain the desired ferrites. Once the 

ferrites were formed, their characterization was done by employing various techniques. The 

sintering of these ferrites was carried out at 1100 0C for 1h after optimizing the sintering 

temperatures. The ferrite with composition x=0.7 was tried to prepare but we were unable to 

prepare it in a single phase. The XRD spectra were recorded of both the ‘as prepared’ and 

‘sintered’ ferrites and along with the IR spectra, helped in confirming the formation of single 

cubic spinel phase ferrites. From these XRD pattern, the various parameters like lattice 

parameter, density, porosity along with the crystallite size were calculated. The chemical 

analysis of the ‘as prepared’ ferrites was done which confirmed the formation of these ferrites 

with desired stoichiometry. The TEM and SEM techniques were employed to determine the 

morphology of these ferrites along with the EDS technique which helped in ruling out the 

presence of any impurity. The SAED pattern confirmed the crystalline nature of the ‘as 

prepared’ ferrites. The surface area of the ‘as prepared’ ferrites was calculated using the BET 

technique and the increase in the surface area was observed with increase in the Mn2+ ions 

concentration in Ni-Zn ferrites. The XPS studies helped in confirming the valence states of the 

different ions present in these ferrites. The Mössbauer spectra helped in ruling out the 

presence of any Fe2+ ions in these ferrite samples. 

The solid state properties of all the ‘as prepared’ and ‘sintered’ ferrites were studied. The 

different studies carried out on these samples include the electrical resistivity, dielectric, 

magnetic along with the initial permeability studies. The electrical resistivity studies helped in 

confirming the semiconducting behaviour of these ‘as prepared’ and ‘sintered’ ferrites. The 

dielectric studies were carried out versus varying frequency at RT and varying temperature at 

a constant frequency. These studies showed the normal behaviour as expected for the ferrites. 

The inverse behaviour of the dielectric and resistivity was also observed in these ferrites. The 

initial permeability studies were also carried out which helped in understanding the usefulness 

of these ferrites in the devices. The Curie temperatures of all the ‘sintered’ ferrites were 

determined using this technique as well as using the AC susceptibility technique.  The AC 

susceptibility technique was also used to determine Tc of the ‘as prepared’ ferrites along with 

the ‘sintered’ ferrites. The AC susceptibility technique also helped in understanding the nature 

of the particles present in these ferrites. The magnetization studies were carried out by varying 
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the applied field and also by varying the temperature by keeping the applied field constant. 

The hysteresis loop observed of these ‘as prepared’ and ‘sintered’ ferrites confirmed the soft 

ferrimagnetism of this material. The various parameters like saturation magnetization, 

coercivity, remanent magnetization were determined of these ferrites at 50 K and at RT. The 

ZFC and FC measurements were carried out at a fixed applied field of 250, 500 and 1000 Oe. 

The variation of all these different properties were studied by varying the Mn2+ ions 

concentration in Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites as well as by sintering these ferrites 

and the results obtained were discussed in this chapter. 
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4.1. Introduction 

Spinel ferrites are industrially important materials due to their unique properties like high 

resistivity, low dielectric loss, low eddy currents and interesting magnetic properties. The 

properties of ferrites are sensitive to many factors such as method of synthesis, dopant 

concentration, sintering temperature and duration of sintering. Some of the studies on 

ferrites claim that the substitution of a reasonable amount of ions with magnetic nature, 

improves the magnetization, in which the correlation between strength of magnetic 

interaction between magnetic ions and magnetism fully depends on the cations substituted 

in different sites. But literature survey presented in chapter 1 also suggested that the non-

magnetic dopants added to the ferrite lattice can also change the magnetic properties of 

that ferrite drastically. The substitution of magnetic ions by non-magnetic ions in a 

controlled manner can improve the magnetic properties of the spinel ferrites while the 

substitution with high concentration of diamagnetic ions can result in decrease in 

magnetic properties.  The magnetic properties are also sensitive to the surface to volume 

ratio as well as particle size. The particle size and surface to volume ratio is more 

prominent at the surface of nanoparticles as it contributes to a disorder due to broken 

bonds and breaking of lattice symmetry at the surface. It is therefore, well known that 

nanoparticles behave differently than the bulk materials. 

The Nickel zinc ferrites are important among the spinel ferrites and hence have been 

synthesized and characterized extensively. The importance is because of its huge 

technological applications which are due to their low eddy current loss, high resistivity 

and high permeability at high frequency. It has been known that when a magnetic ferrite 

such as Ni-Zn ferrite is diluted with non-magnetic ions, it can change the magnetic, 

dielectric and electrical properties of this ferrite.  For example, the replacement of few 

Fe3+ ions by Al3+ ions in Ni-Zn ferrites can increase resistivity, lower dielectric losses and 

decrease saturation magnetization.  

With the above literature findings in mind, the ferrite series having the composition 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) was synthesized by combustion method after optimisation. 

The best oxidiser to fuel ratio was determined first and then the ferrite series was prepared.  
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4.2. Optimization of the combustion method of synthesis   

As described in Chapter 2, the optimization of the combustion method was carried out by 

synthesizing the compound with the middle composition in the series i.e. Ni0.7Zn0.3Fe1.7Al0.3O4 

with 10 different oxidiser to fuel (O:F) ratios. The oxidizers used in present study are the 

metal nitrates (Ni(NO3)3.6H2O, Zn(NO3)3.6H2O, Al(NO3)3.9H2O, Fe(NO3)3.9H2O) and the 

fuel used is malic acid. The ratios selected for the same are given in Table 4.1.  

Table 4.1. The amount of different metal nitrates and the fuel taken and the oxidizer: fuel 

ratio taken for the optimization of combustion method 

Sr. 

No 

Ni(NO3)2.6H2O Zn(NO3)2.6H2O Fe(NO3)3.9H2O Al(NO3)3.9H2O C4H6O5 O:F 

1 2.4430 1.0712 8.2428 1.3507 7.37 1:1.53 

2 2.4430 1.0712 8.2428 1.3507 6.7 1:1.39 

3 2.4430 1.0712 8.2428 1.3507 6.03 1:1.25 

4 2.4430 1.0712 8.2428 1.3507 5.36 1:1.11 

5 2.4430 1.0712 8.2428 1.3507 4.69 1:0.97 

6 2.4430 1.0712 8.2428 1.3507 4.02 1:0.83 

7 2.4430 1.0712 8.2428 1.3507 3.35 1:0.69 

8 2.4430 1.0712 8.2428 1.3507 2.68 1:0.56 

9 2.4430 1.0712 8.2428 1.3507 2.01 1:0.42 

10 2.4430 1.0712 8.2428 1.3507 1.34 1:0.28 

 

The main aim of optimizing this method was to prepare the ferrite with a single phase and also 

with lower particle size, as the particles with smaller size plays an important role in many 

applications. As can be seen from Table 4.1, that the smaller O:F ratios as well as higher 

oxidiser to fuel ratios were used to synthesize Ni0.7Zn0.3Fe1.7Al0.3O4. The XRD patterns of all 

these ferrites with different O:F ratios were recorded before as well as after calcination and the 

same are shown in Fig.4.1(A-G). Although, none of the XRD patterns of ferrites showed 

presence of any impurity, the lowest ratio i.e. 1:0.28 was selected for synthesizing the main 

series as it showed broad peaks with lowest intensity. In case of higher fuel ratios, it can be 
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observed from XRD patterns that they have relatively sharper peaks even before calcination 

compared to lower concentration ratios, indicating formation of bigger particles in them. So, 

the lower O:F ratio of 1:0.28 was selected so that it gives smaller particle size ferrites.  

A B 

C D 

E F 
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Fig. 4.1 (A-J). The XRD patterns of Ni0.7Zn0.3Fe1.7Al0.3O4 (before and after calcination) 

prepared by varying oxidizer: fuel ratio 

4.3. Synthesis of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) by combustion method using malic acid 

as a fuel 

The detail synthesis of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) is discussed in detail in Chapter 2 

section 2.3.2, while the optimization of the combustion synthesis is detailed in section above. 

The metal nitrates i.e. Ni(NO3)3·6H2O, Zn(NO3)3·6H2O, Fe(NO3)3·9H2O and Al(NO3)3·9H2O 

were used as oxidisers while malic acid was used as the fuel. The reaction taking place 

between the oxidizer and the fuel can be described as follows: 

0.7Ni(NO3)3·6H2O + 0.3Zn(NO3)3·6H2O + (2-x)Fe(NO3)3·9H2O + xAl(NO3)3·9H2O + 

yC4H6O5 → Ni0.7Zn0.3Fe2-xAlxO4 + 4yCO2 + 4.5N2 + zH2O 

G H 

I J 
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A huge amount of gases is released during this reaction leading to porous nature of the 

ferrites. In the following sections, detail characterization of the ‘as prepared’ as well as 

‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites is discussed along with the studies of their 

solid state properties. 

4.4. Characterization of the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites 

4.4.1. Chemical Analysis 

Before carrying out measurement of any property, the primary characterization for any 

material should be its chemical analysis in order to confirm the stoichiometry predicted. The 

ICP-AES technique was employed to estimate the percentage of metal ions present in ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites. The results obtained are given in Table 4.2 

and the same were matched with the theoretical percentages. It was observed that the 

theoretical and the experimental percentages of metal ions present in all the ferrite samples 

matched very well with each other confirming the predicted formula of all the ferrite samples. 

Table 4.2. The theoretical and experimental percentages of the different metal ions present in 

‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

Compo

sition 

Al3+ (%) Fe3+ (%) Ni2+ (%) Zn2+ (%) 

Theore

tical 

Experi

mental 

Theore

tical 

Experi

mental 

Theore

tical 

Experi

mental 

Theore

tical 

Experi

mental 

0.0 - - 47.25 47.54 17.38 17.55 8.30 8.7 

0.1 1.16 1.09 45.44 46.31 17.59 18.49 8.40 8.79 

0.2 2.34 2.22 43.59 44.50 17.81 18.61 8.51 9.3 

0.3 3.55 3.21 41.69 42.29 18.04 18.33 8.62 8.68 

0.4 4.80 4.40 39.74 40.62 18.27 18.88 8.73 8.88 

0.5 6.08 5.44 37.74 37.89 18.51 18.62 8.84 9.32 

0.6 7.39 6.45 35.69 36.28 18.75 19.27 8.96 9.17 
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4.4.2. Structural Characterization 

The phase purity of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites was checked and confirmed from their XRD patterns shown in Fig. 4.2 and 4.3, 

respectively. The diffraction peaks like 220, 311, 222, 400, 422, 333, 440, 622 confirms the 

formation of single phase cubic spinel structure without any impurity indicating use of malic 

acid as a fuel for the synthesis of impurity free ferrites was the right choice. The lattice 

parameter, measured and theoretical (x-ray) density, porosity and crystallite size of ‘as 

prepared’ and ‘sintered’ ferrites were calculated from the XRD data and are presented in 

Table 4.3. It is observed from the XRD data that the lattice parameter and X-ray density 

decrease with increase in aluminium concentration which is in accordance with the reported 

data [1-3]. The reason for this decrease in lattice parameter is that the ionic radius of  Al3+ 

(0.55Å) is smaller as compared to the ionic radius of Fe3+ (0.67Å) while decrease in X-ray 

density with increasing aluminium content is due to lower molar mass of Al3+ (26.98gmol-1) 

compared to Fe3+ (55.85gmol-1) [1].  

From Fig. 4.2 and 4.3, it is clearly observed that the sharpness of the diffraction peaks 

increases on sintering. The broad peaks in case of ‘as prepared’ ferrites is indicative of smaller 

particle size of these ferrites as compared to the ‘sintered’ ferrites which can be clearly 

observed from Table 4.3. Also, the measured density of the ferrites increases leading to 

decrease in porosity on sintering. The crystallite size of ‘as prepared’ ferrites is found to vary 

from 17-21 nm while in case of ‘sintered’ ferrites it varies from 44-56 nm. The increase in 

crystallite size is on expected lines due to sintering of particles. There is no clear-cut decrease 

or increase in the lattice parameter on sintering, it varies from 8.27-8.37 Å. 
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Fig. 4.2. The XRD patterns of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

 

Fig. 4.3. The XRD patterns of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 
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Table 4.3. The Lattice parameter, measured and theoretical density, porosity and crystallite 

size calculated from the XRD patterns of ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites 

Compo

sition 

(x) 

Lattice 

parameter 

(Å) 

Measured 

density 

(g/cm3) 

Theoretical 

density 

(g/cm3) 

Porosity  

(%) 

Crystallite 

size (nm) 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

‘as 

prepa

red’ 

‘sinte

red’ 

0.0 8.370 8.369 2.997 3.353 5.355 5.357 44 37 21 56 

0.1 8.352 8.362 2.896 3.448 5.324 5.305 46 34 19 45 

0.2 8.338 8.344 2.860 3.339 5.285 5.273 46 37 21 52 

0.3 8.325 8.326 2.728 3.275 5.243 5.240 48 38 19 47 

0.4 8.317 8.310 2.635 3.222 5.192 5.205 49 38 16 44 

0.5 8.292 8.288 2.656 2.904 5.171 5.178 49 44 17 45 

0.6 8.278 8.282 2.710 2.973 5.130 5.122 47 42 17 44 

 

4.4.3. IR Studies 

The IR spectra of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

are shown in Fig. 4.4(A&B), respectively.  In spinel ferrites, the higher frequency band 

observed in the range of 650-550 cm-1 is assigned to stretching vibrations of metal ion-oxygen 

(Mtetra–O) complexes at the tetrahedral site and the lower frequency band observed in the 

range of 450-380 cm-1 is assigned to stretching vibrations of metal ion-oxygen (Mocta–O) 

complexes at the octahedral site. In the present investigation also, IR spectra of all the ferrites 

show two broad peaks as described above. In the case of ‘as prepared’ ferrites the stretching 

vibrations of metal ion-oxygen observed at the octahedral site and the tetrahedral site are 

found to be between 407-408 cm-1 and 584-586 cm-1, respectively while in the case of 

‘sintered’ ferrites, the same are observed from 408-441 cm-1 and 596-655 cm-1, respectively 
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which confirms the formation of the spinel ferrites [4] at 500 0C. It has been found that on 

sintering the IR peaks shifts towards higher wavenumber. 

 

Fig. 4.4(A&B). The IR spectra of ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites, respectively 

4.4.4. Raman Spectroscopy Studies 

Raman spectroscopy is a non-destructive technique and plays an important role in material 

characterization, as it is sensitive towards structural disorder. It has been found in certain 

cases that the concentration of the metal cation in some mixed ferrites lead to the structural 

deformation in the unit cell without leading to any change in its spinel structure as a whole. 

These structural changes in the spinel ferrites caused due to, either the lighter or the heavier 

metal cation, influences the lattice vibrations strongly. The IR and Raman absorption bands 

appear mainly due to the vibrations of the oxygen ions with the cations producing various 

frequencies of the unit cell [5].   

A B 
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Fig. 4.5. The Raman spectra of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

The Raman measurement of all ‘as prepared’ as well as ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites having codes as NAZFA0.0-0.6 and NAZFS0.0-0.6, respectively, were carried 

out from 100-1000 cm-1 at room temperature and are shown in Fig. 4.5 and Fig. 4.6, 

respectively. From Fig.4.5, we can see that it shows the Raman spectra of all the ‘as prepared’ 

ferrites with five peaks in the regions 180-197, 323-333, 473-490, 562-569 and 690-705 cm-1. 

In Fig 4.6, the Raman spectra of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites also shows 

5 peaks, out of which 3 peaks are very prominent which are in the range of 686-714, 471-489 

and 314-335 cm-1, while two very minute peaks are observed between 541-580 and 190-205 

cm-1.  All the synthesized ferrites in the present study showed a single phase cubic spinel 

structure, which belongs to the space group Fd3m. The full unit cell of cubic symmetry 

contains 56 atoms but the smallest Bravais lattice contains only 14 atoms. Therefore, 42 
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vibrational modes are possible. Group theory predicts the following phonon distribution: 5T1u 

+ A1g + Eg + 3T2g. Out of which, 5T1u modes are IR active and the rest 5 modes i.e.  A1g, Eg 

and 3T2g are Raman active [6].  

 

Fig. 4.6. The Raman spectra of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

Here, A is for one-dimensional representation, E for two dimensional and T for three 

dimensional representations and g denote the symmetry with respect to the centre of inversion. 

The space group Fd3m contains the inversion centre and therefore there is a mutual exclusion 

of Raman and IR activities for the same vibrational mode. The Raman modes at higher 

frequency i.e. above 600 cm-1 corresponds to A1g due to the symmetric stretching of oxygen 

in tetrahedral sites while the symmetric and antisymmetric bending of oxygen ion in metal- 

oxygen bond in octahedral site (corresponding to Eg and 3T2g) is observed at a lower 

frequency [5, 7-8]. From Fig. 4.5 and 4.6 we can see that all these five peaks are present in all 

Raman spectra of ferrites confirming the formation of the single phase ferrites. The bands in 



                                                                                    Chapter 4: Influence of addition of a non-magnetic…. 

 
 

163 
 

case of NAZFA0.5 and NAZFA0.6 are comparatively broader than the remaining most of the 

samples. This may be because the crystallite sizes of these two ferrites are relatively smaller 

than the most of the other ferrites, as can be seen from the XRD patterns and this leads in 

broadening of the peaks. The same type of behaviour has been explained by M. Chitra et al. 

[7] for their ‘as prepared’ and ‘annealed’ cobalt ferrite nanoparticles.  

Though in ‘as prepared’ ferrites there is no clear trend as such is observed but in the case of 

‘sintered’ ferrite there is a clear increase in the value of Raman shift as the Al3+ concentration 

is increased. This may be related to the decrease in the lattice parameter, as it has been 

reported previously by the researchers that if the unit cell of the compound increases than the 

vibration frequency of the Raman modes decreases [9]. In the present study, there is a 

decrease in the lattice parameter and hence the unit cell volume also decreases with increase in 

Al3+ concentration which justifies the increase in the values of Raman shift. It can also be 

related to the decrease in atomic mass of Al as compared to Fe [5]. 

4.4.5. Morphological Studies 

4.4.5.1. Transmission Electron Microscopy Studies 

The TEM images of all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites coded as 

NAZFA0.0-0.6, respectively were recorded along with their SAED pattern and are depicted in 

Fig. 4.7. It can be seen from these images that all the samples show more or less spherical 

shape with not much agglomeration. and the average particle size varies from 9-16 nm. The 

distribution of particles ranges from 5-45 nm. The concentric rings with bright spots formed in 

the SAED pattern confirm the formation of the polycrystalline material.  
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Fig. 4.7. The TEM images of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

4.4.5.2. Scanning Electron Microscopy and Electron Diffraction Spectroscopy Studies 

The SEM images of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6 and NAZFS0.0-0.6, respectively, were recorded along with 

their EDS spectra and the same is depicted in figures 4.8(A-G) and 4.9(A-G), respectively 

along with the particle size distribution histogram. From the SEM images of NAZFA0.0-0.6 

ferrites (Fig.4.8A-G) we can clearly see the compact fitting of the particles due to their 

nanosized nature. These particles which grow in size upon sintering, also gets agglomerated as 

clearly visible in NAZFS0.0-0.6 ferrite samples. The particles distribution approximately 

ranges from 10-200 nm with an average particle size of 47, 56, 54, 66, 38, 43 and 26 nm for 

NAZFA0.0, NAZFA0.1, NAZFA0.2, NAZFA0.3, NAZFA0.4, NAZFA0.5 and NAZFA0.6, 

respectively. It must be noted here that the higher particle size mentioned here (compared to 
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TEM) is due to limitations of SEM technique in measuring accurately the actual size of 

nanosize particles when their size is less than 50 nm. In the case of ‘sintered’ ferrites i.e. 

NAZFS0.0, NAZFS0.1, NAZFS0.2, NAZFS0.3, NAZFS0.4, NAZFS0.5 and NAZFS0.6 

(Fig.4.8A-G), the average particle size is 178, 186, 120, 100, 147, 147 and 115, respectively. 

In this case, i.e. in sintered ferrites the particle size distribution ranges from approximately 50-

600 nm. 

C 
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Fig. 4.8(A-G). The SEM images, histogram of particle size distribution and EDS spectra 

along with elemental composition of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 -0.6) ferrites 
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Fig. 4.9(A-G). The SEM images, histogram of particle size distribution and EDS spectra 

along with elemental composition of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 -0.6) ferrites 

From the EDS spectra, it is revealed that all the constituent elements i.e. Ni, Zn, Al and Fe are 

present in all the ‘as prepared’ (Fig. 4.8A-G) as well as ‘sintered’ (Fig. 4.9A-G) Ni0.7Zn0.3Fe2-

xAlxO4 ferrites. The EDS spectra do not show presence of any impurity peaks. The unlabelled 

peaks are due to Au and Pd which is sputtered on the ferrite samples before measurement for 

better conduction. It is clearly visible from these spectra that as the aluminium concentration 

is increased the peak corresponding to Al is increasing while the peak corresponding to Fe is 
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decreasing confirming the substitution of the iron by aluminium. The data obtained from the 

EDS spectra of ferrites also confirms the stoichiometry in both, i.e. ‘as prepared’ as well as 

‘sintered’ ferrites. Only iron shows little higher percentage which might be due to the lower 

percentage of oxygen on the surface. 

4.4.6. X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy measurement of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0, 0.3 and 0.6) ferrites was carried out in order to confirm the oxidation state of the 

respective metal ions. As we know that XPS is a surface characterization technique using 

which the chemical state of metal ions can be found out along with their composition by 

determining the binding energies. First and foremost the full survey scan of the ferrite samples 

was carried out in order to know the constituents of the compound. These survey scans which 

are shown in Fig. 4.10, 4.11 and 4.12 for NAZFA0.0, NAZFA0.3 and NAZFA0.6, 

respectively, indicate absence of any impurity except carbon. All the constituent elements are 

present in all the three ferrite samples. 

The deconvoluted spectra of Fe 2p, Ni 2p, Zn 2p and O 1s of NAZFA0.0 and Al 2p, Fe 2p, Ni 

2p, Zn 2p and O 1s of NAZFA0.3 as well as of NAZFA0.6 is shown in Fig. 4.10, 4.11 and 

4.12, respectively and the data obtained by interpretation of these spectra is compiled in Table 

4.4. It can be seen in Fig. 4.11 and 4.12, that Al 2p peak is observed at the binding energy of 

73.2 and 73.35 eV in case of NAZFA0.3 and NAZFA0.6, respectively which matches with the 

reported data [10] confirming the oxidation state of Al3+. The XPS spectra of Fe 2p show six 

peaks corresponding to Fe 2p3/2 and Fe 2p1/2 including satellite peaks. The main peaks are 

observed at 710.4-710.65, 712.75-713.35, 724.05-724.15, 726.65-727.35 eV with the satellite 

peaks at 718.15-718.4 and 732.4-733.35 eV confirming that iron is in +3 oxidation state. Out 

of this, the first two peaks along with the satellite peak at 718 eV correspond to Fe3+ 2p3/2 and 

the next two peaks with the satellite peak at 732 eV correspond to Fe3+ 2p1/2. It has been 

reported that the peak at around 710 and 724 eV is due to the occupancy of iron in octahedral 

site while the peak at 712 and 726 eV is due to the occupancy of iron in tetrahedral site. This 

confirms the formation of mixed ferrite in which Fe is present in both the site with +3 

oxidation state and rules out the presence of any Fe2+ ions [11-12]. 
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Fig.4.10: The Survey scan and the deconvoluted peaks of Ni2p, Zn2p, Fe2p and O1s of ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0) 
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Fig. 4.11. The Survey scan and the deconvoluted peaks of Ni2p, Zn2p, Fe2p Al2p and O1s of ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.3) ferrites 
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Fig. 4.12. The Survey scan and the deconvoluted peaks of Ni2p, Zn2p, Fe2p Al2p and O1s of ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.6) ferrites 
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Table 4.4. The binding energies of Al, Fe, Ni, Zn and O obtained by deconvolution of XPS peaks of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0/ NAZFA0.0, 0.3/ NAZFA0.3 and 0.6/ NAZFA0.6) ferrites 

Com

posit

ion 

(X) 

 

Binding energy (eV) 

Al3+ 

2p 

Fe
3+

 

2p
3/2

 

(Oct) 

Fe
3+

2p

3/2
 

(Tetra

) 

Sat. of 

Fe
3+

2p

3/2
 

Fe
3+

2

p
1/2 

 

(Oct) 

Fe
3+

2p

1/2
 

(Tetra

) 

Sat. 

Of 

Fe
3+

2p

1/2
 

Ni
2+

 

2p
3/2

 

Sat. of 

Ni
2+

2p

3/2
 

Ni
2+

2

p
1/2 

 

Sat. 

Of 

Ni
2+

2p
1/2

 

Zn
2+

2

p
3/2

 

Zn
2+

2

p
1/2

 

O1s 
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From the XPS spectra of Ni2p, it can be seen that the two main peaks at 854.75-854.95 and 

872.35-872.7 eV corresponds to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively. The corresponding 

satellite peaks are observed at 860.65-861 and 878.55-878.7 eV, respectively [12]. The 

absence of any shoulder peak near 854.95 eV that is about 1.2 eV away from main peak, rules 

out the formation of NiO [13]. The binding energy difference between Ni2p3/2 and Ni2p1/2 of 

17.6-17.75 eV, confirms the formation of nickel in +2 oxidation state [14]. The presence of 

core level peak at around 854 eV, confirms the presence of Ni in octahedral site [12]. 

The XPS core level spectra of Zn 2p shows two peaks. One at 1020.9-1021.15 eV and the 

other at 1044.05-1044.3 eV, indicating presence of Zn in +2 oxidation state corresponding to 

Zn2+ 2p3/2 and Zn2+ 2p1/2, respectively. The presence of these two peaks at this binding energy 

confirms that Zn is present in the tetrahedral site and not in octahedral site [15-18]. The XPS 

core level spectra of O1s shows two peaks, one at 529.45-529.6 and 531-531.2 eV 

corresponding to the oxygen in the spinel structure i.e. lattice oxygen and the other is due to 

the defects present in the structure or due to the surface adsorbed oxygen, respectively 

confirming the presence of oxygen species in the ferrite [11,19]. 

4.4.7. BET surface area measurement 

The BET surface area was calculated using the N2 adsorption-desorption isotherm which were 

measured at 77 K. The calculated surface area of all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites is presented in Table 4.5 while the isotherms are shown in Fig. 4.10. Based 

on the shape, using the IUPAC nomenclature [20], it can be seen from Fig.4.13 that all ferrite 

sample shows type IV isotherm with H3 type of hysteresis loop suggesting that these samples 

have mesopores with narrow slit shape. Generally, this type of hysteresis loop is observed in 

solids having agglomerates of particles. The characteristic feature of this isotherm is its 

hysteresis loop which arise when adsorption and desorption curve do not coincide and is 

associated with the capillary condensation taking place in the mesopores. The initial part 

where the adsorption and desorption curve are coincident, is attributed to the monolayer-

multilayer adsorption. These features confirm the mesoporous nature of the synthesized 

material. Generally, the porous material is classified into three categories depending upon 

their pore structure viz. micropore when the pore diameter is < 2 nm, mesopore when the pore 
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diameter is between 2-50 nm and macropore when the pore diameter is > 50nm. The 

hysteresis loop occurs at a relative pressure (P/P0) of 0.48, 0.58, 0.66, 0.75, 0.70, 0.72, 0.68 to 

1.0 in case of x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 in Ni0.7Zn0.3Fe2-xAlxO4, respectively. 

Although the type of the isotherm does not change with the change in composition of the 

ferrite but the amount of N2 adsorbed goes on increasing with increase in Al3+ composition up 

to x=0.4 and starts decreasing with further increase in Al3+ concentration [21-29]. From Table 

4.5, we can observe that the surface area of the ferrite samples ranges from 30.3-59.5 m2/g. 

The surface area is found to increase with increase in aluminium doping except in case of 

NAZFA0.5 sample wherein it suddenly decreases. The highest surface area is shown by 

NAZFA0.6 which has also shown the lowest particle size calculated from SEM images and 

also the lowest crystallite size calculated using the XRD data. The ferrites, NAZFA0.4 and 

NAZFA0.6 which are showing the specific area of ~55 and 60 m2/g are also showing the 

superparamagnetic behaviour, which has been explained later in the text below. 

Table 4.5. The BET surface area of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

calculated using the multipoint BET measurement 

Composition (x) Surface area (m2/g) 

0.0  (NAZFA0.0) 30.360 

0.1   (NAZFA0.1) 33.957 

0.2   (NAZFA0.2) 35.419 

0.3   (NAZFA0.3) 37.419 

0.4   (NAZFA0.4) 54.679 

0.5   (NAZFA0.5) 46.963 

0.6   (NAZFA0.6) 59.505 
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Fig. 4.13. The N2 isotherms of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.6) ferrites 

4.4.8. Mössbauer Spectroscopy 

Mössbauer spectroscopy helps in determining the oxidation state, the electronic environment 

and magnetic properties of the iron nucleus in the ferrite samples. It also gives a rough idea 

regarding the nature of the particles. The room temperature Mössbauer spectra of ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0 to 0.6) ferrites were recorded and the same has been 

shown in Fig. 4.14. The WinNormos site fit program was used for the quantitative evaluation 

of Mössbauer spectra. Different Mössbauer parameters such as isomer shift (IS), quadrupole 

splitting (QS), hyperfine field (Hhf), relative area (RA) and outermost line width () were 

calculated and the data pertaining to same is given in Table 4.6. From Fig. 4.14, we can see 

that, the Mössbauer spectra for the compositions x=0.0 to 0.3 and 0.5, has been fitted using 
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four hyperfine sextets while in case of samples with composition x=0.4 and 0.6, an additional 

paramagnetic doublet in addition to this four sextets has been used to fit the spectra. This 

additional doublet may be because of the presence of some superparamagnetic particles in 

these samples as evidenced from the crystallite sizes of these samples given in Table 4.3. 

From this Table, it can be seen that the composition with x=0.4, shows the smallest crystallite 

size. The NAZFA0.6 ferrite also shows smaller crystallite size but NAZFA0.5, which also 

show similar crystallite size as that of NAZFA0.6 doesn’t show this paramagnetic doublet. 

The particle size of ‘as prepared’ ferrite samples calculated from the SEM images, shows that 

NAZFA0.4 and NAZFA0.6 ferrites has the lowest particle size while in case of NAZFA0.5 

the particle size obtained is slightly higher. Also, from the AC susceptibility studies which 

will be discussed in the later part in this thesis, one can visualise from the shape of the plots of 

these ferrites with composition x=0.4 and 0.6 that they have particles which are predominantly 

superparamagnetic in nature. Thus, the AC susceptibility studies support the presence of the 

paramagnetic doublet in these two compositions as observed in Mössbauer spectra. 

Based on the isomer shift value, one of the sextets is attributed to the presence of Fe3+ ions in 

tetrahedral site (Td site) which is showing the lower isomer shift value and the remaining 

three sextets are attributed to the presence of Fe3+ ions in the octahedral site (Oh site). From 

the literature survey, it can be observed that some of the researchers have also attributed the 

sextets with highest IS to the presence of Fe3+ ion at Td sites [30] while some of the 

researchers have reported vice-versa [31-34]. Basically, IS gives information about the 

oxidation state of the Fe-ions. From Table 4.6, we can see that the IS values of all the Fe sites 

are less than ~ 0.5 mm/s which rules out the presence of any Fe2+ ions and confirms that all 

the Fe ions in ferrites are in Fe3+ high spin state [35-38]. The isomer shift is a result of the 

electrostatic interaction between the charge distribution of the nucleus and s-electrons. Since 

only s-electrons have a finite wave function at the nucleus and p and d electron have vanishing 

wave functions at the nucleus, it is only the s-electrons which are responsible for the IS. The 

isomer shift of A-site (Td site) is always less than B-site (Oh site) because in cubic spinel 

ferrites the interionic distance between Fe cation and O anion at the Td site is smaller than the 

Fe cations occupying Oh sites. This leads to more overlapping of the orbitals of Fe cation and 

O anion at Td site resulting in a more covalent bond formation at Td site compared to that at 
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Oh site. This result in smaller IS and less s-electron density for Fe cations occupying Td sites 

[33, 39]. 

 

Fig. 4.14. The Mössbauer spectra of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 
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Table 4.6. Mössbauer parameters of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

Composition 

(x) 

Fe sites IS (δ) 

mm/s 

(± 0.01) 

QS (Δ) 

mm/s 

(± 0.02) 

H
hf 

(Tesla) 

(± 0.03) 

R
A
 

(%) 

Outer line 

width, () 

mm/s 

(± 0.03) 

0.0 Sextet 1 0.333 0.061 46.619 36.33 0.691 

Sextet 2 (Td) 0.084 -0.073 46.490 14.70 0.430 

Sextet 3 0.274 -0.042 41.630 46.87 1.452 

Sextet 4 0.316 -0.089 50.67 2.10 0.23 

0.1 Sextet 1 0.42 0.095 45.90 33.40 0.804 

Sextet 2 (Td) 0.16 -0.089 45.83 23.56 0.662 

Sextet 3  0.308 -0.022 40.16 40.88 1.304 

Sextet 4 0.365 -0.198 50.80 2.16 0.23 

0.2 Sextet 1 0.447 0.106 45.005 20.77 0.624 

Sextet 2 (Td) 0.186 -0.106 45.029 27.88 0.766 

Sextet 3  0.332 0.020 39.815 46.82 1.294 

Sextet 4 0.439 0.131 47.951 4.54 0.432 

0.3 Sextet 1 0.44 0.100 44.524 24.76 0.597 

Sextet 2 (Td) 0.167 -0.100 44.450 25.17 0.762 

Sextet 3  0.315 -0.004 38.870 48.01 1.366 

Sextet 4 0.439 0.108 47.721 2.07 0.285 

0.4 Sextet 1 0.332 0.0643 43.680 31.45 1.023 

Sextet 2 (Td) 0.003 -0.220 43.398 8.14 0.566 

Sextet 3  0.269 -0.035 37.349 53.48 1.114 

Sextet 4 0.37 -0.358 50.197 1.83 0.314 

doublet 0.282 0.703 -- 5.09 0.646 

0.5 Sextet 1 0.488 0.214 42.584 15.10 0.716 

Sextet 2 (Td) 0.169 -0.128 42.703 28.42 0.962 

Sextet 3  0.301 -0.011 36.374 53.76 1.375 
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Sextet 4 0.396 0.179 46.265 2.72 0.414 

0.6 Sextet 1 0.369 0.058 41.597 20.13 0.938 

Sextet 2 (Td) 0.056 -0.198 41.416 6.21 0.601 

Sextet 3  0.307 -0.029 35.730 65.63 1.312 

Sextet 4 0.299 -0.065 45.042 3.99 0.437 

Doublet 0.326 0.697 -- 4.03 0.609 

 

It has been reported that Al3+ ions prefer to occupy the Oh site. This can be correlated with the 

relative intensities of the Oh and Td component wherein there is not much change in the 

intensities of the sextet due to Td site. This can also be confirmed by the large broadening in 

the sextet of the Td site, which could be due to the local fluctuations of the chemical 

environment of this site arising from the substitution of Al3+ at the Oh site [40], as each A-site 

Fe is coupled to 12 B-site Fe next nearest neighbours via superexchange coupling. However, 

each B-site Fe is coupled to only 6 A-site Fe nearest neighbours. In a spinel, hyperfine 

magnetic fields at B-site 57Fe nuclei are a function of the occupation of the six nearest Td A-

sites. With the addition of Al3+ it has been observed that the hyperfine magnetic field 

decreases at both A and B sites. This can be explained based on the supertransferred hyperfine 

field. As Al3+ ions have got a strong tendency to occupy B-site, it reduces AB interaction with 

increase in Aluminium concentration. As the Al3+ concentration is increased, the BB 

supertransferred hyperfine interactions become comparable in strength because of canting of 

spins (non-collinear). These BB supertransferred hyperfine interactions are strongly dependent 

on the spins and therefore reduce the net hyperfine field [41-42].  

Quadrupole splitting describes the symmetry of the charge distribution around the Fe nucleus. 

Almost negligible quadrupole splitting in all the sextets except few indicates that there is no 

disorder in the cubic structure of the spinel. In few of the sextets the higher value of the 

quadrupole splitting relates to chemical disorder of the sample i.e. existing cation at different 

charges and radii in the sublattices [30].  
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4.5. Solid state studies of ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites 

4.5.1. Electrical resistivity studies 

The electrical property of ferrite helps in understanding the behaviour of the charge carriers 

along with elucidation of the conduction mechanism. The phenomenon of electrical resistivity 

depends on many factors such as grain size, chemical composition, porosity, density, sintering 

conditions etc. which alters this property [43, 44]. The electrical resistivity of both ‘as 

prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites was studied from RT-500 0C. 

The measurements were taken during both heating and cooling cycle and the plots of the same 

are shown in Fig. 4.15 and 4.16 for ‘as prepared’ and ‘sintered’ ferrite, respectively. It can be 

seen from Fig. 4.15A that first there is an increase in resistivity as the temperature is increased 

and after a certain point, resistivity starts decreasing, while in rest of the three fig. i.e.  Fig 

4.15B and 4.16A &B, resistivity decreases continuously with increase in temperature which is 

a normal behaviour for semiconductors. The decrease in resistivity with the temperature is due 

to the increase in the drift mobility of the charge carriers [45]. The initial increase in resistivity 

at lower temperature in case of ‘as prepared’ ferrites during heating might be due to the open 

porosity, loose agglomeration of the powders and the entrapped moisture inside these pores 

which slowly evaporates as temperature increases. After heating to about 100 0C or little more 

than that, the entire moisture gets evaporated resulting in maximum value in resistivity but 

after that the plots starts showing typical behaviour of NTCR (Negative temperature 

coefficient of resistance) [46]. The variation of resistivity with temperature for all the ferrite 

samples i.e. ‘as prepared’ as well as ‘sintered’ ferrite samples show three regions. The first 

one is usually due to the impurities, voids, defects etc. and it is independent of Al3+ 

concentration. The second region is up to the Curie temperature which is attributed to the 

ferrimagnetic region and the next region after the Curie temperature is attributed to the 

paramagnetic region [47-48]. 
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Fig. 4.15. The plot of log resistivity v/s 1/T*1000 of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites during A) heating and B) cooling. 

 

Fig. 4.16. The plot of log resistivity v/s 1/T*1000 of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites during A) heating and B) cooling. 

Although, in both ‘as prepared’ and ‘sintered’ ferrites there is no any gradual change in 

resistivity with increase in Al3+ concentration but it has been observed that in general, ferrite 

sample with composition x=0.0 and 0.2 is showing the lower resistivity while the ferrite 

samples with composition x= 0.5 and 0.6 are showing the higher resistivity in both ‘as 

prepared’ and ‘sintered’ samples with the rest of the samples showing resistivity in between 

this. As we know that resistivity also depends on the grain size, porosity and density, we also 

A B 

B A 
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didn’t got a gradual trend in this property with increase in Al3+ concentration but samples with 

x=0.0 and 0.2 are having higher crystallite size while the samples with x= 0.5 and 0.6 are 

having the smaller crystallite size. The influence of all these factors might have led to this 

abrupt trend in resistivity with increasing Al3+ content. Similar type of results has been 

reported for Al doped Ni-Zn ferrite by B.R. Babu et al. [43, 44]. They have claimed that 

because of the enhancement in resistivity with increase in Al3+ concentration, these ferrites are 

useful in reducing eddy current losses more efficiently thereby making them suitable for use 

in high frequency applications. Smaller grains result in large number of grain boundaries, 

which act as scattering centres for the flow of electrons which results in decrease in 

conductivity and increase in resistivity [49-50-51]. Higher porosity also leads in increase in 

the resistivity.  

The conduction in ferrite is reported to be due to hopping of electrons on application of 

electric field. The conduction mechanism can be explained in ferrite as the hopping of charge 

carriers from a cation site in a spinel lattice to an adjacent site without causing a change in the 

energy state of a crystal. As we know that in Ni-Zn-Al ferrite, Ni2+ and Zn2+ ions have a 

preference for octahedral and tetrahedral site, respectively while Fe3+ ions doesn’t have any 

preference and can occupy both the site. In case of Al3+ ions, some researchers have stated that 

it can occupy both the sites [1, 4, 5, 44, 52] while some have mentioned that it prefers 

octahedral site [30, 41, 53-54].  According to Verwey and de Boer, in oxides containing ions 

of a given element in more than one valence state, the conduction takes place by hopping of 

electrons between trivalent and divalent iron ions within the octahedral position without 

causing a change in the energy state of the crystal because of the electronic transitions. The 

probability of hopping in the octahedral site is more than tetrahedral site because the distance 

between the metal ions in B-site is smaller as compared to the A-site. As a result of which the 

conduction increases if the concentration of Fe2+ ions is higher in B-site. Also, the possible 

occurrence of Ni3+ at B-site will also lead in increase in conductivity due to hopping between 

Ni3+/Ni2+ ions. Both these elements in their ionic forms prefer octahedral site and increase in 

their concentration leads to increase in conductivity thereby reducing the resistivity. While in 

case of Al doped Ni-Zn ferrite the increase in resistivity is due to the presence of Al3+ in B-

site. Although it doesn’t play a role in conduction mechanism but the presence of Al3+ in B-
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site will lead in hindering the easy conduction between Fe2+ and Fe3+ ions and also it reduces 

the formation of Fe2+ ions thereby increasing the resistivity [43, 44]. In the present study, due 

to absence of any Fe2+ ions in ferrite samples, as evidenced from the XPS and Mössbauer 

data, the hopping between Fe2+ and Fe3+ doesn’t take place at lower temperatures and hence 

the resistivity of the ferrite samples is high. Also, the increase in the intragranular porosity 

hinders the motion of charge carriers which in turn leads in increasing the resistivity [55-56]. 

When compared between ‘as prepared’ and ‘sintered’ ferrite it is observed that in case of 

compositions x=0.0 and 0.1, the resistivity of ‘as prepared’ ferrite samples is higher as 

compared to ‘sintered’ ferrites while in case of x=0.2 and 0.4, the resistivity of ‘as prepared’ 

ferrite sample is higher as compared to ‘sintered’ ferrite at lower temperature but as the 

temperature increases a crossover takes place and the resistivity of ‘sintered’ ferrite samples 

become higher as compared to ‘as prepared’ samples. For samples with composition x=0.3, 

0.5 and 0.6, the resistivity of ‘sintered’ samples is higher as compared to ‘as prepared’ ferrites. 

In general, it has been reported that as the sintering temperature increases the resistivity 

decreases. As the grain size is increased, the grain boundaries are decreased and also the 

density is increased leading in reducing the resistivity. Smaller grains imply larger number of 

insulating grain boundaries which act as a barrier to the flow of electrons.  Similarly, smaller 

grains imply smaller grain to grain surface contact area and therefore a reduced electron flow 

[57, 58]. The sintering of ferrites can lead to increase in formation of Fe2+ ions which can 

result in increase in the conduction mechanism thereby reducing the resistivity whereas in 

samples with lower grain size, the oxidation is more prominent by which the formed Fe2+ ions 

can be readily oxidized back to Fe3+ leading to higher resistivity [57].  But the anomalous 

behaviour which is seen in case of compositions x=0.3, 0.5 and 0.6 is also reported by other 

researchers. The lower resistivity in case of these ‘as prepared’ ferrites may be due to the 

presence of some localized states in the forbidden energy gap which arises due to lattice 

imperfections. The presence of these states effectively lowers the energy barrier to the flow of 

electrons. Increase in resistivity with sintering temperature can be explained in terms of 

increasing structural improvement. On sintering, the more uniform crystal structure with 

reduced imperfection is observed thereby increasing the resistivity of these samples. This 
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indicates that the effect of structure has an influence which is more significant than the more 

anticipated effect of grain size [47, 58]. 

4.5.2. Dielectric Studies 

4.5.2.1. Dielectric studies as a function of Frequency 

The dielectric properties of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites coded as NAZFA0.0-0.6 and NAZFS0.0-0.6, respectively were studied at RT at a 

variable frequency from 20 Hz to 10 MHz. The plots of dielectric constant and dielectric loss 

as a function of frequency are shown in Fig. 4.17 (A&B) and Fig. 4.18 (A&B) for ‘as 

prepared’ and ‘sintered’ ferrites, respectively. From figures 4.17A and 4.18A, it can be seen 

that the dielectric constant decreases continuously at lower frequencies and after a certain 

point it becomes almost constant as the frequency is increased. The decrease is very rapid at 

lower frequency. This is a general trend observed in case of spinel ferrites and can be 

explained based on two factors namely, electron hopping between Fe2+/Fe3+ and space charge 

polarization. According to Maxwell and Wagner two-layer model, which is in accordance 

with the Koop’s phenomenological theory, in a dielectric material, the presence of high 

conducting phases (i.e. grains) in an insulating matrix (i.e. grain boundaries) leads in the 

production of space charge polarization.  When an external electric field is applied, due to the 

hopping, electrons reach the grain boundary and if the resistance at the grain boundary is high 

than these electrons pile up at the grain boundaries thereby producing the polarization. This 

polarization formed is called as the space charge polarization. The assembly of the space 

charge carriers in a dielectric takes a finite time to line up their axis parallel to the alternating 

electric field. If the frequency of the field reversal increases, a point is reached where the 

space charge carriers cannot keep up with the field and the alteration of their dielectric lags 

behind that of the field, so that the dielectric constant becomes almost constant at higher 

frequency [59, 60]. 

In many literature reports, it has been stated that the polarization in ferrite is similar to that of 

the conduction mechanism, in which the electron exchange between Fe2+ and Fe3+ leads in the 

local displacement of the electrons in the direction of the applied field that determines the 

polarization. Beyond a certain frequency value of the external field, the electron exchanges 
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between this Fe2+ and Fe3+ cannot follow the alternating field and as a result the polarization 

becomes almost constant at a higher frequency. This decreases the probability of reaching the 

electrons at the grain boundary thereby reducing the polarization [44, 59].   

 

Fig. 4.17. The plot of A) dielectric constant and B) dielectric loss as a function of frequency at 

room temperature of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

 

Fig. 4.18. The plot of A) dielectric constant and B) dielectric loss as a function of frequency at 

room temperature of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

At room temperature, the dielectric constant of ‘as prepared’ ferrite is found to be higher than 

the ‘sintered’ ferrite. This is attributed to the increase in particle size on sintering of ferrites 

A B 

B A 
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and is in line with the trend reported in the literature [61]. The inhomogeneous nature of the 

dielectric material leads in the higher value of dielectric constant. The lower value of 

dielectric constant indicates the greater structural homogeneity in case of ‘sintered’ ferrites 

[62].  With the addition of Al3+ there is no specific trend in the dielectric constant but the ‘as 

prepared’ ferrite sample with composition x=0.2 and the ‘sintered’ ferrite sample with 

composition x=0.6 followed by x=0.2, is showing the highest dielectric constant. This is the 

same sample which was showing the lowest resistivity in case of ‘as prepared’ one and 2nd 

lowest resistivity in case of ‘sintered’ ferrite sample thus obeying the fact that the material 

having highest conductivity shows the highest dielectric constant. 

From figures 4.17B and 4.18B, we can see that in case of dielectric loss studies of ‘as 

prepared’ ferrite samples, the dielectric loss first increases at lower frequency, reaches a 

maximum and then starts decreasing at higher frequency while in case of ‘sintered’ ferrite 

samples this peaking behaviour is not observed and the profile of dielectric loss is similar to 

that of dielectric constant wherein there is an initial rapid decrease in dielectric loss at lower 

frequency and as the frequency is increased, the dielectric loss is almost constant. The peaking 

nature which has been observed in all the ‘as prepared’ ferrites arises when the jump 

frequency of the electrons between Fe2+ and Fe3+ ions is equal to the frequency of the applied 

field. When the hopping frequency of the charge carriers matches well with the frequency of 

the applied electric field, the maximum electrical energy is transferred to the oscillating ions 

and a peak is observed as a result of power loss [63]. The decrease in dielectric loss with the 

increase in frequency can be explained using the Koop’s theory, which says that at a lower 

frequency the resistivity is high and the principal effect is of the grain boundaries. Therefore, 

the energy required for electrons hopping between the Fe2+ and Fe3+ ions at grain boundary is 

higher and the energy losses are larger [59]. Since, we have seen from the XPS and 

Mössbauer spectra that there is absence of any Fe2+ ions, this maximum in dielectric loss can 

be attributed to the cation-anion-cation interaction over the octahedral position which occurs 

between the 3d wave function of the transition element and 2p-wave function of the oxygen as 

a result of the application of alternating electric field. The absence of any peaking nature may 

be the result of the cation-cation interaction [64]. The dielectric loss arises due to the lag in 
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polarization with the applied alternating electric field and is caused due to the impurities and 

the imperfection in the structure of the ferrite sample [51]. 

In case of dielectric loss also a clear trend in the variation of dielectric constant with the 

addition of Al3+ is not observed. The ‘as prepared’ ferrite samples with composition x=0.0, 

0.2, 0.3 and 0.4 are showing the higher dielectric loss as compared to the ‘sintered’ ferrite 

samples while in the remaining three ‘as prepared’ ferrite samples with composition x=0.1, 

0.5 and 0.6, the dielectric loss is found to be lower than the ‘sintered’ ones.  

4.5.2.2. Dielectric studies as a function of temperature 

The dielectric studies of the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites were also carried out as a function of temperature at a constant applied field of 1 kHz 

and 1 MHz from 303 to 773 K. The Fig. 4.19(A&B) and Fig. 4.20(A&B) depicts the plots of 

dielectric constant and dielectric loss v/s temperature at constant frequency of 1 kHz of ‘as 

prepared’ and ‘sintered’ ferrite sample, respectively while Fig. 4.21(A&B) and Fig. 

4.22(A&B) depicts the plots of dielectric constant and dielectric loss v/s temperature at a 

constant applied frequency of 1 MHz of ‘as prepared’ and ‘sintered’ ferrite samples, 

respectively. From these dielectric constant v/s temperature plots we can observe that as the 

temperature is increased, the dielectric constant is almost constant at a lower temperature and 

at a certain point it starts increasing gradually as the temperature is increased giving the 

highest value at the maximum temperature under study except in case of sintered sample with 

composition x=0.0 and 0.1 studied at a constant frequency of 1 kHz wherein, after attaining 

the maximum, the dielectric constant again starts decreasing with increase in temperature. The 

careful study of these hump positions reveal that the maxima in hump gradually shifts towards 

the higher temperature with increase in Al3+ ions content in ferrites which suggest that, may be 

for higher Al3+ ions content samples, this hump may be present beyond the temperature of 

measurement in the present study. This maximum in the dielectric constant is called as the 

dielectric transition temperature (Td). This type of behaviour in ferrites have been observed by 

other researchers [65] wherein they have claimed that this might be due to transition of iron 

ions from A-site to B-site leading to decrease in polarization and consequently decrease in 

dielectric constant. Among 1 kHz and 1 MHz frequencies, the increase in dielectric constant is 
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very large at a lower frequency while as the frequency is increased the increase in dielectric 

constant is comparatively low. The temperature dependent behaviour of the dielectric constant 

can be explained based on the different polarizations which play an active role at various 

frequencies and temperature. In general, any dielectric material is associated with four types 

of polarization, namely, dipolar, electronic, ionic and interfacial polarization (space-charge). 

At low frequency, out of these four, dipolar and interfacial polarization plays an important 

role and both these polarizations are strongly temperature dependent. The interfacial 

polarization increases with increase in temperature due to the creation of the crystal defects 

while dipolar polarization decreases with increasing temperature. A rapid increase in the 

dielectric constant at a lower frequency suggests that the effect of temperature is more 

pronounced on the interfacial polarization as compared to the dipolar polarization. While in 

case of the higher frequency, electronic and ionic polarization are the main contributors and 

they are not temperature dependent and as a result the lower value of dielectric constant is 

observed at higher frequencies [44, 59, 66]. 

From Fig. 4.19A and 4.20A, we can see that with increase in Al3+ concentration in the ferrites, 

the dielectric constant goes on decreasing, for both ‘as prepared’ as well as ‘sintered’ ferrite 

samples. This behaviour has also been reported for Al doped Ni-Zn ferrite by other 

researchers also [44, 67, 68].   

 

Fig. 4.19. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 kHz of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

A B 
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Fig. 4.20. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 kHz of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

When we look at the dielectric constant v/s temperature plots of ‘as prepared’ and ‘sintered’ 

ferrite samples measured at a constant frequency of 1 MHz (Fig. 4.21A and 4.22A), although 

a gradual decrease in dielectric constant with increasing Al3+ ions concentration in ferrites is 

not observed but in general we get to see a behaviour matching inversely with the resistivity 

data wherein the ferrite samples with higher particle size is showing the higher dielectric 

constant [50]. The incorporation of Al3+ in the ferrites at B-site leads to decrease in the iron 

content at that site as a result the amount of charge carriers reaching the grain boundary are 

reduced and consequently the interfacial polarization is reduced which lead in the decrease in 

the  dielectric constant [44, 67, 68].  

The dielectric constant measured versus temperature of ‘as prepared’ ferrite samples at a 

constant frequency of 1 kHz is found to be higher than the ‘sintered’ ferrite samples measured 

under same conditions. But when measured at a constant frequency of 1 MHz, the ‘as 

prepared’ ferrite samples with composition x=0.1, 0.3, 0.5 and 0.6 shows the higher dielectric 

constant than the ‘sintered’ ferrite samples while the ‘as prepared’ ferrite samples with 

composition x= 0.0, 0.2 and 0.4 shows the lower dielectric constant as compared to the 

‘sintered’ ferrite samples. As we know, the density also plays an important role in the 

dielectric behaviour, this might be because of the lower density and higher porosity in case of 

‘as prepared’ samples which lead to decrease in dielectric constant. The pores behave like an 

A B 
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insulating material, which creates new barriers for the interfacial polarization, interrupting the 

build-up of space-charge and resulting in a decrease in the polarization. On sintering however, 

the porosity is decreased which promotes the building up of space-charge polarization and 

thus increases dielectric constant [62, 69, 70]. 

 

Fig. 4.21. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 MHz of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

 

Fig. 4.22. The plot of a) dielectric constant and b) dielectric loss as a function of temperature 

at a constant frequency of 1 MHz of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

 

A 
A 

A 

B 
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In addition to the concept of the homogeneity of the structure, which leads to the decrease in 

dielectric constant, the grain size also plays a role in determining the dielectric constant 

wherein with decreasing grain size the dielectric constant increases. In a ceramic material, 

there are different domain walls present such as 900 and 1800 domain walls. The 900 domain 

walls get readily polarized because it rotates more easily during polarization. Now, if the 

number of 900 domain walls is more, then the dielectric constant of a material increases. 

Usually with decrease in grain size, the 900 domain walls increase and therefore the dielectric 

constant of a material increases.  But with decrease in grain size, the oxygen vacancies 

increase and this may pin the domain wall. The pinning effect increases with decreasing grain 

size as a result of which the domain wall mobility decreases and as a consequence, the 

dielectric constant decreases. Also, the volume ratio of the grain boundary to the bulk 

increases with decreasing grain size. This might reduce the overall dielectric constant of the 

material as the grain boundary might have the lower dielectric constant. Nevertheless, there is 

a critical grain size where the dielectric constant is maximum and below which it starts 

decreasing [71]. 

In case of the dielectric loss studies at 1 kHz, it has been observed from Fig. 4.19B and 4.20B 

that, the ‘as prepared’ ferrite samples shows a small resonance peaks at lower temperature 

followed by almost constant dielectric loss and after a certain point again starts increasing 

while in case of the ‘sintered’ ferrite samples the resonance peak is observed at higher 

temperature. In this study also, there is no linear trend in the dielectric loss with the addition 

of Al3+ ions concentration in ferrites. The ‘as prepared’ samples with composition x= 0.0, 0.2, 

0.4, 0.5 and 0.6 are showing the higher dielectric loss than the ‘sintered’ ferrite samples except 

the composition 0.1 and 0.3 which shows the lower dielectric loss as compared to the 

‘sintered’ ferrite samples.  

From Fig. 4.21B and 4.22B, we can see that the dielectric loss at 1 MHz, is almost constant at 

lower temperature and after a certain point it starts increasing with increase in temperature. As 

obvious, the dielectric loss is also found to be higher at lower frequency (1 kHz) and lower at 

higher frequency (1 MHz). The ‘as prepared’ ferrite samples are found to be showing the 

higher dielectric loss at 1 MHz as compared to the ‘sintered’ ferrite samples except the 
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composition with x=0.2 and 0.4 which are showing lower dielectric constant as compared to 

the ‘sintered’ ferrite samples. 

4.5.3. Initial Permeability studies 

The initial permeability studies of all the ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

(coded as NAZFS0.0-0.6) were studied with respect to frequency from 20 Hz to 10 MHz at 

room temperature and also as a function of temperature at a constant applied frequency of 100 

Hz. The frequency as well as the temperature variation of the initial permeability helps in 

gaining the knowledge with respect to the domain nature, Curie temperature and factors 

contributing to the permeability [2]. It determines the quality of the soft ferrite. Many factors 

which affect the initial permeability include the stoichiometry, grain size, composition, 

saturation magnetization, porosity etc. [72]. Basically, the permeability of the polycrystalline 

material is dependent on two different magnetizing mechanisms namely; spin rotation and 

domain wall motion. The domain wall motion is dependent on grain size while the spin 

rotation is independent of the grain size [73, 74]. The plots of initial permeability and 

corresponding loss tangent versus log frequency at RT are shown in Fig. 4.23(A&B). It can be 

seen from these plots that the initial permeability first increases up to around 100 Hz and then 

remains almost constant up to 10 MHz. In the case of loss tangent studies, it continuously 

decreases very quickly at lower frequency and then remains almost constant at higher 

frequency. This constant value of initial permeability with increasing frequency suggests the 

quality of the ferrite with respect to compositional stability. This flat region is considered as 

the area of the utility of the ferrite [75, 76]. The major contribution to the initial permeability 

is due to the domain wall displacement, which is manifested here by low frequency dispersion 

[77]. 

The plots of initial permeability and loss tangent v/s temperature of ‘sintered’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrites coded as NAZFS0.0-0.6 are shown in Fig. 4.24 (A&B). It can be 

seen from these plots that the initial permeability gradually increases with increase in 

temperature and just before the Curie temperature a hump is formed (except in NAZFS0.0) 

followed by a steep decrease in the initial permeability. The steep decrease indicates the 
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formation of the ferrite in the single phase complimenting the XRD data wherein we had 

claimed the formation of the ferrites in single phase [74, 77]. 

 

Fig. 4.23. The plot of A) initial permeability and B) loss tangent as a function of frequency at 

room temperature of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

The nature of these plots indicates the presence of the multidomain grains in this material. The 

increase in the initial permeability with temperature is generally related to the anisotropy 

constant and the saturation magnetization. Usually due to the thermal agitation, which disturbs 

the alignment of the magnetic ions, the saturation magnetization and the anisotropy constant 

decreases with temperature but the decrease of anisotropy constant with temperature is much 

faster than the saturation magnetization. When anisotropy constant goes through zero, the 

initial permeability attains its maximum and then goes to zero below Curie temperature. This 

maximum corresponds to the peak observed in the initial permeability plot [2]. The Curie 

temperature of ferrites obtained from this initial permeability v/s temperature plots is given in 

Table 4.7. It can be seen from the table that the Curie temperature goes on decreasing with 

increase in Al3+ concentration. This decrease can be attributed to the decrease in the A-B 

interactions as Fe3+ ions are replaced by Al3+ ions at octahedral site which results in decrease 

in the magnetic ions. The increase or decrease in the Curie temperature depends on the 

number of the magnetic ions present at the two sublattices [2, 75]. 

A B 
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Fig. 4.24. The plot of A) initial permeability and B) loss tangent as a function of temperature 

at a constant frequency of 100 Hz of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

In case of the loss tangent studies, we can clearly see that the loss tangent remains almost 

constant as the temperature increases and at a point it suddenly increases very sharply 

followed by a gradual increase with increase in temperature. This point wherein it first starts 

increasing very sharply to the point wherein it again changes its slope for the second time and 

increases linearly corresponds to approximately the same region wherein the temperature first 

starts falling sharply (after the hump) in the plot of initial permeability v/s temperature and 

then becomes flat after the second point is reached which is Curie temperature. The loss 

tangent increases near Curie temperature and this may be due to the damping effect of the 

domain walls [77]. 

With addition of Al3+ ions in Ni-Zn ferrites, the initial permeability is first found to increase 

for the sample with composition x=0.1 (NAZFS0.1) and then starts decreasing with increasing 

Al3+ ion concentration except for the sample with composition x=0.3 (NAZFS0.3) which 

shows the highest initial permeability after the sample with composition x=0.1 (Fig. 4.23A). 

The Globus model is generally used to explain the variation of the initial permeability with the 

composition where it mentions that the initial permeability is dependent on the saturation 

magnetization, grain size and the magnetocrystalline anisotropy which is given as  𝜇𝑖 ∝
𝑀𝑠

2 𝐷𝑚

𝐾1
; 

where ‘Dm’ is the average grain diameter, ‘K1’ is the magnetocrystalline anisotropy and ‘Ms’ 

A B 
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is the saturation magnetization. The relationship between the grain size and the initial 

permeability is linear only if the grain growth is normal i.e. the grain growth had occurred at 

the same time with same rate, otherwise with abnormal growth wherein some of the grains 

have grown rapidly, it can trap the pores which can lead to the decrease in the initial 

permeability. The decrease in initial permeability with increase in the Al3+ concentration may 

be related to the decrease in the saturation magnetization with increasing Al3+ concentration 

with exception of the samples with composition x=0.1 and 0.3 which shows the abnormal 

behaviour. The highest initial permeability is observed for the sample with x=0.1 (NAZFS0.1) 

and this increase can be correlated with the density of this sample. Amongst all the ferrite 

samples, this x=0.1 sample is showing the highest density. The increase in density leads not 

only in reduction of the demagnetising field due to decrease in porosity but also raises the 

contribution due to the rotation of spins which in turn leads in increasing the permeability [2, 

72]. 

4.5.4. Magnetisation studies  

4.5.4.1. AC susceptibility studies 

The AC susceptibility studies of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites were carried out in order to understand the nature of the particles and also 

find out the Curie temperature of the ferrite samples. The plots of normalized AC 

susceptibility v/s temperature of both the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites coded as NAZFA0.0-0.6 and NAZFS0.0-0.6 are depicted in Fig. 4.25 

(A&B), respectively. Generally, ferrites exhibit three types of domains namely, single domain, 

multidomain and superparamagnetic which are dependent on the size of the particles. In case 

of single domain particles, the grain size is almost equal to the wall thickness thereby 

exhibiting only one domain while in case of multidomain particles, there are many domains 

with wall in between them. When the thermal energy of the single domain particles become 

comparable to the magnetic anisotropy energy, under the condition the magnetization 

direction fluctuates among easy axis of grains which are then said to be exhibiting 

superparamagnetism [78].  From the nature of the plot (Fig. 4.25A), we can clearly see that in 

case of ‘as prepared’ ferrites, the samples with composition x=0.0-0.3 shows presence of 
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predominantly single domain particles while in case of samples with composition x=0.4-0.6, it 

shows a mixture of particles containing both single domain and superparamagnetic. In the 

case of ‘sintered’ ferrite samples (Fig. 4.25B) the samples with composition x=0.0-0.3 shows 

presence of predominantly multidomain particles while the samples with composition x=0.4-

0.6, shows presence of mixture of single domain-multidomain type of particles. We can 

clearly see from both these plots that there is a sharp fall in the normalized susceptibility near 

the Curie temperature indicating the formation of ferrite with single phase.  

 

Fig. 4.25. The plot of normalized AC susceptibility v/s temperature of a) ‘as prepared’ and b) 

‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

The Curie temperature obtained from temperature variation of normalized susceptibility is 

presented in Table 4.7 which shows that, the Curie temperature decreases with addition of 

Al3+ ions in both the ‘as prepared’ and ‘sintered’ Ni-Zn ferrites. The Curie temperature 

obtained from the initial permeability measurements also shows the similar trend. The Curie 

temperature values obtained from AC susceptibility of ‘as prepared’ and ‘sintered’ ferrites are 

different as expected but the Curie temperature of the ‘sintered’ ferrite samples obtained from 

both the techniques are in close approximation with each other. As described earlier in the 

previous sections, the Curie temperature is dependent on the overall strength of the A-B 

exchange interaction. In the present study, the replacement of the magnetic ion, Fe3+ by a non-

magnetic ion, Al3+ at B-site, reduces the density of the magnetic ions at the B-site leading to 

decrease in the net magnetic moment at B-site which in turn weakens the A-B exchange 

A B 
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interaction of the Fe3+(A)-O2--Fe3+(B) type, thereby causing the decrease in Curie temperature 

with increasing Al3+ ions concentration in Ni-Zn ferrites [2, 53, 79, 80]. 

Table 4.7. The Curie temperature of ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites determined using AC susceptibility and Initial permeability studies. 

Composition (x) Curie Temperature (K) 

‘as prepared’ ‘sintered’ 

AC Susceptibility Initial permeability 

0.0 687 714 698 

0.1 667 702 686 

0.2 651 664 669 

0.3 626 648 641 

0.4 606 630 634 

0.5 590 598 607 

0.6 561 572 590 

 

The ‘sintered’ ferrites are showing higher Curie temperature as compared to the ‘as prepared’ 

ferrites in the present study and this can be attributed to the higher density and lower porosity 

of these materials which requires higher energy to off-set the spin alignment [81-84]. It can be 

also attributed to the higher lattice parameter [85]. 

4.5.4.2. DC Magnetisation Studies 

The magnetization studies of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites coded as NAZFA0.0-0.6 and NAZFS0.0-0.6, respectively were measured using 

VSM instrument at a constant temperature of 50 K and RT (300 K) as a function of variable 

field from -3 to +3 Tesla. The hysteresis plot of the ‘as prepared’ ferrites at 50 K and RT are 
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depicted in Fig. 4.26 and 4.27, respectively while the hysteresis plots of ‘sintered’ ferrites at 

50 K and RT are shown in Fig. 4.28 and 4.29, respectively. From these hysteresis plots it can 

be clearly seen that all the ferrites formed shows soft ferrimagnetism. The different magnetic 

parameters obtained through these plots, such as, saturation magnetization, coercivity and 

remanence has been given in Table 4.8. 

It can be seen from these plots as well as Table 4.8 that the magnetization values are higher at 

lower temperature including the coercivity and remanence in case of both ‘as prepared’ and 

‘sintered’ ferrites. This is an expected observation as at lower temperatures less thermal 

vibrations are observed as compared to room temperature thereby leading to the easy 

orientation of the magnetic domains away from the easy axis with the field direction. The 

higher Ms at lower temperature can be due to decrease in the thermal fluctuation effects on the 

magnetic ions at low temperature. The higher Ms at lower temperature can be also due to the 

surface spin disorder or it can be due to the trapping of localized charges by the deepened 

potential well of the lesser co-ordinated atoms in the disordered surface region.  The higher 

coercivity at lower temperature can be related to the exchange anisotropy wherein at lower 

temperature all the spins are blocked thereby leading to an increase in exchange anisotropy. 

This leads to increase in the coercivity [89].  

The saturation magnetization of ‘sintered’ ferrites is found to be higher than ‘as prepared’ 

ferrites at both 50 K and at RT. The lower value of saturation magnetization of ‘as prepared’ 

ferrites may be attributed to the smaller particle size of ‘as prepared’ ferrites as compared to 

the ‘sintered’ ferrites. This decrease is related to the effect of the relatively non-reactive 

surface layer that has low magnetization. The ‘as prepared’ ferrites have significantly larger 

surface-to-volume ratio. This is attributed to the surface effects which lead to the non-

collinearity of the magnetic moments on their surface and can be explained based on the core 

shell model wherein the core consists of the ferrimagnetically aligned spin and the surface or 

the interface with a certain degree of spin canting [1, 87, 88] . 
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Fig. 4.26. The plot of magnetization v/s magnetic field of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at 50 K 

 

Fig. 4.27. The plot of magnetization v/s magnetic field of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at RT 
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Fig. 4.28. The plot of magnetization v/s magnetic field of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at 50 K 

 

Fig. 4.29. The plot of magnetization v/s magnetic field of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at RT 
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Table 4.8. The Saturation magnetisation (Ms), Coercivity (Hc), Remanence (Mr) and 

Blocking temperature (TB) of ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites 

Composition 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

 

Ms 

(emu/g) 

50 K ‘as prepared’ 86 78 77 66 62 59 50 

‘sintered’ 103 99 89 77 66 58 51 

RT ‘as prepared’ 65 57 56 47 42 40 32 

‘sintered’ 78 74 66 56 48 41 35 

 

Hc (Oe) 

50 K ‘as prepared’ 302 295 236 228 233 195 169 

‘sintered’ 46 56 49 63 55 79 74 

RT ‘as prepared’ 80 58 44 30 20 - - 

‘sintered’ 29 43 29 39 39 46 35 

 

Mr 

(emu/g) 

50 K ‘as prepared’ 18 17 16 13 12 11 10 

‘sintered’ 4 4 5 4 4 5 5 

RT ‘as prepared’ 5 4 4 2 1 - - 

‘sintered’ 2 2 4 3 3 4 3 

TB (K) 250 ‘as prepared’ 352 337 328 291 246 232 194 

‘sintered’ 337 128 182 206 232 182 220 

500 ‘as prepared’ 270 254 227 197 172 159 118 

‘sintered’ 123 - - - - - - 

1000 ‘as prepared’ 148 138 120 96 94 74 - 

‘sintered’ - - - - - - - 

 

As the Al3+ concentration in Ni-Zn ferrites is increased, the saturation magnetization of both 

‘as prepared’ and ‘sintered’ ferrites is found to decrease [Table 4.8].  In spinel ferrites, 

normally the saturation magnetization is dependent on the strong super exchange coupling 

between the A and B sites.  When Al3+ ions are introduced in the Ni-Zn ferrites, they occupy 

B-site by replacing the iron ions from this site thereby leading to magnetic dilution and 

weakening of Fe3+(A)-O2--Fe3+(B) linkages thus reducing the net magnetization [4, 52, 88]. 
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The coercivity studies carried out on the ‘as prepared’ ferrites indicate that, with the addition 

of Al3+ ions, the coercivity goes on decreasing both at RT and at 50 K [Table 4.8]. At room 

temperature for the samples with composition x=0.5 and 0.6, it is nearly impossible to find out 

the coercivity such narrow is the hysteresis loop indicating the presence of 

superparamagnetism in these samples supporting the claim made during the Mössbauer and 

AC susceptibility measurements. At higher temperature the thermal energy overcomes the 

anisotropy energy thus giving the zero coercivity [15]. This decrease in coercivity with 

increasing Al3+ ions concentration in ferrites may be attributed to the low magnetocrystalline 

anisotropy of Al3+ as compared to the Fe3+ [86]. While in the case of ‘sintered’ ferrites, there 

is no any clear trend for the coercivity with increasing Al3+ ions concentration, both at RT and 

at 50 K, is found.  But, as it is reported earlier that coercivity is inversely dependent on the 

grain size, although in case of ‘as prepared’ ferrites we are not getting any change in 

coercivity with crystallite size but in the case of sintered ferrites, it exactly matches the trend 

with the crystallite size. The samples having higher crystallite size is showing lower coercivity 

and the vice-versa. As we know that the larger grains consist of a greater number of domain 

walls and the magnetization/demagnetization caused by domain walls require low energy as 

compared to the domain rotation. As the number of walls increases with increasing grain size, 

the contribution of domain wall towards magnetization/demagnetization increases compared 

to domain rotation and therefore the samples having larger grains are expected to have the 

lower coercivity [4, 30, 72]. At 50 K, the coercivity of the ‘as prepared’ ferrite samples is 

found to be higher than sintered ferrites but at RT, the coercivity of ‘as prepared’ ferrite 

samples with composition x=0.0-0.2 is higher compared to the ‘sintered’ ferrite samples while 

for higher compositions, the coercivity of ‘sintered’ ferrite samples is higher compared to ‘as 

prepared’ ferrites. 

A very low value of remanence is observed for ‘sintered’ ferrite samples at RT and 50 K, 

along with the ‘as prepared’ ferrites at RT [Table 4.8]. The ‘as prepared’ ferrites show little 

higher value of remanence at 50 K, in which with addition of Al3+ ions in ferrites, the 

remanence goes on decreasing. In case of ‘as prepared’ ferrite samples with composition 

x=0.5 and 0.6, it is almost impossible to calculate the remanence at RT as we have also 

observed that, for this samples the coercivity was also close to zero. 
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The zero-field cooled (ZFC) and the field cooled (FC) magnetization measurements were 

carried out as a function of temperature from 50-400 K at a constant applied field of 250, 500 

and 1000 Oe, of both ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

coded as NAZFA0.0-0.6 and NAZFS0.0-0.6, respectively.  The plots of the same are given in 

Fig. 4.30-4.35. In case of ZFC measurement, first the ferrite samples were cooled to 50 K 

from RT without applying any field and then the samples were heated to 400 K by applying 

the specified field. The measurements were taken while heating the samples. In case of FC 

measurement, the ferrite samples were cooled to 50 K by applying the specified field and after 

reaching 50 K, the samples were heated in presence of the field and measurements were taken 

during heating. 

 

Fig. 4.30. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at a constant field of 250 Oe. 
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Fig. 4.31. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at a constant field of 500 Oe. 

 

 

Fig. 4.32. The plot of magnetization v/s temperature of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites measured at a constant field of 1000 Oe. 
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It can be seen from Fig. 4.30 to 4.32 that in case of ZFC, first the magnetization goes on 

increasing with increasing temperature, attains a maximum and then again starts decreasing, 

while in case of FC measurement, the magnetization decreases continuously with increase in 

temperature. This decrease is because of the assembly of magnetic monodomain particles 

which indicate that in FC mode, a greater number of spins are oriented along field direction 

[90]. The temperature in ZFC plot where it shows maxima in magnetization is called as the 

blocking temperature (TB). It indicates the distribution of the particle size. The blocking 

temperature is found to decrease with increase in Al3+ ions content in ferrites [Table 4.8] and 

also with increase in applied field. The TB is the threshold point of the thermal activation. 

Below it, when the nanoparticles are cooled without applying any field, the thermal activation 

is no longer able to overcome the magnetocrystalline anisotropy of the nanoparticle. As a 

result, the magnetization direction of each nanoparticle rotates from the field direction back to 

its easy axis without movement of any nanoparticle. When the temperature is increased, the 

thermal activation is increased and the magnetocrystalline anisotropy is overcome, as a result 

the magnetic moment of the nanoparticle can follow the applied field direction. The 

magnetization of each single nanoparticle starts to randomly flip above the blocking 

temperature of electron spin and as a consequence the nanoparticle exhibits the 

superparamagnetism. The decrease in TB with increasing applied field may thus be related to 

the reduction of the magnetocrystalline anisotropy with increasing applied field [87, 91]. 

The Fig. 4.33-4.35 depicts the magnetization plot of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites wherein we can see that at lower applied field i.e. at 250 Oe, the blocking 

temperature is observed while at higher applied field of 500 and 1000 Oe, the blocking 

temperature is not observed, as it is present below the measurable limit of the present 

instrument, which is 50 K. In this case, where applied field is of 500 and 1000 Oe, in ZFC and 

also in FC plots of ferrites, a gradual decrease in magnetization with increasing temperature is 

observed. This might be because of the presence of large number of particles with bigger size 

as compared to average particle size. 
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Fig. 4.33. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites measured at a constant field of 250 Oe. 

 

Fig. 4.34. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites measured at a constant field of 500 Oe. 
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Fig. 4.35. The plot of magnetization v/s temperature of ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites measured at a constant field of 1000 Oe. 

The Irreversible temperature (Tirr) is the temperature at which the ZFC and FC plots split from 

each other and it is related to the blocking temperature of the largest nanoparticle. It can be 

observed that with increase in the applied field Tirr is found to decrease. The Irreversible 

temperature of the ‘as prepared’ ferrite samples is lower than the ‘sintered’ ferrites. After the 

blocking temperature, the magnetization decreases due to the unblocking of the smaller 

particles and the ZFC plot bifurcates with the FC curve at Tirr where the unblocking of the 

larger particles takes place [15, 92].  The difference between the Tirr and TB suggests the 

particle size distribution. A relatively larger difference between the two indicates a wide 

distribution of particle sizes [90]. 

4.6.  Summary 

The synthesis of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites was successfully carried out using 

combustion method wherein malic acid was used as the fuel. The optimization of the synthesis 

method was first carried out and from this optimization studies 1:0.28 ratio of the oxidizer: 

fuel was chosen to synthesize the rest of the ferrite series. The sintering of the ferrite samples 

was carried out at 1000 OC for 10h and the characterization of the ‘as prepared’ and ‘sintered’ 
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Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites was carried out. The ICP-AES technique was 

employed to study the chemical analysis of the ‘as prepared’ ferrites which helped in 

confirming the predicted formula of these ferrites. The XRD patterns along with IR and 

Raman spectra of these ferrites confirmed their single phase spinel formation. The various 

parameters like lattice parameter, density, porosity and crystallite size were calculated from 

the XRD patterns of these ‘as prepared’ and ‘sintered’ ferrites. The morphological study of 

these ferrites was carried out using TEM and SEM which suggested the particle sizes of these 

ferrite are in nanometer range. The EDS study helped in confirming the absence of any 

impurities. 

The BET surface area along with the XPS and Mössbauer measurement of the ‘as prepared’ 

ferrites were studied and it was observed that with increasing the Al3+ ions concentration in 

ferrites, the surface area of the samples goes on increasing except for the composition x=0.5. 

The sample with composition x=0.6, showed the highest surface area followed by sample with 

composition x=0.4. The XPS spectra helped in ruling out the presence of any impurity in these 

ferrite samples along with confirming the respective oxidation states of the metal ions present. 

The Mössbauer measurement helped in confirming the oxidation state of iron present in these 

ferrites at tetrahedral and octahedral sites and also confirming the absence of Fe2+ ions. The 

Mossbauer measurement also indicated the presence of superparamagnetism in the ferrite 

samples with composition x=0.4 and 0.6. 

The solid state properties of these ‘as prepared’ and ‘sintered’ ferrites were studied which 

includes electric, dielectric and magnetic property including initial permeability. The 

resistivity studies of these ferrite samples helped in confirming the semiconducting behaviour 

of these ferrites. The dielectric studies were studied for both its frequency and temperature 

variations and it showed the normal behaviour exhibited by the spinel ferrites. The initial 

permeability helped in finding out the Curie temperature of the ‘sintered’ ferrites which were 

found matching with the Curie temperature obtained from AC susceptibility measurement. 

The AC susceptibility measurement of these ferrites helped in predicting the nature of 

domains present in these ferrites besides giving Curie temperature. The Curie temperature of 

‘as prepared’ ferrites was found to be lower than the ‘sintered’ ferrites. The magnetic 

hysteresis loop studies of ferrites helped in confirming the soft ferrimagnetism of these 
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samples. From the hysteresis loop, various parameters like saturation magnetization, 

coercivity and remanence was calculated at both 50 K and RT. The ZFC-FC magnetization 

studies were also studied at different constant applied field of 250, 500 and 1000 Oe. The 

effect of addition of Al3+ ions in Ni-Zn ferrites on various properties studied was discussed 

along with the effect of sintering.  
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5.1. Introduction 

Ferrites are the magnetic materials which have been explored for its various applications. The 

traditional use of the ferrite includes its use in microwave devices, transformers, electric 

generators, storage devices, inductor cores, magnetic heads, electromagnetic wave absorbers 

etc. [1-4]. The electric, dielectric and magnetic property of ferrite plays an important role in 

tuning its applications. With the advancement in the technology and the onset of the nano era, 

lot of research has been done on the nano ferrites and it was observed that their properties vary 

compared to their bulk counterpart. These ferrites have found applications in different fields 

such as in medical field for drug delivery and hyperthermia application, as a catalyst in 

various organic reactions, as a sensor, as a ferrofluid, as a photocatalyst and also in 

supercapacitors [5-28]. 

In the present work, we have studied the gas sensing and electrochemical properties of the ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 and Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites by taking the clue 

from the literature survey and the results of the same is presented here. 

5.2. Gas sensing properties of ferrites 

Currently, there is lot of research going on to develop a new material to be used as the most 

reliable, stable, sensitive and selective gas sensor. The existing situation of the environment is 

alarming because different types of gases are been emitted in the atmosphere which leads in 

the air pollution. The gases like Cl2, CO, NO2, NH3 pose a danger to the human life as well as 

the other living beings when they are exposed to these gases above the permissible level. So, 

this creates a need to develop a material which will be able to sustain in this harsh 

environment and can selectively sense a particular gas. Normally various metal oxides are 

been used as the gas sensors for example, zinc oxide, titanium dioxide, iron oxide, tungsten 

oxide and tin oxide. The major disadvantage of these oxides is the lack of selectivity. The 

ferrites have been looked upon as the good material for the semiconductor gas sensing. These 

types of sensors work based on the change in conductivity of the material on exposing to the 

different gases. In our study, we have used 4 test gases and 4 operating temperatures. The test 

gases used are Cl2, NO2, NH3 and LPG and the operating temperature used are RT, 50, 100 
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and 150 0C. The different concentrations of the gases used are 20, 50, 100, 150, 200 and 300 

ppm. 

5.2.1. Gas sensing property of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

5.2.1.1 Gas sensing response towards different test gases at variable operating 

temperature 

The gas sensing studies of all the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFA0.0-0.6, respectively were carried out from RT-150 0C at a varying 

concentration for the different gases and their response observed towards different gases has 

been studied. The Fig. 5.1 to Fig. 5.4 depicts the plots of the response of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites against the different concentrations of gases at varying 

temperature for the test gases NH3, Cl2, NO2 and LPG, respectively. From the Fig.5.1, it can 

be observed that out of all the samples under study, the sample with composition x=0.2 

showed the highest response for the NH3 gas at 30 0C.  

 

Fig. 5.1. The plots of response v/s concentration towards NH3 gas of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites at variable operating temperatures 
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Some other ferrite samples have also showed some good response, but the response of sample 

with composition x=0.2 (NMZFA0.2) was outstanding compared to all the other samples 

studied under different conditions of temperature and concentration of gases and the important 

thing is that ferrite sample showed a good response at RT. With increase in the concentration 

of the gas up to 100 ppm the response is found to increase steeply up to 70% and after that 

with further increase in concentration, it nearly remains constant. The maximum response 

observed is 73 % at 150 ppm.    

The Fig. 5.2 represent the sensing response of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6, respectively towards different concentrations of Cl2 gas at 

varying temperatures. It can be seen from the figure that out of all the ferrites samples under 

study, the sample with composition x=0.3 (NMZFA0.3) showed the maximum response 

towards this gas at 100 0C. With increase in concentration of the Cl2 gas a clear cut trend was 

not observed (Fig. 5.2) but the overall response towards this gas varied between 115-212 % 

for the concentrations of 20-300 ppm.  

 

Fig. 5.2. The plots of response v/s concentration towards Cl2 gas of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites at variable operating temperatures 
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The Fig. 5.3 represent the response of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6, respectively towards varying concentrations of NO2 gas at 

different temperature. It can be seen that most of the samples showed a good response towards 

this gas at varying temperatures and concentrations. The maximum response of around 108% 

is observed for x=0.6 (NMZFA0.6) composition at 100 0C for 50 ppm concentration while for 

other concentrations its response decreases by more than 50%.  

 

Fig. 5.3. The plots of response v/s concentration towards NO2 gas of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites at variable operating temperatures 

The Fig.5.4 shows the plots of the response v/s concentration of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded as NMZFA0.0-0.6, respectively towards different 

concentrations of LPG gas at varying temperature. It is observed from the Fig. 5.4 that, most 

of the ferrite samples are showing a good response towards LPG at 100 0C. The response 

varies from around 12-60 % for various compositions. The ferrite with composition x=0.2 

(NMZFA0.2) at 100 0C for 20 ppm concentration of LPG shows response just above 60% 

while all other ferrite compositions under different conditions of temperature and 

concentrations show response of less than 60% for LPG gas which is the least as compared to 
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the responses of these ferrites for other studied gases in similar different conditions of 

temperature and concentrations, in the present study. 

 

Fig. 5.4. The plots of response v/s concentration towards LPG gas of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites at variable operating temperatures 

So, by looking at all these four plots again, it can be observed that the ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites shows response to all the test gases at some specific 

operating temperatures and sometimes at some specific concentrations. On an average, the 

maximum response is showed towards the NO2 gas by most of the ferrites followed by rest of 

the gases. A good sensor is the one which will selectively sense a particular gas. With this in 

mind, in the further sections, we have discussed about the selective nature of these ferrites 

among different gases studied in the present study. It is always better to have a sensor which 

can work at a relatively lower operating temperature selectively. Mere sensing a gas with high 

response is not sufficient to qualify for a sensor to be called as the good sensor but all the 

above mentioned points are also necessary. So in further sections, the details regarding all this 

mentioned above have been discussed.  
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5.2.1.2 Gas sensing response at variable operating temperature towards different gases 

The Fig.5.5 depicts the response of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFA0.0-0.6, respectively towards various test gases having concentrations of 20, 

50, 100, 150, 200 and 300 ppm at 30 0C. It is observed from this figure that at 30 0C, the 

sample with composition x=0.2 (NMZFA0.2), shows the maximum response towards NH3, 

NO2 and Cl2 gas compared to other ferrite compositions. In the case of NH3 gas, as we have 

seen earlier (Fig. 5.1) the response is gradual with increasing concentration which remains 

constant at higher temperatures while in the case of Cl2 gas, from 150 ppm, the response of the 

sample (NMZFA0.2) towards it goes on increasing up to 300 ppm. Whereas in the case of 

NO2 gas there is an increase in response with increasing concentration from 100-200 ppm but 

after that the response starts decreasing till 300 ppm. So, overall if the gas sensing property of 

the sample with composition x=0.2 is to be considered at 30 0C, then one can outright reject 

this sample based on the lack of selectivity. In the case of ferrite sample with composition 

x=0.0 (NMZFA0.0), it can be seen from the Fig.5.5 that at 30 0C, it is selectively showing a 

very good response for NO2 gas at higher concentrations. The response is also increasing with 

increase in the NO2 gas concentration. Also, the sample with composition x=0.1 

(NMZFA0.1), is showing a good response towards the NO2 gas at higher concentrations at 30 

0C, although the response is little less as compared to the sample with composition x=0.0. In 

this ferrite sample also the response is found to increase with increase in the concentration of 

the NO2 gas. For the sample x=0.0, the response was observed for 300 ppm of NO2 gas is 63 

% while for the sample with composition x=0.1, the response observed at 300 ppm NO2 gas is 

56 %.  The ferrite sample with composition x=0.6 (NMZFA0.6),  is also found to show a good 

selectivity and response towards the NH3 gas at higher concentrations and the response is 

observed to increase with increasing concentration of the test gas. The maximum response 

observed for the 300 ppm NH3 gas is 53 % (Fig. 5.5). 
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Fig. 5.5. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites towards different test gases at 30 0C 

 

Fig. 5.6. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites towards different test gases at 50 0C 
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Fig. 5.7. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites towards different test gases at 100 0C

 

Fig. 5.8. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites towards different test gases at 150 0C 
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The Fig.5.6 depicts the response of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFA0.0-0.6, respectively towards various test gases having concentrations of 20, 

50, 100, 150, 200 and 300 ppm at an operating temperature of 50 0C. It can be observed from 

the figure that at this temperature many ferrite compositions show a response towards the NO2 

gas. A maximum response at lower concentration of this gas has been found for the ferrite 

sample with composition x=0.5 (NMZFA0.5) which shows a decreasing behaviour in the 

response with increasing the concentration of this gas. The sample with composition x=0.3 

(NMZFA0.3) is also found to show a good increasing response towards the NO2 gas from 50 

ppm to 200 ppm but then decreases for 300 ppm of NO2. The sample with composition x=0.4 

is also showing a comparatively good response towards the NO2 gas; the highest being at 300 

ppm. The sample with composition x=0.6 (NMZFA0.6) shows a good increasing response 

towards the NO2 gas from 100 ppm to 200 ppm but then decreases for 300 ppm of NO2. A 

moderate response towards the Cl2 gas has been shown by the sample with composition x=0.2 

(NMZFA0.2). The maximum response shown by the sample with composition x=0.5 

(NMZFA0.5) at 20 ppm of NO2 is 91 % while the maximum response shown by the sample 

with composition x=0.3 at 200 ppm of NO2 gas is 89 %.  The ferrite sample with composition 

x=0.4 (NMZFA0.4) shows the maximum response of 76 % for 300 ppm of NO2 gas at 50 0C.  

The Fig.5.7 depicts the response of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites 

coded as NMZFA0.0-0.6, respectively towards four test gases of various concentrations at an 

operating temperature of 100 0C. It can be seen from the above mentioned figure that, at this 

temperature, the sample with composition x=0.3 (NMZFA0.3) shows the highest response 

towards the Cl2 gas. The maximum response obtained for this gas is 212 %. The sample with 

composition x=0.1 (NMZFA0.1) is showing an almost constant response of around 67% 

towards the NO2 gas. The sample with composition x=0.0 (NMZFA0.0) and composition 

x=0.6 (NMZFA0.0) are showing maximum response towards NO2 gas at 300 and 50 ppm, 

respectively. 

In the Fig.5.8, the gas sensing response of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6, respectively towards the four different test gases having 

variable concentrations at an operating temperature of 150 0C, are shown. It can be seen from 

Fig.5.5 to Fig. 5.8 that compared to the response observed towards various test gases at other 
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temperatures, the response observed at this temperature of 150 0C, is comparatively low. The 

ferrite sample with composition x=0.4 (NMZFA0.4) is showing a comparatively better result 

for NO2 gas with different concentrations but it is not selective as it is also showing response 

to Cl2 gas. The ferrite sample with composition x=0.1 (NMZFA0.1) shows highest response 

for NH3 gas but at 50 ppm only (Fig. 5.8). 

A look at these four figures (Fig.5.5 to Fig. 5.8) which depicts the response observed towards 

the various gases of different concentrations at the four operating temperatures reveals that, 

with increase in operating temperature, the maximum response observed towards gases goes 

on increasing up to 100 0C but after that it decreases at 150 0C. The extraordinarily high 

response is observed at 100 0C for the ferrite sample with composition x=0.3 towards the Cl2 

gas. The major advantage of the ferrite samples prepared under present investigations is that 

they exhibit the sensitivity towards test gases at lower operating temperature including RT. 

Now the only question remain is of the selectivity which will be discussed in the next section. 

5.2.1.3 Gas sensing response with variable composition 

The Fig.5.9 represents the gas sensing response of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

ferrite with composition x=0.0 coded as NMZFA0.0 towards various test gases of different 

concentrations under study at operating temperatures of 30, 50, 100 and 150 0C. It is observed 

that at 100 0C, the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0) ferrite sample shows the 

maximum overall response towards almost all the test gases under study but the response is 

not selective. At 50 0C, although the percentage of response is not too high, the maximum 

response observed at this temperature is for Cl2 gas but for NO2 gas also it shows substantial 

response compared to Cl2 gas. So, it becomes difficult to use this sensor at this temperature 

selectively for Cl2 gas. At 150 0C, the response is very negligible but at 30 0C, this ferrite 

shows selectively maximum response towards NO2 gas. The response goes on increasing with 

increase in the concentration. The maximum response obtained for 300 ppm of the NO2 gas is 

63%. The Fig. 5.10 depicts the response-recovery v/s time of this ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0) ferrite sensor towards 200 and 300 ppm of NO2 gas at 30 0C wherein 

it can be observed that it shows a quick response time but the recovery rate is very slow. The 

response time is almost 48 and 120 sec for 200 and 300 ppm of this gas, respectively whereas 
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the recovery time when 200 ppm gas is used is almost 700 sec while for 300 ppm of gas it is 

more than 850 sec. 

 

Fig. 5.9. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0) 

ferrite towards different test gases at variable operating temperature 
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Fig. 5.10. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0) ferrite towards NO2 gas at an operating temperature of 30 0C 

The Fig.5.11 depicts, the plots of response of the ferrite sample with composition x=0.1 coded 

as NMZFA0.1 towards various test gases of different concentrations at different temperatures 

of 30, 50, 100 and 150 0C, under present study. In this case also, at 100 0C, this sample shows 

the maximum overall response but the response is shown towards all the gases under study 

thus lacking in the selectivity. At 150 0C, there is not much sensing response observed except 

for concentration of 50 ppm of NH3 and 50 ppm of LPG for which high response was 

observed. However above and below this gas concentration, the overall response for these 

gases was found to be very low. At 30 0C, this ferrite sample shows good response for NH3 

gas at most of its concentrations whereas for NO2 gas the sample shows negligible response 

up to 100 ppm concentration but above this concentration, response increases. So we can 

conclude that this sample can be selectively used as the sensor for NH3 at low concentrations 

up to 100 ppm. The Fig.5.12 depicts the plots of response-recovery v/s time of ‘as prepared’ 

Ni0.7-xMnxZn0.3Fe2O4 (x=0.1) ferrite sample for 20, 50 and 100 ppm of NH3 gas.  In this 

figure, it can be seen that both the response and the recovery time are very quick. The 

recovery takes place in almost less than 25 sec for the highest concentration. Although the 

response percentage is not too high but the response time and recovery times along with the 
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selective nature for this gas at 30 0C makes this ferrite a good candidate for NH3 gas sensor. 

At 50 0C, a comparatively good response has been shown by this ferrite towards the NO2 gas 

at all the concentrations of this gas. The response for other gases obtained is less than 5% 

except for 300 ppm NH3 where it is showing the response of 26%. In Fig. 5.13, the response-

recovery v/s time plots of this ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.1) ferrite sample for 

20, 150 and 300 ppm of NO2 gas are shown in which it can be seen that the response and the 

recovery time is very quick i.e. less than 25 sec. 

 

Fig. 5.11. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.1) ferrite towards different test gases at variable operating temperatures 
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Fig. 5.12. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.1) ferrite towards NH3 gas at an operating temperature of 30 0C 

 

Fig. 5.13. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.1) ferrite towards NO2 gas at an operating temperature of 50 0C 
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In the case of the plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.2) ferrite towards different test gases at variable operating temperatures which are shown 

in Fig.5.14, one can see that this sample shows very high response towards all four test gases 

under study at 30, 50 and 100 0C but lacks the selectivity. While at 150 0C, it shows response 

selectively to LPG gas but the response percentage observed is very less. The response for the 

LPG gas at lower operating temperature of 100 0C is high but it is not showing any selectivity 

and although at 150 0C it is showing selectivity, the response observed is less than 10%. 

 

Fig. 5.14. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.2) ferrite towards different test gases at variable operating temperatures 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

236 
 

 

Fig. 5.15. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.3) ferrite towards different test gases at variable operating temperatures 

The Fig. 5.15 depicts the plots of response v/s concentration of the ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.3) ferrite sample at operating temperatures of 30, 50, 100 and 150 0C 

towards the various test gases having different concentrations, under study. It can be observed 

from this plot that at 30 0C, this sample is showing a response towards the NH3 and NO2 gases 

but the response is neither too high nor there is any selectivity. At 50 0C also, this sample is 

showing the response towards NO2 and NH3 gases with an average response of around 20 % 

shown towards the NH3 gas and an average response of around 40 % shown towards the NO2 
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gas while for Cl2 and LPG, the response of this ferrite sample is very negligible. At 100 0C 

however, this ferrite sample is found to show a very good response towards the Cl2 gas which 

is ranging between 115-212%. For other gases i.e. for NH3, NO2 and LPG too this sample is 

showing the response but the percentage response observed is less than 50 %. The 

reproducibility of response-recovery time of this sample was also checked for the Cl2 gas at 

this temperature and the plot for the same is presented in Fig.5.16. It can be seen in this plot 

that the results are quite reproducible and the response and recovery times are also very short. 

At 150 0C, the response observed is very less and comparatively it shows some response 

towards LPG and NH3 gas but it is less than 15 %. 

 

Fig. 5.16. The plot of reproducibility of response-recovery v/s time of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.3) ferrite towards Cl2 gas at an operating temperature of 100 0C 

The Fig. 5.17 depicts the plot of response v/s concentration of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 ferrite sample with composition x=0.4 at an operating temperatures of 30, 50, 

100 and 150 0C towards the various test gases with different concentrations, under study. At 

30 0C, it can be seen that the ferrite sample shows a very less response of less than 10 % 

towards all the gases. While at 50 0C, the average response of around 30 and 40 % was 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

238 
 

observed towards Cl2 and NO2 gas, respectively while very less i.e. less than 10% response 

was observed  towards NH3 and LPG gas. But the lack of any selectivity rules out its 

application in gas sensing. At 100 0C, this sample shows good response but towards all the 

gases. At 150 0C also, the response of the ferrite sample is observed towards two gases 

namely, Cl2 and NO2 gases. 

 

Fig. 5.17. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.4) ferrite towards different test gases at variable operating temperatures 
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The Fig. 5.18 depicts the plots of response v/s concentration of ‘as prepared’ Ni0.7-

xMnxZn0.3Fe2O4 (x=0.4) ferrite towards four different test gases with fix different 

concentrations under study at an operating temperature of 30, 50, 100 and 150 0C. 

 

Fig. 5.18. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.5) ferrite towards different test gases at variable operating temperatures 

In this case also the lack of selectivity is observed at the different operating temperature. At 30 

0C, the response is observed towards the NH3, Cl2 and NO2 gases while at 50 0C, the response 

is observed towards NO2 and NH3 gases. Compared to the 30 0C, the response observed at 50 
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0C was higher. The average response observed for NH3 gas was around 23 % while for NO2 

gas was 60 %. At 100 0C, the sample showed the response towards all the gases averaging 

from 20-40 % while at 150 0C, the response was decreased to an average of approximately 10 

%. 

 

Fig. 5.19. The plots of response v/s concentration of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.6) ferrite towards different test gases at variable operating temperatures 

In Fig. 5.19, the plot of response v/s concentration of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.6) ferrite at operating temperatures of 30, 50, 100 and 150 0C for the different test gases  
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having varying concentrations under the present study, is depicted. It can be seen from the 

above mentioned figure that, at 30 0C, this ferrite sample shows good response towards NH3 

gas as the concentration of this gas increases. At lower concentration up to 50 ppm, the 

response observed towards the Cl2 gas is also same as that for NH3 gas but as the 

concentration of NH3 gas increases, the response towards Cl2 gas subsides. Thus, ‘as 

prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.6) ferrite sample can be selectively used as a sensor for 

higher concentration of NH3 gas. The plot of response-recovery v/s time for higher 

concentration of NH3 gas of this sample is shown in Fig. 5.20 which reveals that the only 

disadvantage of this material is its high recovery time. The recovery obtained for this material 

is very sluggish although the response time is very quick. At 50 0C, this sample shows the 

response for both Cl2 and NO2 gases with an average response percentage of 25 and 37 %, 

respectively while for the rest two test gases i.e. LPG and NH3 the response is very less i.e. 

less than 10 %. At 100 0C, this ferrite sample shows response towards all four gases while at 

150 0C, the response percentage is very less.  

 

Fig. 5.20. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.6) ferrite towards NH3 gas at an operating temperature of 30 0C 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

242 
 

So, from the above results, we can conclude that the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 ferrite 

samples with composition x=0.0 and 0.1 shows selectively good response towards NO2 gas. 

The sample with composition x=0.0 shows a maximum response of 63% towards the 300 ppm 

of NO2 gas at an operating temperature of 30 0C but the only disadvantage of this sample is 

the sluggish recovery time. The sample with composition x=0.1 shows a response of 16% 

towards 300 ppm of NO2 gas at an operating temperature of 50 0C. In this case the response 

and the recovery time of this sensor material are very short. The recovery takes place in less 

than 25 sec. This sample can also be selectively used for sensing lower concentration of NH3 

gas up to 100 ppm at an operating temperature of 30 0C wherein it showed 22% of response 

towards 100 ppm of NH3 gas. In this sample also the response and recovery time are quick 

with less than 25 sec recovery time. The ammonia sensing at an operating temperature of 30 

0C was shown by the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 ferrite sample with composition 

x=0.6 but in this case the sample shows the selective response towards the higher 

concentration of NH3 from 150 ppm onwards. The maximum response observed for 300 ppm 

of this gas was 53% but in this case, the problem was of slow recovery. This sample also 

requires more than 500 sec to recover. The selective sensing for Cl2 gas has been shown by 

the sample with composition x=0.3 at an operating temperature of 100 0C. The response 

ranged between 115-212% with varying concentration of Cl2 gas. This sample showed a quick 

response and recovery time and also showed the good reproducibility. The outcome of this 

part of research work was to find a sensor which can selectively sense a particular gas at 

normal temperature i.e. at RT. We could identify many ferrites which have shown good 

response towards various gases at different operating temperature including at RT.  

5.2.2. Gas sensing property of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

5.2.2.1 Gas sensing response towards different test gases at variable operating 

temperature 

The gas sensing study of all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites coded 

as NAZFA0.0-0.6, respectively was carried out at a variable operating temperature of 30, 50, 

100 and 150 0C and the test gases used were NH3, Cl2, NO2 and LPG of different 

concentrations. The Fig. 5.21 represent the plots of response of ‘as prepared’ Ni0.7Zn0.3Fe2-
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xAlxO4 (x=0.0-0.6) ferrites v/s different concentrations of NH3 gas at the variable operating 

temperatures. From this figure, it can be seen that the sample with composition x=0.3 

(NAZFA0.3) is showing the maximum response towards the NH3 gas at an operating 

temperature of 30 0C. The response is found to increase with increase in concentration. The 

maximum response observed is 142% for 300 ppm NH3 gas. This ferrite also shows highest 

response from 150 ppm onwards among all the ferrites studied in the present work, at all 

operating temperatures. The sample with composition x=0.6 (NAZFA0.6) at an operating 

temperature of 100 0C is showing the next highest response for this gas which is ranging from 

16-67%. The ferrite sample with composition x=0.4 (NAZFA0.4) at an operating temperature 

of 30 0C was found to show a response of around 22-77 % towards 20-300 ppm NH3 gas. 

 

Fig. 5.21. The plots of response v/s concentration of NH3 gas of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrites at variable operating temperatures 

The Fig. 5.22 represent the plots of response of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6, respectively towards the varying concentrations of Cl2 gas at 

variable operating temperature.  It can be observed from this figure that the plot of ferrite 

sample with composition x=0.1 (NAZFA0.1) shows a maximum response of 71-96 % at 50 0C 
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towards Cl2 gas having 20 to 300 ppm. At 100 0C also, NAZFA0.1 ferrite sample is found to 

show a good response towards this gas where the response is ranging from 53-71% for 20 to 

300 ppm concentration gas. For the same ferrite sample, at 150 0C, the response ranges from 

41-98% when other conditions are same. So overall, we can say that this ferrite sample with 

composition x=0.1 is showing a good response to the Cl2 gas at all the three temperature 

compared to other samples under study. The next highest response has been shown by the 

sample with composition x=0.4 (NAZFA0.4) at 30 0C where the response is ranging between 

47-63 % for various concentrations of Cl2 gas. The ferrite sample with composition x=0.2 

(NAZFA0.2) is also showing quite a good response towards this gas at an operating 

temperature of 100 0C where the response is ranging between 37-54% for various 

concentrations of Cl2 gas. 

 

Fig. 5.22. The plots of response v/s concentration of Cl2 gas of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrites at variable operating temperature 
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Fig. 5.23. The plots of response v/s concentration towards NO2 gas of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites at variable operating temperatures 

The Fig.5.23 depicts the plots of the response of all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites coded as NAZFA0.0-0.6, respectively towards various concentrations of 

NO2 at variable operating temperature. It has been observed in the present study that most of 

the ferrite samples show a very high percentage response for this gas. At an operating 

temperature of 50 0C, the samples with compositions x=0.1 (NAZFA0.1) and x= 0.2 

(NAZFA0.2) are showing the maximum response which varies from 77-98 and 54-107 %, 

respectively for various concentrations of NO2 gases. The ferrite sample with composition 

x=0.2 (NAZFA0.2) is also showing a good response at 30 0C where with varying the 

concentrations of NO2 gases the response is varying from 44-105%. 

The Fig. 5.24 depicts the plot of response of the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6, respectively at variable operating temperature towards the 

varying concentration of LPG gas. The maximum response at lower concentrations of LPG 

has been shown by the ferrite sample with composition x=0.2 (NAZFA0.2) at 100 0C where 

the response varies from 32-41% as the concentration varies from 20-200 ppm while the same 
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sample is showing the highest response towards 300 ppm concentration of LPG at an 

operating temperature of 150 0C. The same sample shows varying response from 28-44 % 

with change in concentration from 150-300 ppm. The ferrite sample with composition x=0.4 

(NAZFA0.4) is also showing quite a good response towards this gas at an operating 

temperature of 100 0C where the response varies from 27-38% with change in the 

concentration. At RT, the ferrite sample with composition x=0.1 (NAZFA0.1) is showing 

good response ranging from 25-43% towards concentration of LPG gas ranging from 20-300 

ppm. 

 

Fig. 5.24. The plots of response v/s concentration towards LPG gas of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites at variable operating temperatures 

So, from this four plots of four different gases, it can be concluded that compared to Mn 

doped Ni-Zn ferrites, the Al doped Ni-Zn ferrites are showing better responses towards NH3, 

NO2 and Cl2 gases while for LPG gas, the Mn-doped Ni-Zn ferrites are showing better 

responses but it is lacking in selectivity and hence none of the Mn doped ferrite samples were 

found suitable for using as LPG sensor. In the case of the Al-doped Ni-Zn ferrite samples, it is 

observed that most of the samples show high response towards NO2 gas. For other test gases 
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too, it is showing satisfactory response, so in further section, the selectivity towards a 

particular gas and the sensing response at different operating temperatures will be discussed, 

so as to find out which ferrite sample selectively senses, a particular test gas at lower 

operating temperature. 

5.2.2.2 Gas sensing response at variable operating temperature towards different gases 

The gas sensing study at four different operating temperatures i.e. 30, 50, 100 and 150 0C was 

carried out for all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites coded as 

NAZFA0.0-0.6, respectively.  

 

Fig. 5.25. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites towards different test gases at 30 0C 

The Fig. 5.25 depicts the plot of response of this ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites towards various test gases at an operating temperature of 30 0C. It is quite 

interesting to note that at RT also our ferrites samples are able to sense the different test gases 

at different concentrations. Out of all the ferrite samples studied, it was observed that the 

sample with composition x=0.3 (NAZFA0.3) is showing the maximum response towards NH3 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

248 
 

gas at 300 ppm. As the concentration is increased from 20 ppm to 300 ppm, the response is 

also found to increase for this sample. The ferrite sample with composition x=0.2 

(NAZFA0.2) is also showing a quite good response ranging from 44-105% for different 

concentration of NO2 gas. For the NO2 gas, the sample with composition x=0.1 (NAZFA0.1) 

is also showing response of 29-58% for various concentrations. The Cl2 sensing is also 

observed at this temperature by the sample with composition x=0.4 (NAZFA0.4) which shows 

response to different concentration of Cl2 ranging from 47-63%. So, overall many ferrites are 

showing good response towards three test gases, i.e. NH3, NO2 and at the RT. 

The Fig. 5.26 depicts the plots of the response shown by all the ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrites coded as NAZFA0.0-0.6, respectively, towards all the four test 

gases having different concentrations at an operating temperature of 50 0C.  

 

Fig. 5.26. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites towards different test gases at 50 0C 

From Fig. 5.26, it can be seen that the ferrite sample with composition x=0.2 (NAZFA0.2) is 

showing quite a good response towards the NO2 gas at this operating temperature wherein the 

response varies from 54-107% for different concentrations of NO2. The ferrite sample with 
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x=0.1 (NAZFA0.1) composition is also showing a good response towards the NO2 gas 

wherein the response is varying from 77-98%. As compared to the sample with composition 

x=0.2 (NAZFA0.2) this sample with composition x=0.1 (NAZFA0.1) showed a steady 

uniform response towards NO2 gas i.e. there is not much change in the response with change 

in the concentration but in the case of sample with composition x=0.2, it showed a zig-zag 

response. The sample with composition x=0.1 (NAZFA0.1) is also showing a quite good 

response towards the Cl2 gas where the response is ranging from 59-96% with change in the 

concentration of this gas from 20-300 ppm. The response for NO2 has also been shown by the 

sample with composition x=0.3 (NAZFA0.3) but the problem with this sample is that with 

increase in the concentration of NO2 gas, the response is found to decrease. This ferrite sample 

shows maximum response of 83 % for 20 ppm of NO2. The ferrite sample with composition 

x=0.5 (NAZFA0.5), showed response towards the Cl2 gas but at higher concentration of this 

gas. In this ferrite sample, the response was also found to increase with increase in the 

concentration and the maximum response of 60 % was obtained for 300 ppm of Cl2. 

The Fig. 5.27 depicts the plots of response of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6, respectively, towards various test gases with different 

concentrations at an operating temperature of 100 0C. It can be seen from the figure that many 

ferrite samples are showing good response towards different test gases having different 

concentrations, at this temperature. The maximum response was observed towards the sensing 

of higher concentration of NO2 gas was by the ferrite sample with composition x=0.5 

(NAZFA0.5). The response ranged from 42-98% with change in this concentration in this 

sample. With increase in the concentration the response is also found to be increased in this 

sample. The sample with the composition x=0.3 (NAZFA0.3) is also showing a good response 

towards the higher concentration of NO2 gas. In this case the response is ranging from 27-84% 

and the highest responses are seen at 50 and 300 ppm concentrations. The NO2 sensing has 

also been shown by the sample with composition x=0.2 (NAZFA0.2) wherein the response is 

ranging from 41-65% between 50 and 300 ppm gas concentrations. The sample with 

composition x=0.1 (NAZFA0.1) is showing quite a good response towards 50 to 300 ppm Cl2 

gas at this operating temperature; the response here ranges from 53-71%. 
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Fig. 5.27. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites towards different test gases at 100 0C 

 

Fig. 5.28. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites towards different test gases at 150 0C 
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The Fig.5.28 depicts the plot of the response of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6, respectively, towards the different test gases of various 

concentrations, at an operating temperature of 150 0C.  Unlike the Mn doped Ni-Zn ferrite, the 

Al doped ferrite showed quite a good response towards various test gases with different 

concentrations, at 150 0C. The sample with composition x=0.1 (NAZFA0.1) showed the 

maximum response at this temperature towards 20-300 ppm Cl2 gas. In this ferrite, the 

response varied from 41-98 %. The next highest response was shown by ferrite sample with 

composition x=0.0 (NAZFA0.0) towards the NO2 gas. In this sample, the response varied 

from 23-42 %. A good response for Cl2 gas was also shown by the sample with composition 

x=0.4 (NAZFA0.4) wherein the response ranged from 21-42 % for different concentration of 

Cl2. A uniform response towards the Cl2 gas was also shown by the sample with composition 

x=0.0 (NAZFA0.0) in which the response varied from 24-33 % towards 20-300 ppm Cl2 gas.  

From this discussion on the operating temperatures, it was noticed that at almost all the 

operating temperatures the maximum response of ferrite samples observed was towards the 

NO2 and Cl2 gases except at 30 0C, where the maximum response was observed towards the 

NH3 gas. Most of the samples are showing response towards these two test gases i.e. Cl2 and 

NO2 so the next part will be to find out their selectivity along with their response and recovery 

time so as to classify them as the gas sensor. So the next section deals with the gas sensing 

study of the individual ferrite sample to get a better understanding of it. 

5.2.2.3 Gas sensing response with variable composition 

The Fig. 5.29 shows the plots of the response of the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 ferrite 

sample with composition x=0.0 (NAZFA0.0) towards the different test gases with varying 

concentrations, at an operating temperatures of 30, 50, 100 and 150 0C.  It can be observed 

from this Fig. 5.29 that at 30 0C, this sample shows the maximum response to NH3 gas and as 

the concentration of this gas is increased, the response also goes on increasing. For other test 

gases there is no specific trend observed with their increasing concentrations but the sample 

does shows some response towards them which eliminates this sample from exclusive 

selectivity club towards the NH3 gas, at 30 0C. At 50 0C, this sample shows very negligible 

response towards NO2 and LPG gas (Fig. 5.29) and the highest response is observed towards 
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the NH3 gas but it also shows the response for Cl2 gas and thus at this temperature also the 

sample loses on selectivity criteria. At 100 and 150 0C also, this sample shows sensing for all 

the four test gases under investigation and thus although this ferrite sample shows good 

sensing ability towards all the gases it lacks in selectivity and hence this ferrite sample cannot 

be used as gas sensor for any particular gas.  

 

Fig. 5.29. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0) ferrite towards different test gases at variable operating temperatures 

The Fig. 5.30 depicts the plots of response of the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 ferrite 

sample with composition x=0.1 (NAZFA0.1) towards the different test gases with varying 
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concentrations, at an operating temperature of 30, 50, 100 and 150 0C. It can be observed from 

these plots that at an operating temperature of 30 and 100 0C, this sample shows response to 

all the four test gases with good response percentages while at 50 0C, it shows response to Cl2 

and NO2 with very high percentages whereas the response to LPG and NH3 is very small. 

Thus at all the three operating temperatures, although a high response is observed there is lack 

of selectivity. 

 

Fig. 5.30. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.1) ferrite towards different test gases at variable operating temperatures 
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At 150 0C, this ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.1) ferrite shows selectively good 

response towards the Cl2 gas where the response ranges from 41-98% for different 

concentration of Cl2 while for other test gases the response observed is less than 15%. 

Therefore, the response-recovery time and the reproducibility of this ferrite sample 

(NAZFA0.1) towards this gas was studied and the plot of reproducibility of response-recovery 

v/s time of this sample for 150 ppm of Cl2 gas at 150 0C has been shown in Fig. 5.31.  It can 

be seen from this plot that the response-recovery time is very small and also the results are 

quite reproducible. 

 

Fig. 5.31. The plot reproducibility of response-recovery v/s time of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.1) ferrite towards Cl2 gas at an operating temperature of 150 0C 

The Fig. 5.32 depicts the plot of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 ferrite with composition x=0.2 (NAZFA0.2) for the different test gases at an operating 

temperature of 30, 50, 100 and 150 0C. It can be seen from this figure that at 30 0C, this 

sample is showing the response for the NH3 gas ranging from 1-28%, for Cl2 gas it is ranging 

from 2-14%, for LPG it is ranging from 0-8% while for NO2 gas it is ranging from 44-105 % 

towards the various concentration of these test gases.  
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Fig. 5.32. The plot of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.2) 

ferrite towards different test gases at variable operating temperatures 

At 50 0C, the response for NH3 gas is observed from 1-11%, for Cl2 gas it is ranging from 2-

54%, for LPG it is ranging from 2-6% while for NO2 gas it is ranging from 54-107%. It can be 

seen that although this sample is showing response to all the four test gases but the response 

observed towards the NH3, Cl2 and LPG is comparatively less than it is observed towards 

NO2. For NO2, the response observed is significantly high making it to clearly differentiate 

from the other gases. Thus we can say that this sample at an operating temperature of both 30 

and 50 0C, can be selectively used for the NO2 sensing. The plots of reproducibility of 
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response-recovery v/s time towards the 150 ppm of NO2 gas at an operating temperature of 30 

and 50 0C has been depicted in Fig. 5.33 from which it can be clearly seen that the sensing 

property is quite reproducible and also the response and recovery time is very short. This 

sample at an operating temperature of 100 0C is showing the response towards all the gases 

(Fig. 5.32) and in this case the response percentages observed are almost same so it can’t be 

selectively used for sensing any one of the gas. In case of data at operating temperature of 150 

0C, it is observed that the response towards the LPG is maximum as compared to the other 

gases. The response however is not too high and it ranges from 10-44 % towards the various 

concentrations of LPG. For NO2 gas, it is ranging from 4-12%, for Cl2 it is showing 4% 

throughout the range of concentration while for NH3, the response observed varies from 4-

16%. So, we can say that at an operating temperature of 150 0C, this ferrite sample can be 

selectively used for sensing LPG. 

 

Fig. 5.33. The plots of reproducibility of response-recovery v/s time of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.2) towards NO2 gas at an operating temperature of 30 and 50 0C 

The Fig. 5.34, depicts the plots of response v/s concentration of the ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 ferrite sample with composition x=0.3 (NAZFA0.3) towards the different 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

257 
 

test gases at an operating temperature of 30, 50, 100 and 150 0C. It can be observed from this 

figure that at 30 0C, this sample shows a maximum response towards the NH3 gas where the 

response goes on increasing with increase in the concentration.  

 

Fig. 5.34. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.3) ferrite towards different test gases at variable operating temperature 

For LPG and NO2 gas, it shows very less sensing. The response towards the Cl2 gas of this 

sample ranges from 14-31% while the response towards the NH3 gas varies from 19-142 %. 

Although at lower concentrations, the sensing response towards Cl2 and NH3 are same but at 

higher concentrations the difference between these two is very large thereby making this 
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ferrite as one of the candidate that can be successfully used as NH3 sensor for higher 

concentrations at RT i.e. at 30 0C. The plot of response-recovery v/s time for NH3 sensing of 

this ferrite has been shown in Fig. 5.35 from which it can be seen that the response and the 

recovery time required for this sample are quite small. At 50 0C, the maximum response of 

this sample was observed towards the NO2 gas but the response towards the other test gases is 

also sufficiently high thus making this sample to lack in exclusive selectivity for NO2 gas at 

an operating temperature of 50 0C. At 100 and 150 0C, this sample shows response towards all 

the gases and doesn’t show significant selectivity towards any particular gas. 

 

Fig. 5.35. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.3) towards NH3 gas at an operating temperature of 30 0C 

The Fig. 5.36 depicts the plots of response of the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 ferrite 

with the composition x=0.4 (NAZFA0.4) towards the various test gases at an operating 

temperature of 30, 50, 100 and 150 0C. It can be observed from this figure that at 30 0C, this 

ferrite sample shows a response of 21-24 % towards different concentrations of NH3 gas 

except at 100 ppm of NH3 where it shows a very high response of 77%.  Towards LPG, this 

ferrite sample doesn’t show any response whereas for NO2 gas, the response varies from 7-23 
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% while for Cl2 gas the response varies from 47-63 %. So, if the response towards 100 ppm of 

NH3 is excluded than this sample was found to shows selectivity towards the Cl2 gas as the 

difference between the response observed for Cl2 and rest of the test gases is very large.  

 

Fig. 5.36. The plot of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.4) 

ferrite towards different test gases at variable operating temperatures 
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The reproducibility of response-recovery v/s time studies were also carried out for Cl2 gas and 

the same has been shown in Fig. 5.37 wherein we can see that this sample shows a very small 

response and recovery time and also the results are quite reproducible. At rest of the operating 

temperature, although there is response shown by this ferrite sample towards all the gases at 

varying concentrations, the sample lacks in selectivity. 

 

Fig. 5.37. The plot of reproducibility of response-recovery v/s time of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.4) towards Cl2 gas at an operating temperature of 30 0C 

The Fig. 5.38 depicts the plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 ferrite sample with composition x=0.5 (NAZFA0.5) at an operating temperature of 30, 

50, 100 and 150 0C. It can be seen from this plot that at 30 0C, this sample shows the sensing 

property towards the NH3, Cl2 and NO2 gas in almost the same range while for LPG gas it is 

very small, thus ruling out any selectivity in this case while at 50 0C, the maximum response is 

observed towards the Cl2 gas where the response ranges from 7-60% while for other gases 

such as for NH3, the response ranges from 5-16%, for NO2, it is from 5-12% and for LPG, it is 

ranging from 5-21%. So, we can conclude that this NAZFA0.5 ferrite can be used for sensing 
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of Cl2 gas at higher concentrations. It can be effectively used as the sensor from 100 ppm 

onwards.  

 

Fig. 5.38. The plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.5) ferrite towards different test gases at variable operating temperatures 

The plot of reproducibility of response-recovery v/s time of ‘as prepared’ NAZFA0.5 ferrite 

towards 300 ppm of Cl2 gas at 50 0C has been depicted in Fig. 5.39 wherein it is observed that 

this ferrite sample requires a very less response and the recovery time and the data is found to 

be quite reproducible although there is decrease in some percentage of response for the 2nd 

run. At 100 0C, it is observed that the maximum response is observed towards the 20-300 ppm 
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NO2 gas (Fig. 5.38) where the response ranges from 42-98 %. For the NH3 gas, the response 

of the same sample ranges from 16-29 % whereas for Cl2 gas it ranges from 7-32% and for 

LPG, it is ranging from 14-24 %.  

 

Fig. 5.39. The plots of reproducibility of response-recovery v/s time of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.5) towards 300 ppm Cl2 and 300 ppm NO2 gas at an operating 

temperature of 50 and 100 0C, respectively. 

It can be seen from the Fig. 5.38 that the difference between the response towards the NO2 gas 

and the other gases is quite high at 100 0C thus we can conclude that this sample can be used 

as a sensor for NO2 sensing subject to its response and recovery time. The plot of 

reproducibility of response-recovery v/s time for 300 ppm of NO2 gas at 100 0C has been 

shown in Fig. 5.39 from which we can conclude that the response and the recovery time for 

this NAZFA0.5 ferrite sample is quite less but compared to Cl2 gas at 50 0C, it is little bit 

more. Also, with respect to reproducibility data, it can be seen that for 2nd run the response is 

found to increase while for 3rd run it is coming equal to the first thus confirming the response 

of this ferrite is reproducible. At 150 0C, this sample showed response towards all the gases 
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(Fig. 5.38) thus ruling out any selectivity and hence making this sample useless as sensor at 

150 0C. 

 

Fig. 5.40. The plot of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.6) 

towards different test gases at variable operating temperatures 

The Fig. 5.40 depicts the plots of response v/s concentration of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 ferrite with composition x=0.6 (NAZFA0.6) at an operating temperature of 30, 50, 100 

and 150 0C and it can be observed from this figure that at 30 0C, this sample shows selectively 

response for Cl2 gas where it is found to vary from 8-21% while for other gases such as for 
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NH3 it is ranging from 1-4%, for NO2, it is ranging from 0-4% and for LPG it is ranging from 

1-4%.  

 

Fig. 5.41. The plots of reproducibility of response-recovery v/s time of ‘as prepared’ 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.6) ferrite towards Cl2 gas at an operating temperature of 30 0C 

The study was carried out to check the reproducibility and response and recovery time of the 

NAZFA0.6 ferrite towards 20-150 ppm Cl2 gas at an operating temperature of 30 0C and the 

result of the same are shown in Fig. 5.41. It can be seen from this figure that the response and 

the recovery time for this sample at all the concentrations are quite small and the data is also 

quite reproducible. Thus this ferrite can be a good sensor for Cl2 at 30 0C. At 50 and 150 0C, 

this ferrite didn’t show any selectivity for a particular gas. While at 100 0C, this sample shows 

good response for NH3 gas. The response towards the NH3 gas is found to vary from 16-67% 

while for Cl2 it is varying from 4-24%, for NO2 it is varying from 6-39% and for LPG it is 

varying from 7-37%. The response v/s time for this NAZFA0.6 ferrite sample towards 100, 

200 and 300 ppm of NH3 gas at 100 0C has been depicted in Fig. 5.42 where it can be seen 

that the response and recovery times together are less than 15 sec. 
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Fig. 5.42. The plots of response-recovery v/s time of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.6) ferrite towards NH3 gas at an operating temperature of 100 0C 

Thus from this data of the response of different composition of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0- 

0.6) ferrites towards the different test gases under study i.e. NH3, Cl2, NO2 and LPG at an 

operating temperature of 30, 50, 100 and 150 0C, it can be concluded that this samples shows 

better response towards most of the test gases. A good sensor is the one which shows the 

selectivity and small response and recovery time with high percentage of response, good 

reproducibility and it senses at lower operating temperature. In view of this, we have observed 

that the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 ferrite sample with composition x=0.1 is showing 

the selectivity towards the Cl2 gas at an operating temperature of 150 0C wherein it shows 

response percentage ranging from 41-98%. The selective response towards the Cl2 gas has 

also been shown by the ferrite sample with the composition x=0.5 at an operating temperature 
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of 50 0C. In this, the response is observed towards the higher concentration of Cl2. The 

response towards the 20-300 ppm Cl2 varies from 7-60%. At 30 0C, the ferrite samples with 

composition x=0.4 and 0.6 are showing selective response towards the Cl2 gas which is 

ranging from 47-63 and 8-21 %, respectively towards the different concentration of this gas. 

The ferrite sample with composition x=0.2 shows the selective response towards the NO2 gas 

at both 30 and 50 0C with response varying from 44-105 and 54-107%, respectively. The 

selective response varying from 42-98% towards NO2 has also been shown by the sample with 

composition x=0.5 at an operating temperature of 100 0C. The sample with composition x=0.3 

at an operating temperature of 30 0C is showing selectively the response towards the higher 

concentration of NH3. The selective response towards NH3 has also been shown by the sample 

with composition x=0.6 at an operating temperature of 100 0C wherein the response is varying 

from 16-67%. The selective response towards the LPG has been shown by the sample with 

composition x=0.2 at an operating temperature of 150 0C where the response is varying from 

10-44%.  

In all these cases the response and the recovery time observed was very small and also the 

sensing response is found to be reproducible which makes these ferrites eligible to be used as 

a sensor towards these four gases namely, NH3, NO2, Cl2 and LPG, at different operating 

temperatures. Although the ferrite sensor for LPG was found to work at a little higher 

operating temperature i.e. 150 0C but for other three gases we were able to find the ferrites 

operating as gas sensors at lower temperatures including at RT.  

5.2.3. Gas sensing Mechanism 

The gas sensing mechanism of a semiconductor sensor is based on the change in resistance of 

a sensor on exposure to the test gas. The change in resistance depends upon the nature of the 

material and also the type of gas used.  The reaction between the gas and the adsorbed oxygen 

species on the surface of the sensor leads to change in the resistance of the material. The 

adsorption of the gas is a key criterion which affects the response characteristic. A better 

response is observed if a large amount of gas is adsorbed and subsequently the reaction 

between the adsorbed gas and the oxygen species is more favourable [29]. The Fig. 5.43 

shows a representative plot of change of resistance on injecting the test gases. It can be 
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observed from these plots that once a gas is injected there occurs a change in resistance of the 

sensor. In most of the cases, the resistance decreases on injecting the test gas. It was true for 

all the four test gases. Sometimes, for some samples it was observed that, during the NH3 

sensing first a little increase in resistance is observed followed by decrease in resistance and 

for few samples for Cl2 sensing after the decrease in resistance a small increase was observed 

as depicted in Fig.5.43 (A-C). 

 

Fig. 5.43. The representative plot of variation of resistance on exposure to test gas 

It is the known process that, on exposure to air, the atmospheric oxygen molecules are 

adsorbed on the surface of the sensor which then capture the electron from the conduction 

band of the sensor to form the chemisorbed oxygen species. 

𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝑂2
−(𝑎𝑑𝑠)            (between 25-150 0C)                (1) 

𝑂2
−(𝑎𝑑𝑠) + 𝑒− → 2𝑂−(𝑎𝑑𝑠)          (above 150-300 0C)                 (2) 

𝑂−(𝑎𝑑𝑠) + 𝑒− → 𝑂2−(𝑎𝑑𝑠)               (above 300 0C)                  (3) 

Thus, the adsorbed oxygen molecules which are acting as the acceptors deplete the surface 

electron states and reduce the free carrier density which will lead in depleting the electron 

region generated at the surface of the sensor. Once the test gas is injected, the reaction 

between the test gas and the adsorbed oxygen species will occur and will release the electrons 

to the conduction band of the material. These released electrons will combine with the holes 

thus increasing the conductance thereby reducing the resistance of the material [30]. 

The mechanism for LPG sensing by the ‘as prepared’ thick film ferrite can be given as below. 

When the sensor is exposed to the LPG, it will react with the chemisorbed oxygen species and 

A B C 
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after interacting with the hydrocarbons in the LPG, the adsorbed oxygen is removed and the 

gaseous species and the water vapour are formed. The reaction between the two can be 

denoted as follow: 

2𝐶𝑛𝐻2𝑛+2 + 2𝑂2
−  → 2𝐶𝑛𝐻2𝑛𝑂 + 2𝐻2𝑂 + 2𝑒−                                              (4) 

Where 𝐶𝑛𝐻2𝑛+2 represent the various hydrocarbons of LPG. From eqn.4, it can be seen that 

the concentration of electrons on the surface is increased thereby leading in increase in the 

conduction band electrons of the sensor thus leading to decreased resistance [31]. 

As far as sensing of the chlorine gas is concern, generally the gas sensing response of the 

oxide towards the Cl2 gas is based on four reactions which are given below. 

𝐶𝑙2 + 2𝑒− ↔ 2𝐶𝑙−(𝑎𝑑𝑠)                                                                     (5) 

𝐶𝑙2 + 2𝑉0
′′ + 2𝑒− ↔ 2𝐶𝑙0

−                                                                   (6) 

𝐶𝑙2 + 2𝑂2
−(𝑎𝑑𝑠) ↔ 2𝐶𝑙−(𝑎𝑑𝑠) + 2𝑂2                                               (7) 

𝐶𝑙2 + 2𝑂0
𝑥(𝑎𝑑𝑠) ↔ 2𝐶𝑙0

−(𝑎𝑑𝑠) + 2𝑂2 + 2𝑒−                                    (8) 

From equations 5 and 6, it can be seen that the electrons are captured by Cl2 which will result 

in the increase in number of holes. 𝑂2
− ions are consumed by the Cl2 as can be seen from eq.7. 

In contrast, the electrons are released as can be seen from eqn. 8 which leads in decreasing the 

number of holes due to the partial electron-hole neutralization. The reactions in equations 5-7, 

results in decrease in the resistance in a p-type semiconductor while the reaction due to 

equation 8 results in increase in the resistance. So, in most of our samples which show the 

decrease in the resistance, the gas sensing response may be due to the equations 5-7 while in 

some cases the increase in resistance observed may be due to the equation 8 [29, 32].  

In case of ammonia sensing, when the test gas passed over the surface of the sensor, the gas 

molecule interact with the 𝑂2
− species and releases the electron back to the sensor thereby 

decreasing the resistance [33]. The equation taking place has been given below. 

4𝑁𝐻3 + 3𝑂2
− → 2𝑁2 + 6𝐻2𝑂 + 3𝑒−                                       (9) 
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In the case of NO2 gas sensing studies, the decrease in the resistance is observed when the 

NO2 gas is passed over the sensor. This may be because of the p-type semiconducting 

behaviour of the sensor. Since NO2 is an oxidizing gas and when it comes in contact with the 

p-type sensor it will capture the electrons from the sensor resulting in decrease in the 

resistance. Since the majority of the charge carriers are holes and the density of it increases 

due to the electron accepting nature of NO2 gas, the conductivity of the material increases 

thereby reducing the resistance. The equation for the same can be given as below [34-35].  

𝑁𝑂2 + 𝑂2
− + 2𝑒− ↔ 𝑁𝑂2

− + 2𝑂−                                        (10) 

The above mentioned mechanisms supported by literature reports satisfactorily explains the 

gas sensing behaviour shown by the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.6) ferrites 

towards LPG, Cl2, NH3 and NO2 gases. 

5.3. Electrochemical properties of ferrites 

The modernization of the world has lead in developing the new technologies and due to which 

the demand for the portable electronic devices based on the energy storage are increasing 

because of their light weight and long term stability. Also the unlimited use of the fossil fuels 

globally is of concern towards the environment and as a result the use of renewable energies is 

essential. However, there is a need for storing this renewable energy for future too. And as a 

consequence of this, the supercapacitors are gaining the importance because of their intrinsic 

performance advantages of compelling power densities and fast charge/ discharge traits [36-

38]. The use of supercapacitors can be made in many devices such as electric vehicles, burst 

power generation, memory back-up devices and all such devices where high-power pulses are 

required. Based on their charge storage mechanism, the supercapacitors can be divided into 

two types: 1. Electric double-layer supercapacitors (EDLC) and 2. Pseudosupercapacitors. In 

case of EDLC, the capacitance arises due to the charge separation at the electrode/electrolyte 

interface while in case of pseudosupercapacitors the pseudocapacitance arises due to the 

faradaic reactions occurring at the electrode interface. Usually, the three types of materials 

that are widely used for this application includes the carbon, conducting polymer and the 

transition metal oxides [39-40].    
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5.3.1. Electrochemical properties of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites 

To evaluate the electrochemical performance of the ‘as prepared’ Ni0.7-XMnxZn0.3Fe2O4(x=0.0-

0.6) ferrites as an active material for supercapacitor electrode, the cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) studies and the electrochemical impedance 

spectroscopy (EIS) was employed.  The Fig. 5.44(A-G) depicts the CV curves of all the ‘as 

prepared’ Ni0.7-XMnxZn0.3Fe2O4(x=0.0-0.6) ferrites coded as NMZFA0.0-0.6 at different scan 

rates and from this figure it is observed that all the ferrite samples shows nearly a rectangular 

curve with a pair of humps indicating faradaic pseudocapacitive nature of this material [39, 

41, 42]. It can be seen that this psuedocapacitive nature of the electrode has been observed 

over a wide potential range and this wide potential range of the energy storage in the aqueous 

electrolyte is an indication that this material may have the potential to be the high energy 

density supercapacitor. Regardless of the scanning rate the humps observed are found to occur 

at the same redox potential while as the scanning rate is increased the humps are found to be 

diminishing showing the almost rectangular curve. This might be because at slower scan rate, 

it is possible for ions to reach both the interior and exterior surfaces of the nanomaterials 

while at faster scan rate there is accessibility to only exterior surface [43]. The nature of the 

peaks that observe at the same redox potential with change in the scan rate can be ascribed to 

the facile charge transfer throughout the material along with the high reversibility and the 

enhanced diffusion rate of the electrolyte within the electrode [43]. With increase in the scan 

rate the area under the curve is found to slowly increase indicating that the scan rate are 

directly proportional to the CV currents demonstrating the ideal capacitive behaviour and 

indicates that at higher scan rates also there are maximum electrode active surfaces accessible 

with good electrical conductivity [25-26]. In general, the area covered by the CV curves tells 

about the charge stored by the electrode [45].  
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Fig. 5.44 (A-G). The Cyclic Voltammograms of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrite electrodes at various scan rates. 
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The specific capacitance obtained using this curves at various scan rates has been given in 

Table 5.1 and it can be observed from this table that the sample with composition x=0.6 is 

showing the maximum specific capacitance amongst all the ‘as prepared’ ferrites followed by 

the sample with composition x=0.5. This maximum in the specific capacitance can be related 

to the surface area of this material as it has been observed that the sample with composition 

x=0.6 and 0.5 are showing the highest and second highest surface area, respectively, 

calculated using the BET method [Table 3.10]. With increase in the scan rate the specific 

capacitance is found to decrease and it might be due to the diffusion restrictions of the ions 

into the electrolyte at the high scan rates, as there might not be enough time for the ions to 

diffuse into the electrode micropores [44]. The inaccessible nature of some parts of the surface 

of the electrode at the high scan rate indicates that the capacitance obtained at the slowest scan 

rate is close to the full utilization of the electrode material. The lower scan rate is found to 

enable more time for protons to access the bulk of the oxide [26]. 

Table 5.1. The specific capacitance obtained for ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrite electrodes at various scan rates during the CV measurement 

   Composition (x) → 

     Scan rate (mV/s)↓ 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

S
p

ec
if

ic
 C

a
p

a
ci

ta
n

ce
 (

F
/g

) 5 41 83 51 101 90 133 156 

10 43 71 37 93 79 102 111 

20 38 55 26 73 62 72 73 

40 27 36 16 46 39 42 42 

60 20 27 10 32 28 28 30 

80 16 21 8 24 21 22 23 

100 13 18 7 20 18 18 20 

 

The galvanostatic charge/discharge (GCD) measurements at a current density are useful in 

measuring the specific capacitance if the CV curves are not perfectly rectangular. It is an 

accurate technique for determination of the electrochemical performance of supercapacitors 

especially when the material behaves as pseudocapacitor [46-48]. The Fig. 5.45(A-C) 
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demonstrates the GCD curves of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrites coded 

as NMZFA0.0-0.6, at different current densities of 0.1, 0.2 and 0.5 A/g. It can be seen from 

these curves that the nonlinearity is observed in these curves for all the ferrite samples 

indicating the pseudocapacitive behaviour of these electrodes and this can be related to the 

electrochemical adsorption/desorption or quasi reversible redox reactions at the 

electrode/electrolyte surface [42, 44, 47, 49].  

 

 

Fig. 5.45 (A-C). The Galvanostatic charge/discharge curves of ‘as prepared’ Ni0.7-xMnx 

Zn0.3Fe2O4 (x=0.0-0.6) ferrite electrodes at a constant current densities of 0.1, 0.2 and 0.5 A/g 

The specific capacitance obtained using the discharge curve has been reported in Table 5.2 

and it has been observed that the maximum specific capacitance is obtained for the sample 

with composition x=0.6 followed by x=0.5. With increase in the current density except for the 

A B 

C 
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sample with composition x=0.6 at current density of 0.5 A/g, in all the other cases it has been 

observed that the specific capacitance is decreased. This decrease may be correlated with the 

poor diffusion of the electrolyte ions inside the material at high current densities [44]. This 

may also be related to the increase in the IR drop [50]. 

Table 5.2. The specific capacitance, solution resistance (Rs) and Warburg element (W) 

obtained for ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrite electrodes at various 

current densities during the GCD measurement 

     Composition (x) → 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Current density (A/g)↓ 

Specific 

Capacitance 

(F/g) 

0.1 44 221 208 122 202 218 221 

0.2 31 76 38 70 87 184 211 

0.5 26 43 13 56 51 95 318 

Rs (Ω) 1.93 2.72 15.2 2.05 2.03 2.06 1.77 

W (mMho) 3.11 19.5 23.1 38.7 46.6 53.1 61.7 

 

The electrochemical impedance spectroscopy (EIS) is an important tool to investigate the 

features of an electrode/electrolyte interface as supercapacitors by evaluating the frequency 

behaviour and equivalent series resistance. It gives information about the internal resistance of 

the electrode material and the resistance between the electrode and electrolyte [47]. The Fig. 

5.46 depicts the Nyquist plot of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrite 

electrodes.  It can be seen from this plot that a depressed semicircle is observed at higher 

frequency and at lower frequency a straight line is observed. This indicates that at high 

frequencies the electrode process is controlled by electrochemical reaction while at lower 

frequencies it is controlled by mass transfer [50]. The equivalent circuit used to analyze these 

EIS spectra is shown in Fig. 5.47. The Rs is the solution resistance which is the real axis 

intercept at high frequency region. It may be due to the ionic resistance of the solution or 

electrolyte. It can be also due to the intrinsic resistance of the active electrode material and 

interfacial resistance between the electrode and the current collector [26, 41, 50]. This 

material is also showing the Warburg behaviour. At the lower frequency side, when the end 
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point of the distorted semicircle line is close to 450 with real axis, it is a characteristic of 

diffusion process of ions in the electrode, electrolytes or it can also be called as the mass 

transfer process. The resistance thus generated due to this processes is called as the Warburg 

element (W) [46]. The Rs and W values of these ‘as prepared’ ferrite samples are presented in 

Table 5.2 and it has been observed that except for sample with composition x=0.2, all the 

other sample shows almost similar Rs values ranging from 1.77 to 2.72 Ω. These lower values 

of Rs suggest that this electrode in KOH electrolyte is more active and is suitable for 

supercapacitor applications than others. It also indicates the better charge transfer and easier 

Faradaic reaction [46, 51-52].  

 

Fig. 5.46. The Nyquist plots of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrite 

electrodes 

Also the similar values of Rs suggest that the electrode obtained from different materials have 

the similar combination resistance of electrolyte and contact resistance at the active 

material/current collector interface [27]. The Warburg impedance is found to increase with 

increasing Mn2+ ions concentration in Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites and this 

increased value suggests that the diffusion process of the electrolyte is becoming slower due 
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to somewhat difficult penetration of electrolyte ions through the electrode mesopores with 

increasing Mn2+ ions content [47, 50]. 

 

Fig. 5.47. Equivalent circuit model for the EIS analysis 

 

5.3.2. Electrochemical properties of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

The Fig. 5.48 (A-G) depicts the CV curves of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NAZFA0.0-0.6. From these curves we can see that all the samples show 

nearly a rectangular shape CV curve with the presence of redox peak which is an indication 

that this material shows pseudocapacitance with faradaic behaviour. Unlike in Mn doped 

ferrite samples, in these samples only one peak is observed while in Mn doped ferrite samples 

two peaks were observed because of the presence of Mn and Fe having the redox nature. The 

specific capacitance obtained from these curves have been reported in Table 5.3 in which it 

can be seen that the sample with composition x=0.4 is showing the maximum specific 

capacitance followed by the sample with composition x=0.6. If these specific capacitance 

values [Table 5.3] are compared with the specific capacitance values observed for Mn doped 

ferrite samples [Table 5.2] then one can clearly see that Mn doped samples are showing the 

maximum specific capacitance. In these ferrite samples also with increase in the scan rate the 

specific capacitance is found to decrease.  
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Fig. 5.48 (A-G). The Cyclic Voltammograms of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrite electrodes at various scan rates 
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C D 

E 
F 
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Table 5.3. The specific capacitance obtained for ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) electrodes at various scan rates during the CV measurement 

   Composition (x) → 

     Scan rate (mV/s)↓ 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

S
p

ec
if

ic
 C

a
p

a
ci

ta
n

ce
 (

F
/g

) 5 60 76 79 70 96 54 87 

10 54 66 67 62 81 49 71 

20 43 50 49 47 56 41 49 

40 28 33 32 31 35 29 31 

60 21 24 23 23 25 22 22 

80 17 19 18 18 19 18 17 

100 14 16 15 15 15 15 15 

 

Table 5.4. The specific capacitance, solution resistance (Rs) and Warburg element (W) 

obtained for ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite electrodes at various current 

densities during the GCD measurement 

Composition (x) → 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Current density (A/g)↓ 

Specific 

Capacitance 

(F/g) 

0.1 62 65 131 145 78 56 202 

0.2 41 49 62 54 60 34 78 

0.5 34 42 44 39 50 26 44 

Rs (Ω) 2.09 2.03 1.71 1.73 2.30 2.30 1.78 

W (mMho) 6.58 6.92 7.39 4.67 5.37 2.32 5.27 
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Fig. 5.49 (A-C). The Galvanostatic charge/discharge curves of ‘as prepared’ Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrite electrodes at a constant current densities of 0.1, 0.2 and 0.5 A/g 

The Fig. 5.49(A-C) demontrates the Galvanostatic charge/discharge (GCD) curves of ‘as 

prepared’ Ni0.7Zn0.3Fe2-xAlxO4 ferrites coded as NMZFA0.0-0.6, at different current densities 

of 0.1, 0.2 and 0.5 A/g.. It can be seen from these plots that almost triangular shaped curves 

are obtained at lower current densities. The charge and the discharge curves are found to be 

symmetrical to each other revealing the good capacitive behaviour of this material [27]. The 

deviation from the linearity indicates that the mechanism involved in this material is based on 

the pseudocapacitance. The specific capacitance obtained from this GCD curves at different 

current densities is tabulated in Table 5.4. It can be seen from the table that the sample with 

coposition x=0.6 shows the maximum specific capacitance. Overall comparison of the specific 

A B 

C 
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capacitance observed in Mn-doped Ni-Zn ferrite and Al-doped Ni-Zn ferrite samples suggests 

that Mn-doped samples are exhibiting higher specific capacitance. 

The Fig.5.50 depicts the Nyquist plots of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites coded as NMZFA0.0-0.6. From these plots it can be seen that it is similar to Mn-doped 

NiZn ferrite wherein a disrupted semicircle is obtained at higher frequency and almost straight 

line at lower frequency. The solution resistance (Rs) and Warburg element (W) obtained for 

these ferrite samples are presented in Table 5.4. It can be seen from that table that similar to 

Mn-doped ferrite samples, here also the Rs value are very less ranging from 1.71-2.30 

suggesting a better charge transfer and faradaic reactions, indicating its active use in 

supercapacitor electrodes. Unlike the Mn-doped ferrite samples, the Al-doped ferrite samples 

are showing the lower Warburg impedance suggesting the lower diffusion resistance. This 

may be attributed to the aluminium doping which prevents the diffusion of the transition metal 

ions [53] thus the diffusion process of the electrolyte in the mesoporous/microporous structure 

of electrode at lower frequency is increased [50]. 

 

Fig. 5.50. The Nyquist plots of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite 

electrodes 
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5.4. Summary 

The gas sensing studies of both ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 and Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrite series was carried out by fabricating a thick film of these ferrites. The test 

gases used were Cl2, NH3, NO2 and LPG and the operating temperatures studied were 30, 50, 

100 and 150 0C. It was observed from this studies that the overall response towards the 

different gases at different operating temperatures was significantly higher for Al doped Ni-Zn 

ferrites as compared to the Mn doped Ni-Zn ferrites. But a good sensor is the one which 

shows the higher response and at the same time a better selectivity and quick response-

recovery time at lower operating temperatures. On this basis of selectivity it was observed that 

in the case of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 ferrites, the selective response at an 

operating temperature of 30 0C towards the NH3 and NO2 gas were seen. The sample with 

composition x=0.1 and 0.6 showed the selective response to NH3 gas while the selective 

response to NO2 gas was shown by the sample with composition x=0.0. The sample with 

composition x=0.1 showed a quick response and recovery time towards the NH3 gas but the 

samples with composition x=0.0 and 0.6 lacked this. The recovery time for these two samples 

towards the NO2 and NH3 gas, respectively was found to be very sluggish. The sample with 

composition x=0.1 also showed a selective response towards the NO2 gas but at an operating 

temperature of 50 0C and for this sample the response and the recovery time was very quick. 

The selective sensing towards the Cl2 gas was shown by the sample with composition x=0.3 

but operating temperature was 100 0C although the response and recovery was very quick.  

In case of ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite samples, many samples 

showed the selective response towards many gases under different operational conditions. The 

sample with composition x=0.1 showed a selective good response towards the Cl2 gas but at a 

high operating temperature i.e. at 150 0C while the sample with composition x=0.2 showed a 

selective good response towards the NO2 gas, at an operating temperature of 30 and 50 0C. 

The response observed at 50 0C was slightly higher as compared to 30 0C. It also showed a 

selective response towards LPG at 150 0C. The sample with composition x=0.3 showed a 

selective response towards the higher concentration of NH3 at an operating temperature of 30 

0C. The sample with composition x=0.4 showed a selective response towards the Cl2 gas at an 

operating temperature of 30 0C. The sample with composition x=0.5 showed a selective 
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response towards the higher concentration of Cl2 at an operating temperature of 50 0C while it 

also showed a selective response towards the NO2 gas at an operating temperature of 100 0C. 

The sample with composition x=0.6 showed a selective response towards the Cl2 gas at an 

operating temperature of 30 0C along with the selective response towards the NH3 gas at an 

operating temperature of 100 0C. Unlike the Mn doped Ni-Zn ferrite samples, these samples 

didn’t show any sluggish behaviour towards response-recovery time. The response and the 

recovery time towards all the gases was found to be very quick. All the results, for Mn-doped 

as well as Al-doped Ni-Zn ferrites were found to be quite reproducible. Thus we could prepare 

many ferrites that can be used as good sensors for different test gases with a good selectivity, 

good response percentage, short response and recovery time and at relatively lower operating 

temperatures. 

The electrochemical studies of both the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 and Ni0.7Zn0.3Fe2-

xAlxO4 (x=0.0-0.6) ferrite series were studied. The cyclic voltammetric (CV) and galvanostatic 

charge-discharge (GCD) studies along with the electrochemical impedance spectroscopic 

(EIS) measurements were carried out of all the ‘as prepared’ ferrite samples and it was 

observed from these studies that these ferrite electrodes showed pseudocapacitance behaviour. 

The specific capacitance obtained indicated that the Mn doped Ni-Zn ferrite samples are 

showing the maximum specific capacitance as compared to Al-doped Ni-Zn ferrite samples. 

The maximum specific capacitance obtained for Mn doped Ni-Zn ferrite sample was for the 

composition x=0.6 which showed a specific capacitance of 221 F/g whereas for the Al doped 

NiZn ferrite series the maximum specific capacitance observed was for composition x=0.6, 

which showed the specific capacitance of 202 F/g. Unlike the Mn-doped Ni-Zn ferrite 

samples, the Al-doped Ni-Zn ferrite samples showed lower Warburg impedance suggesting 

the lower diffusion resistance. Thus from this studies we can infer that these ferrites can be 

used as electrodes in supercapacitors in 1 M KOH electrolyte. 

 

 

 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

283 
 

References: 

1. S.M. Patange, S.E. Shirsath, K.S. Lohar, S.S. Jadhav, N. Kulkarni, K.M. Jadhav, 

Electrical and switching properties of NiAlxFe2-xO4 ferrites synthesized by chemical 

method, Physica B, 406 (2011) 663–668. 

2. R.V. Mangalaraja, S. Ananthakumar, P. Manohar, F.D. Gnanam, Magnetic, electrical 

and dielectric behaviour of Ni0.8Zn0.2Fe2O4 prepared through flash combustion 

technique, J. Magn. Magn. Mater., 253 (2002) 56–64. 

3. B.R. Babu, M.S.R. Prasad, K.V. Ramesh, Y. Purushotham, Structural and Magnetic 

properties of Ni0.5Zn0.5AlxFe2-xO4 ferrite system, Mater. Chem. Phys., 148 (2014) 585-

591. 

4. D.M. Coutinho, V.M.S. Verenkar, Spin canting and surface spin disorder in Ni 

substituted Co-Cd ferrite nanoparticles synthesised by fuel deficient combustion 

method, J. Alloys Compd., 782 (2019) 392-403. 

5. M. Ansari, A. Bigham, S.A. Hassanzadeh-Tabrizi, H.A. Ahangar, Synthesis and 

characterization of Cu0.3Zn0.5Mg0.2Fe2O4 nanoparticles as a magnetic drug delivery 

system, J. Magn. Magn. Mater., 439 (2017) 67–75. 

6. I. Sharifi, H. Shokrollahi, S. Amiri, Ferrite-based magnetic nanofluids used in 

hyperthermia applications, J. Magn. Magn. Mater., 324 (2012) 903-915. 

7. L. Zhang, X. Zhou, X. Guo, X. Song, X. Liu, Investigation on the degradation of acid 

fuchsin induced oxidation by MgFe2O4 under microwave irradiation, J. Mol. Catal. A: 

Chem., 335 (2011) 31–37. 

8. M. Kooti, M. Afshari, Magnetic cobalt ferrite nanoparticles as an efficient catalyst for 

oxidation of alkenes, Sci. Iran. F, 19 (2012) 1991-1995. 

9. R. Chutia, B. Chetia, A simple, fast and excellent protocol for the synthesis of phenols 

using CuFe2O4 magnetic nanoparticles, J. Chem. Sci., 48 (2019) 131. 

10. J. Manna, S. Akbayrak, S. Özkar, Palladium(0) nanoparticles supported on 

polydopamine coated CoFe2O4 as highly active, magnetically isolable and reusable 

catalyst for hydrogen generation from the hydrolysis of ammonia borane, Appl. Catal. 

B, 208 (2017) 104-115. 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

284 
 

11. S. Farhadi, M. Zaidi, Bismuth ferrite (BiFeO3) nanopowder prepared by sucrose-

assisted combustion method: A novel and reusable heterogeneous catalyst for 

acetylation of amines, alcohols and phenols under solvent-free conditions, J. Mol. 

Catal. A: Chem., 299 (2009) 18–25. 

12. K. Nishamol, K.S. Rahna, S. Sugunan, Selective alkylation of aniline to N-methyl 

aniline using chromium manganese ferrospinels, J. Mol. Catal. A: Chem., 209 (2004) 

89–96. 

13. C. Borgohain, K.K. Senapati, K.C. Sarma, P. Phukan, A facile synthesis of 

nanocrystalline CoFe2O4 embedded one-dimensional ZnO hetero-structure and its use 

in photocatalysis, J. Mol. Catal. A: Chem., 363–364 (2012) 495–500. 

14. P. Cheng, W. Li, T. Zhou, Y. Jin, M. Gu, Physical and photocatalytic properties of 

zinc ferrite doped titania under visible light irradiation, J. Photochem. Photobiol. A, 

168 (2004) 97–101. 

15. A.I. Borhan, P. Samoila, V. Hulea, A.R. Iordan, M.N. Palamaru, Effect of Al3+ 

substituted zinc ferrite on photocatalytic degradation of Orange I azo dye, J. 

Photochem. Photobiol. A,  279 (2014) 17–23. 

16. D. Matatagui, O.V. Kolokoltsev, N. Qureshi, E.V. Mejía-Uriarte, C.L. Ordoñez-

Romero, A. Vázquez-Olmos, J.M. Saniger, Magnonic sensor array based on magnetic 

nanoparticles to detect, discriminate and classify toxic gases, Sens. Actuators B, 240 

(2017) 497–502. 

17. C. Liu, B. Wang, T. Wang, J. Liu, P. Sun, X. Chuai, G. Lu, Enhanced gas sensing 

characteristics of the flower-like ZnFe2O4/ZnO microstructures, Sens. Actuators B, 

248 (2017) 902–909. 

18. Y. Yuan, B. Wang, C. Wang, X. Li, J. Huang, H. Zhang, F. Xia, J. Xiao, Effects of 

CoFe2O4 electrode microstructure on the sensing properties for mixed potential NH3 

sensor, Sens. Actuators B, 239 (2017) 462–466. 

19. A.F.S. Abu-Hani, S.T. Mahmoud, F. Awwad, A.I. Ayesh, Design, fabrication, and 

characterization of portable gas sensors based on spinel ferrite nanoparticles embedded 

in organic membranes, Sens. Actuators B, 241 (2017) 1179–1187. 

20. M.A. Haija, A.I. Ayesh, S. Ahmed, M.S. Katsiotis, Selective hydrogen gas sensor 

using CuFe2O4 nanoparticle based thin film, Appl. Surf. Sci., 369 (2016) 443–447. 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

285 
 

21. X. Yang, S. Zhang, Q. Yu, P. Sun, F. Liu, H. Lu, X. Yan, X. Zhou, X. Liang, Y. Gao, 

G. Lu, Solvothermal synthesis of porous CuFe2O4 nanospheres for high performance 

acetone sensor, Sens. Actuators B, 270 (2018) 538–544. 

22. K. Malaie, M.R. Ganjali, T. Alizadeh, P. Norouzi, Facile polyol synthesis of CoFe2O4 

nanosphere clusters and investigation of their electrochemical behaviour in different 

aqueous electrolytes, Appl. Phys. A, 124 (2018) 295. 

23. Z. Wang, W. Jia, M. Jiang, C. Chen, Y. Li, One-step accurate synthesis of shell 

controllable CoFe2O4 hollow microspheres as high-performance electrode materials in 

supercapacitor, Nano Res., 9 (2016) 2026–2033. 

24. B. Senthilkumar, R.K. Selvan, P. Vinothbabu, I. Perelshtein, A. Gedanken, Structural, 

magnetic, electrical and electrochemical properties of NiFe2O4 synthesized by the 

molten salt technique, Mater. Chem. Phys., 130 (2011) 285–292. 

25. V. Vignesh, K. Subramani, M. Sathish, R. Navamathavan, Electrochemical 

investigation of manganese ferrites prepared via a facile synthesis route for 

supercapacitor applications, Colloids Surf. A, 538 (2018) 668–677. 

26. B. Bhujun, M.T.T. Tan, A.S. Shanmugam, Study of mixed ternary transition metal 

ferrites as potential electrodes for supercapacitor applications, Results Phys., 7 (2017) 

345–353. 

27. W. Cai, T. Lai, W. Dai, J. Ye, A facile approach to fabricate flexible all-solid-state 

supercapacitors based on MnFe2O4/graphene hybrids, J. Power Sources,  255 (2014) 

170-178. 

28. V.S. Kumbhar, A.D. Jagadale, N.M. Shinde, C.D. Lokhande, Chemical synthesis of 

spinel cobalt ferrite (CoFe2O4) nano-flakes for supercapacitor application, Appl. Surf. 

Sci., 259 (2012) 39–43. 

29. R.B. Kamble, V.L. Mathe, Nanocrystalline nickel ferrite thick film as an efficient gas 

sensor at room temperature, Sens. Actuators B, 131 (2008) 205–209 

30. W. Li, S. Ma, Y. Li, G. Yang, Y. Mao, J. Luo, D. Gengzang, X. Xu, S. Yan, Enhanced 

ethanol sensing performance of hollow ZnO–SnO2 core–shell nanofibers, Sens. 

Actuators B, 211 (2015) 392–402.  

31. A.B. Gadkari, T.J. Shinde, P.N. Vasambekar, Effect of Sm3+ ion addition on gas 

sensing properties of Mg1−xCdxFe2O4 system, Sens. Actuators B, 178 (2013) 34–39. 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

286 
 

32. Q. Li, W. Zhang,  C. Wang, J. Ma, L. Ning, H. Fan, Ag modified bismuth ferrite 

nanospheres as a chlorine gas sensor, RSC Adv., 8 (2018) 33156-33163. 

33. P.D. Prasad, J. Hemalatha, Enhanced magnetic properties of highly crystalline cobalt 

ferrite fibres and their application as gas sensors, J. Magn. Magn. Mater., 484 (2019) 

225-233. 

34. D.L. Kamble, N.S. Harale, V.L. Patil, P.S. Patil, L.D. Kadam, Characterization and 

NO2 gas sensing properties of spray pyrolyzed SnO2 thin films, J. Anal. Appl. 

Pyrolysis, 127 (2017) 38-46. 

35. S.T. Navale, A.T. Mane, M.A. Chougule, R.D. Sakhare, S.R. Nalage, V.B. Patil, 

Highly selective and sensitive room temperature NO2 gas sensor based on polypyrrole 

thin films, Synth. Met., 189 (2014) 94–99. 

36. X. Ren, H. Fan, J. Ma, C. Wang, M. Zhang, N. Zhao, Hierarchical Co3O4/PANI 

hollow nanocages: Synthesis and application for electrode materials of 

supercapacitors, Appl. Surf. Sci., 441 (2018) 194–203. 

37. G. Singh, S. Chandra, Electrochemical performance of MnFe2O4 nano-ferrites 

synthesized using thermal decomposition method, Int. J. Hydrogen Energy, 43 (2018) 

4058–4066. 

38. P. Xiong, H. Huang, X. Wang, Design and synthesis of ternary cobalt 

ferrite/graphene/polyaniline hierarchical nanocomposites for high-performance 

supercapacitors, J. Power Sources, 245 (2014) 937-946. 

39. E. Mitchell, R.K. Gupta, K. Mensah-Darkwa, D. Kumar, K. Ramasamy, B.K. Gupta, 

P. Kahol, Facile synthesis and morphogenesis of superparamagnetic iron oxide 

nanoparticles for high-performance supercapacitor applications, New J. Chem., 38 

(2014) 4344–4350. 

40. A. Rai, A.L. Sharma, A.K. Thakur, Evaluation of aluminium doped lanthanum ferrite 

based electrodes for supercapacitor design, Solid State Ionics, 262 (2014) 230–233. 

41. J.S. Sagu, K.G.U. Wijayantha, A.A. Tahir, The pseudocapacitive nature of CoFe2O4 

thin films, Electrochim. Acta, 246 (2017) 870–878. 

42. Y. Lin, J. Wang, H. Yang, L. Wang, M. Cao, Increased capacitance of porous 

Co0.5Ni0.5Fe2O4 for supercapacitor application, Mater. Sci. Eng. B, 228 (2018) 103–

108. 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

287 
 

43. B. Bhujun, A. S. Shanmugam, M.T.T. Tan, Aluminium doped nickel copper ferrites 

for high-performance supercapacitors, Int. J. Res. Chem. Metall. Civil Eng., 3 (2016) 

37-41. 

44. F.M. Ismail, M.Ramadan, A.M. Abdellah, I. Ismail, N.K. Allam, Mesoporous spinel 

manganese zinc ferrite for high-performance supercapacitors, J. Electroanal. Chem., 

817 (2018) 111–117. 

45. K.V. Sankar, S. Shanmugapriya, S. Surendran, S.C. Jun, R.K. Selvan, Facile 

hydrothermal synthesis of carbon-coated cobalt ferrite spherical nanoparticles as a 

potential negative electrode for flexible supercapattery, J. Colloid Interface Sci., 513 

(2018) 480–488. 

46. M.K. Zate, V.V. Jadhav, S.K. Gore, J.H. Shendkar, S.U. Ekar, A. Al-Osta, M. 

Naushad, R.S. Mane, Structural, morphological and electrochemical supercapacitive 

properties of sprayed manganese ferrite thin film electrode, J. Anal. Appl. Pyrolysis, 

122 (2016) 224–229 

47. A.E. Elkholy, F.E.-T. Heakal, N.K. Allam, Nanostructured spinel manganese cobalt 

ferrite for high-performance supercapacitors, RSC adv., 7 (2017) 51888–51895. 

48. H. Kennaz, A. Harat, O. Guellati, D.Y. Momodu, F. Barzegar, J.K. Dangbegnon, N. 

Manyala, M. Guerioune, Synthesis and electrochemical investigstion of spinel cobalt 

ferrite magnetic nanoparticles for supercapacitor application, J solid state 

electrochem., 22 (2018) 835–847. 

49. D. Zha, P. Xiong, X. Wang, Strongly coupled manganese ferrite/carbon 

black/polyaniline hybrid for low-cost supercapacitors with high rate capability, 

Electrochim. Acta, 185 (2015) 218–228. 

50. P. Sen, A. De, Electrochemical performances of poly(3,4-ethylenedioxythiophene)-

NiFe2O4 nanocomposite as electrode for supercapacitor, Electrochimica Acta, 55 

(2010) 4677–4684 

51. Y. Bi, A. Nautiyal, H. Zhang, J. Luo, X. Zhang, One-pot microwave synthesis of 

NiO/MnO2 composite as a high-performance electrode material for supercapacitors, 

Electrochim. Acta, 260 (2018) 952–958. 

52. F. Meng, M. Yang, L. Zhao, Y. Zhang, X. Shang, P. Jin, W. Zhang, A comparative 

study of the structural, magnetic and electrochemical properties of Al3+ and Cu2+ 



                                                                                        Chapter 5 : Applications of Ni0.7-xMnxZn0.3Fe2O4… 

 
 

288 
 

substituted NiZn ferrite/reduced graphene oxide nanocomposites, Ceram. Int., 43 

(2017) 15959–15964. 

53. B. Bhujun, M.T.T. Tan, A.S. Shanmugam, Evaluation of aluminium doped spinel 

ferrite electrodes for supercapacitors, Ceram. Int., 42 (2016) 6457–6466. 

 



 

 

 

 

Chapter 6 
Summary 

and 

Conclusion 

 



                                                                                                                Chapter 6: Summary and Conclusion 

 

289 
 

6.1. Summary of the Thesis 

This chapter includes the summary of the thesis entitled ‘Synthesis, characterization and study 

of solid state properties of Mn/Al doped nickel zinc ferrites and their applications’. The 

synthesis of two series of the ferrites has been carried out using two different synthesis 

methods. In one case, the magnetic metal ion has been added in Ni-Zn ferrite and in the other 

the non-magnetic ion has been substituted in Ni-Zn ferrite. The influence of addition of these 

magnetic and non-magnetic metal ions in the Ni-Zn ferrite has been studied on the different 

properties and also the effect of sintering on various properties of the ferrite has been studied.    

Chapter 1 includes the brief introduction of the ferrite followed by thorough literature survey 

on Ni0.7Zn0.3Fe2O4 ferrite, Mn-Ni-Zn ferrites and Ni-Al-Zn ferrites. The literature survey on 

ferrite as gas sensor along with the electrochemical properties of the ferrite has been included 

in this chapter. 

Chapter 2 deals with the experimental synthesis and characterization technique in which the 

synthesis method used for the synthesis of these two ferrite series has been discussed in detail. 

The Mn-doped Ni-Zn ferrites were synthesized using the precursor-combustion method while 

the Al-substituted Ni-Zn ferrites were synthesized using the combustion method. The 

optimization of the combustion method was done and the detail regarding the same has been 

included. The calcination temperatures along with the sintering conditions used are also given 

in detail. The different characterization methods employed for characterizing the precursor 

formed such as TG-DTA-DTG technique, CHN analyzer, IR, isothermal mass loss studies, 

hydrazine estimation and chemical analysis has been discussed. 

A brief description regarding the characterization technique employed to characterize the ‘as 

prepared’ and ‘sintered’ ferrite such as powder XRD, IR, Raman, SEM/EDS, TEM/SAED, 

XPS, BET surface area, Mössbauer spectroscopy has been mentioned. The details regarding 

the solid state studies conducted like electrical resistivity, dielectric studies, AC susceptibility, 

DC magnetization studies, Initial permeability has also been reported. The gas sensing studies 

and the electrochemical studies of the ‘as prepared’ ferrite samples of both the series was done 

and the details about the results obtained has been discussed in this chapter. 
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Chapter 3 deals with the influence of addition of a magnetic substituent in Ni-Zn ferrite 

followed by the comparison of the ‘as prepared’ and ‘sintered’ ferrites. The synthesis of Ni0.7-

xMnxZn0.3Fe2O4 (x=0.0-0.7) was carried out by using the precursor-combustion method and in 

this case the precursors synthesized were Ni0.7-xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x=0.0-0.7). 

Since the shelf life of these precursors is very short the characterization of these precursors 

were carried out soon after its synthesis. The C, H, N analysis of these precursors was carried 

out along with hydrazine estimation, isothermal mass loss studies and total mass loss studies 

in order to confirm the predicted formula. The TG-DTA-DTG of all the precursors were 

recorded along with the IR spectra and by interpreting all this data, it was confirmed that we 

were able to synthesize this precursor with the desired stoichiometry. 

The ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) ferrites synthesized were characterized 

using the XRD to confirm its single phase formation and it was observed that in case of 

sample with composition x=0.7, an impurity phase was observed. In order to eliminate the 

impurity phase, the optimization of the sintering temperature was done and from the 

optimization data, the sintering temperature of 1100 0C for 1h was used for sintering of all the 

ferrite samples but after optimizing also the sample with the composition x=0.7 showed the 

presence of impurity. So again, the optimization of this ferrite sample was done and the 

sintering temperatures and duration was increased but we were unable to produce it in single 

phase in air atmosphere so the characterization of the ferrites with composition x=0.0-0.6 only 

was carried out in case of both ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.7) 

ferrites. From the XRD patterns of all these ferrites, the various parameters like lattice 

parameter, density and crystallite size was calculated and it was observed that the lattice 

parameter increases with increase in Mn2+ ions concentration in Ni-Zn ferrites. Except for 

sample with composition x=0.0, for all the remaining samples, the lattice parameter of 

‘sintered’ ferrites were found to be more as compared to the ‘as prepared’ ferrites. As 

expected, the density and crystallite size of the sintered ferrite is found to be more while the 

porosity is found to be less on sintering. The IR spectra along with the XRD patterns helped in 

confirming the formation of the single spinel cubic phase of these ferrites. The stoichiometry 

of these ferrites was confirmed by doing the chemical analysis. The morphology of these 

samples was studied using SEM and TEM. The SAED pattern obtained for all the ‘as 

prepared’ ferrites confirmed the crystalline nature of this material. Also the EDS spectra 
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helped in the qualitative determination of the metal ions present in these ferrites. The X-ray 

photoelectron spectroscopy was used to find out the valence state of the elements present in 

these ferrites and it was observed that Zn, Mn and Ni are present in +2 oxidation state while 

Fe is present in Fe3+ oxidation state. Also, the presence of oxygen was confirmed from these 

XPS spectra. The BET surface area of all the ‘as prepared’ ferrites was calculated and it was 

observed that the sample with composition x=0.6 showed the highest specific area of ~50 

m2/g. The Mössbauer spectroscopy carried out of both ‘as prepared’ and ‘sintered’ ferrites 

helped in ruling out the presence of any iron in +2 oxidation state.  The various parameters 

such as isomer shift, quadrupole splitting, hyperfine field, line width and relative area was 

calculated of both the ‘as prepared’ and ‘sintered’ ferrites. 

The electrical resistivity was measured of both the ‘as prepared’ and ‘sintered’ ferrites and in 

both the series all the ferrite samples showed the semiconducting behaviour. The resistivity 

was found to decrease with increase in the Mn2+ ions concentration Ni-Zn ferrites except for 

the ‘sintered’ sample with composition x=0.5 which showed slightly higher value. At room 

temperature the resistivity for the ‘sintered’ ferrite samples is found to be higher while at 

higher temperatures the resistivity for the ‘as prepared’ ferrite sample is found to be higher as 

compared to the ‘sintered’ ferrite samples.  

The dielectric studies of both the ‘as prepared’ and ‘sintered’ ferrite were carried out both as a 

function of frequency at RT and as a function of temperature at a constant frequency of 1 kHz 

and 1 MHz. It was observed that the dielectric constant in case of both ‘as prepared’ and 

‘sintered’ Mn doped Ni-Zn ferrites as a function of frequency showed the normal behaviour 

observed for spinels i.e., the decrease in dielectric constant with increase in frequency and at a 

higher frequency this dielectric constant becomes almost constant. The dielectric loss also 

showed the similar behaviour with exception of the ‘as prepared’ sample with composition 

x=0.0, 0.3 and 0.5 and ‘sintered’ ferrite sample with composition x=0.0 which showed a hump 

at lower frequency. With increasing the Mn2+ ions concentration in ferrites, no trend in the 

dielectric constant and dielectric loss at RT was observed for both ‘as prepared’ and ‘sintered’ 

ferrites. Except for the sample with composition x=0.4, the dielectric constant and dielectric 

loss of ‘as prepared ferrite samples was found to be higher as compared to the ‘sintered’ 

ferrite sample.  
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The dielectric studies carried out as a function of temperature showed that the dielectric 

constant is almost constant at lower temperature and as the temperature increases, the 

dielectric constant also goes on increasing. The onset of the increase goes on decreasing with 

increase in the Mn2+ ions concentration in ferrites. The dielectric loss also showed the similar 

behaviour except for the ‘sintered’ sample at 1 kHz which showed a hump at higher 

temperatures. In the case of ‘as prepared’ ferrite samples also a slight hump is observed for the 

samples with composition x=0.4, 0.5 and 0.6. The increase in dielectric constant was observed 

with increase in the Mn2+ ions concentrations for all the ‘as prepared’ and ‘sintered’ ferrites 

with few exceptions. While in case of the dielectric loss no particular trend was observed with 

increase in the Mn2+ ions concentration. At lower frequency, the dielectric constant and 

dielectric loss are found to be higher as compared to the higher frequency. The dielectric 

constant and dielectric loss of ‘as prepared’ ferrite samples are found to be higher as compared 

to the ‘sintered’ ferrite samples with few exceptions. 

The initial permeability studies were carried out on the ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-

0.6) ferrites as a function of frequency at RT and also as a function of temperature at a 

constant frequency of 100 Hz. The low frequency dispersion was observed suggesting that the 

major contribution to the initial permeability is from the domain wall displacement. The 

temperature dependent plot of these ferrites shows a sharp decrease before the Curie 

temperature complimenting the XRD data that these ferrites are formed as a single phase. The 

Curie temperature of the ‘sintered’ ferrites was obtained from these plots and it was observed 

that with increase in Mn2+ ions concentration, the Curie temperature goes on decreasing in Ni-

Zn ferrites. 

The AC susceptibility studies were carried out of all the ‘as prepared’ and ‘sintered’ Ni-Zn 

ferrites to understand the nature of the domains of the particles present and also to find the 

Curie temperature. It was observed that the ‘as prepared’ ferrites showed the single domain 

particles with increasing superparamagnetic particles which turned to multidomain particles 

with negligible single domain particles on sintering. With increase in the Mn2+ ions 

concentration, the Curie temperatures of both ‘as prepared’ and ‘sintered’ ferrites were found 

to decrease with few exceptions. The Curie temperatures of the ‘as prepared’ ferrites were 

found to be higher as compared to the ‘sintered’ ferrites. 
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The DC magnetization studies of both the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 

(x=0.0-0.6) ferrites were carried out with respect to magnetic field and temperature and from 

the hysteresis loop it was observed that all the ferrite samples shows soft ferrimagnetism. In 

the case of ‘as prepared’ ferrites, it is observed that at 50 K, the saturation magnetization goes 

on increasing with increase in Mn2+ ions concentration up to x=0.3 and then starts decreasing 

with further increase in Mn2+ ions concentration while at RT, the saturation magnetization is 

found to decrease continuously with increase in Mn2+ ions concentration except for sample 

with x=0.3 which shows a sudden increase. In sintered samples, it is observed that both at RT 

and 50 K, there is an initial decrease in saturation magnetization with addition of Mn2+ ions in 

Ni0.7Zn0.3Fe2O4 ferrite and then it starts increasing up to x=0.3 and with further addition of 

Mn2+ ions up to x=0.6, there is a decrease in saturation magnetization. As expected, the 

saturation magnetization is found to be higher at 50 K compared to RT. The ‘sintered’ ferrites 

were showing the higher saturation magnetization as compared to ‘as prepared’ ferrites. The 

coercivity of the ‘as prepared’ ferrites was found to be higher as compared to the ‘sintered’ 

ferrites. Also, at 50 K, the coercivity is found to be higher than the RT. With increase in Mn2+ 

ions concentration in ferrites no particular trend in coercivity of the ‘as prepared’ or ‘sintered’ 

ferrite was observed. The Remanent magnetization of the ‘as prepared’ ferrites at 50 K was 

found to be maximum when compared with the rest of the ferrite samples. 

From the temperature dependent studies, it has been observed that in case of the ‘as prepared’ 

ferrites with increase in the applied field the TB and Tirr shifts towards the lower temperatures. 

The blocking temperature and Tirr were found to decrease with increase in Mn2+ ions 

concentration in ferrites except for the measurement carried out at 1000 Oe where some 

deviation in trend was found in case of the TB. For sintered ferrite samples it was possible to 

measure the TB only at 250 Oe. The Tirr was not observed for the samples measured at 250 Oe 

and the x=0.0 sample at 500 Oe. In this case also the Tirr was found to decrease with increase 

in the applied field. The high field irreversibility in the FC and ZFC magnetization curve can 

be related to the spin-glass like behaviour. 

Chapter 4 deals with the influence of the non-magnetic substituent in Ni-Zn ferrites and the 

comparison of the ‘as prepared’ and ‘sintered’ ferrites has been done. In this chapter the 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites were synthesized using the combustion method in 
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which the Malic acid was used as the fuel. First the optimization of this method was done and 

using the optimization data the ratio 1:0.28 corresponding to Oxidizer: Fuel was chosen to 

synthesize the full series. The sintering of these ferrites was carried out at 1000 0C. The 

characterization of the ‘as prepared’ and ‘sintered’ ferrites was carried out along with the 

study of the solid state properties. 

The ICP-AES analysis of all the ‘as prepared’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites were 

carried out and it confirmed the stoichiometry of all the ferrites synthesized. The XRD pattern 

recorded of the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites confirmed 

the formation of the single spinel cubic phase in case of all the ferrites. The various 

parameters like lattice parameter, density, porosity, crystallite size was calculated using this 

XRD pattern and it was observed that the lattice parameter and the X-ray density decreases 

with increase in the Al3+ ions concentration in case of the ‘as prepared’ ferrites. The sharpness 

of the peaks in the ‘sintered’ ferrites was found to increase. On sintering, the density increased 

while the porosity was found to decrease. Also, the crystallite size was found to increase on 

sintering. No clear cut trend in the lattice parameter was found on sintering ferrite samples. 

The IR and Raman spectra were also recorded of both the ‘as prepared’ and ‘sintered’ ferrites 

and from the XRD, IR and Raman spectra it was confirmed that the ferrites formed were in 

single phase as desired.  

The morphological studies were carried out using the TEM and SEM and it was observed that 

these samples showed almost spherical particles with some degree of agglomeration. The 

SAED pattern obtained helped in confirming the crystallinity of the ‘as prepared’ ferrite 

samples. The EDS spectra were also obtained of all the ‘as prepared’ and ‘sintered’ ferrites 

and it helped in qualitative estimation of the all the expected ions to be present in the ferrites. 

The XPS spectra of some of the ‘as prepared’ ferrite samples with composition x=0.0, 0.3 and 

0.6 were recorded which helped in confirming the oxidation states of the different ions present 

in the ferrites. The presence of any Fe2+ ions was ruled out using this technique. Also, the 

Mössbauer spectra of the ‘as prepared’ ferrites were recorded which also helped in confirming 

the absence of any Fe2+ ions in the ferrites. The various parameters like isomer shift, 

quadrupole splitting, hyperfine field, line width and the relative area were calculated using 
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these spectra. The BET surface area was measured of the ‘as prepared’ ferrites and it was 

observed that x=0.6 sample has the highest surface area of ~60 m2/g. 

The electrical resistivity of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites was measured in which it was observed that all the ferrite samples from both the series 

showed the semiconducting behaviour. With increase in Al3+ ions concentration no particular 

trend in the resistivity was observed. In the case of sample with composition x=0.0 and 0.1, 

the resistivity of the ‘as prepared’ ferrite samples was found to be higher while in the case of 

x=0.3, 0.5 and 0.6, the sintered samples showed the higher resistivity whereas for the middle 

composition i.e. x=0.2 and 0.4, the resistivity of ‘as prepared’ ferrites was found to be higher 

compared to the ‘sintered’ at lower temperature and as the temperature increased the crossover 

took place. 

The dielectric studies of ‘as prepared’ as well as ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) 

ferrites were measured at RT as a function of frequency and it was observed that both the 

series of samples showed the normal dielectric behaviour observed for spinel ferrites. At room 

temperature, the dielectric constant of ‘as prepared’ ferrites was found to be higher as 

compared to the ‘sintered’ ferrites. With addition of the Al3+ ions in Ni-Zn ferrites, there was 

no specific trend observed for the dielectric constant. In the case of the dielectric loss, the 

peaking behaviour was observed for the ‘as prepared’ ferrite samples while the ‘sintered’ 

ferrite samples didn’t show this peaking behaviour. In the case of dielectric loss also a proper 

trend with increase in the Al3+ ions concentration in Ni-Zn ferrite was not observed. Except 

the composition with x=0.1, 0.5 and 0.6, all the remaining samples showed higher dielectric 

loss for the ‘as prepared’ ferrites compared to the ‘sintered’ ferrites. 

The dielectric studies were also carried out as a function of temperature at a constant 

frequency of 1 kHz and 1 MHz. The increase in the dielectric constant is found to be very 

large at lower frequency. With increase in the Al3+ ions concentration in Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites, it was observed that the dielectric constant goes on decreasing for both ‘as 

prepared’ and ‘sintered’ ferrites at 1 kHz while at 1 MHz the proper trend is not observed with 

increasing Al3+ ions concentration but the trend was found to be similar to the resistivity data. 

The inverse behaviour between the resistivity and the dielectric behaviour was observed in the 

present ferrite series. The ‘as prepared’ ferrite samples showed higher dielectric constant as 
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compared to the ‘sintered’ ferrite samples when the measurements were done at 1 kHz. While 

at 1 MHz the exception to this behaviour was shown by compositions x=0.0, 0.2 and 0.4. The 

‘as prepared’ ferrite showed higher dielectric loss as compared to the ‘sintered’ ferrite with 

few exceptions. 

The initial permeability studies of ‘sintered’ ferrite samples were carried out as a function of 

frequency and temperature. It was seen from these frequency plots that the major contribution 

to the initial permeability is through the domain wall displacements. The initial permeability 

measurements carried out as a function of temperature complimented the XRD findings of 

single phase formation of these ferrites. The Curie temperatures were obtained from these 

plots and it was observed that the Curie temperature goes on decreasing with increase in Al3+ 

ions concentration in Ni-Zn ferrites. 

The AC susceptibility measurements helped in identifying the nature of the domains of the 

particles in the ‘as prepared’ and ‘sintered’ ferrites. It was observed that the ‘as prepared’ 

ferrites, at lower concentration of Al3+ ions showed predominantly single domain particles but 

as the Al3+ ions concentration increases, the dominance of superparamagnetic particles is 

observed. The ‘sintered’ ferrites showed predominantly multidomain particles at lower 

concentration of Al3+ ions in Ni-Zn ferrites and at higher concentration some single domain 

particles are also observed in addition to multidomain particles. The Curie temperature was 

found to be decreasing with the increase in Al3+ ions concentration in Ni-Zn ferrites and the 

‘sintered’ ferrites showed higher Curie temperature as compared to the ‘as prepared’ ferrites. 

The DC magnetization studies of all the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrites were studied with respect to change in the magnetic field at constant 

temperature and change in temperature at constant field. The hysteresis loop obtained in both 

‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites samples indicated the 

presence of soft ferrimagnetism in all the samples. The magnetization values calculated at 50 

K are found to be higher as compared to the ones calculated at RT. The saturation 

magnetization of the ‘sintered’ ferrites was found to be higher as compared to the ‘as 

prepared’ ferrites. With increase in the Al3+ ions concentration in Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-

0.6) ferrites, the saturation magnetization is found to decrease for both ‘as prepared’ and 

‘sintered’ ferrites. With increase in the Al3+ ions concentration, the coercivity was found to 
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decrease, in case of the ‘as prepared’ ferrites while in case of the ‘sintered’ ferrites no clear 

trend in coercivity was observed. The coercivity of the ‘as prepared’ ferrite samples are found 

to be higher as compared to the ‘sintered’ ferrites at 50 K, while at RT, only for composition 

x=0.0-0.2, this trend was followed. For rest of the samples the coercivity of the ‘sintered’ 

ferrite was found to be higher. The remanence is found to be maximum for ‘as prepared’ 

ferrite samples measured at 50 K but for rest of the samples it is very negligible. With addition 

of Al3+ ions in Ni-Zn ferrites, it was observed that the remanence goes on decreasing. The 

blocking temperature was observed to decrease with increase in the Al3+ ions concentration in 

ferrites and also with increase in the applied field. In the case of the ‘sintered’ ferrite samples, 

the blocking temperature was observed only when the applied field of 250 Oe was used. The 

irreversible temperature is also found to decrease with increase in the applied field and it was 

observed that Tirr of ‘as prepared’ ferrites is lower as compared to the ‘sintered’ ferrites. 

Chapter 5 deals with the applications of the ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 and 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites in the field of gas sensing and electrochemistry. 

These ferrites were tested for gas sensing and their electrochemical properties were also 

studied. The thick film of these ‘as prepared’ ferrites were prepared in order to study the gas 

sensing property and the test gases used were NH3, Cl2, NO2 and LPG at an operating 

temperature of 30, 50, 100 and 150 0C. Compared to Mn doped Ni-Zn ferrites samples, the Al 

doped Ni-Zn ferrite samples showed better gas sensing activity and we were able to find some 

good gas sensing ferrites with really good sensing property which showed good selectivity, 

high response percentage along with short response and recovery time and also the results 

were found to be quite reproducible. The electrochemical properties studied of these ferrites 

included the fabrication of this electrode to be used as the electrode in supercapacitors and it 

was observed that Mn doped Ni-Zn ferrites samples showed a better electrochemical property 

compared to the Al doped Ni-Zn ferrites with the maximum specific capacitance of 221 F/g 

shown by the Mn doped sample with composition x=0.6. 
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6.2. Conclusion 

The synthesis of ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 and Ni0.7Zn0.3Fe2-xAlxO4 

(x=0.0-0.6) ferrite series was successfully carried out and some of the salient features are 

given below. 

❖ Effect of addition of magnetic substituent in Ni-Zn ferrite (addition of Mn2+ in 

Ni0.7Zn0.3Fe2O4 ferrites) 

✓ Increase in lattice parameter. 

✓ Increase in the isomer shift at tetrahedral site (except for composition x=0.4) in 

case of ‘as prepared’ ferrites while incase of ‘sintered’ ferrites it first remains 

constant till x=0.1 and then started increasing. 

✓ Decrease in resistivity except for ‘sintered’ sample with composition x=0.5. 

✓ No particular trend in dielectric constant and dielectric loss at RT was observed 

when their variation was measured as a function of frequency. 

✓ Increase in dielectric constant with few exceptions was observed for the 

temperature variation of it, when measured at constant frequency. 

✓ Decrease in Curie temperature. 

✓ Increase in saturation magnetization till x=0.3 and then decrease with further 

addition as observed at 50 K and at RT, in case of ‘as prepared’ ferrites. 

✓ For ‘sintered’ ferrites, decrease in saturation magnetization for x=0.1, increase 

upto x=0.3, and with further addition again decrease in saturation 

magnetization was observed. 

✓ Decrease in TB and Tirr. 

❖ Comparison of the ‘as prepared’ and ‘sintered’ Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) 

ferrites. 

✓ Lattice parameter of ‘sintered’ ferrites higher than ‘as prepared’ ferrites except 

for x=0.0 composition. 

✓ Density and crystallite size was higher while porosity was lower for ‘sintered’ 

ferrites as compared to ‘as prepared’ ferrite. 

✓ Hyperfine field of ‘sintered’ ferrites was found to be higher than the ‘as 

prepared’ ferrites. 



                                                                                                                Chapter 6: Summary and Conclusion 

 

299 
 

✓ At RT, the resistivity of ‘sintered’ ferrites was higher and at higher temperature 

the inverse trend was observed. 

✓ Dielectric constant and dielectric loss of ‘as prepared’ ferrites was found to be 

higher than ‘sintered’ ferrites, with few exceptions.  

✓ ‘As prepared’ ferrites showed single domain particles with increasing 

superparamagnetic nature with increase in Mn2+ ions concentration in Ni-Zn 

ferrites while the ‘sintered’ ferrites samples showed multidomain particles with 

very little single domain particles with increasing Mn2+ ions concentration. 

✓ Curie temperature of ‘as prepared’ Ni0.7-xMnxZn0.3Fe2O4 ferrites was found to 

be higher than ‘sintered’ ferrites 

✓ Saturation magnetization of ‘sintered’ ferrites was higher while the coercivity 

and remanence was lower than the ‘as prepared’ ferrites. 

✓ The TB was observed for ‘as prepared’ ferrites at all the applied fields while in 

case of the ‘sintered’ ferrites the TB was observed only at a constant applied 

field of 250 Oe. 

❖ Effect of addition of non-magnetic substituent in Ni-Zn ferrites (addition of Al3+ ions 

in Ni0.7Zn0.3Fe2O4 ferrites) 

✓ Decrease in lattice parameter and X-ray density. 

✓ Decrease in hyperfine magnetic field. 

✓ No trend in resistivity. 

✓ No trend in dielectric constant and dielectric loss at RT. 

✓ With variation in temperature studies, at 1 kHz, decrease in dielectric constant 

was observed (with increasing Al3+ ions in Ni0.7Zn0.3Fe2O4 ferrites). 

✓ At 1MHz, the inverse behaviour of dielectric constant and resistivity was 

observed. 

✓ Decrease in Curie temperature. 

✓ Decrease in saturation magnetization. 

✓ Decrease in coercivity for ‘as prepared’ ferrite samples while no trend was 

observed for ‘sintered’ ferrites. 

✓ Decrease in remanance 

✓ Decrease in TB. 
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❖ Comparison of the ‘as prepared’ and ‘sintered’ Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrites 

✓ Increase in sharpness of the XRD peaks on sintering was observed. 

✓ Density and crystallite size increased while the porosity decreased. 

✓ Resistivity of the ‘as prepared’ ferrites are higher except the sample with 

composition x=0.3, 0.5 and 0.6 as compared to the ‘sintered’ ferrites. 

✓ Dielectric constant of ‘as prepared’ ferrites was higher than ‘sintered’ ferrites at 

RT. 

✓ ‘As prepared’ samples showed the peaking behaviour in the dielectric loss 

measured at RT. 

✓ Dielectric constant measured at variable temperature at a constant frequency of 

1 kHz showed higher dielectric constant for ‘as prepared’ ferrites while at 1 

MHz the deviation was observed for x=0.0, 0.2 and 0.4 ferrite compositions. 

✓ ‘As prepared’ samples showed the single domain particles with increase in 

superparamagnetic particles as the Al3+ ions concentration in Ni-Zn ferrite was 

increased while the ‘sintered’ ferrites showed predominantly multidomain 

particles with few single domain particles at higher concentration of Al3+ions. 

✓ ‘Sintered’ ferrites showed higher Curie temperature than ‘as prepared’ ferrites. 

✓ Saturation magnetization of ‘sintered’ ferrites was higher while coercivity and 

remanence was lower than the ‘as prepared’ ferrites. 

✓ Blocking temperatures was observed for ‘as prepared’ ferrites at all the applied 

fields while in case of ‘sintered’ ferrites, it was observed only in case of the 

measurements done at applied field of 250 Oe. 

✓ Tirr of ‘as prepared’ ferrites was lower than the ‘sintered’ ferrites 

The gas sensing studies carried out showed a good response towards the various gases at 

various operating temperatures. 

❖ In case of Ni0.7-xMnxZn0.3Fe2O4 (x=0.0-0.6) ferrite series, the sample with composition  

✓ x=0.0 showed selective response to NO2 gas at an operating temperature of 30 

0C. 

✓ x= 0.1 showed selective response to NH3 gas at an operating temperature of 30 

0C and to NO2 gas at an operating temperature of 50 0C. 
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✓ x=0.3 showed selective response to Cl2 gas at an operating temperature of 100 

0C. 

✓ x= 0.6 showed selective response to NH3 gas at an operating temperature of 30 

0C. 

❖ In case of Ni0.7Zn0.3Fe2-xAlxO4 (x=0.0-0.6) ferrite series, the sample with composition  

✓ x=0.1 showed selective response to Cl2 gas at an operating temperature of 150 

0C. 

✓ x=0.2 showed the selective response towards the NO2 gas at an operating 

temperature of 30 and 50 0C and towards LPG at 150 0C. 

✓ x=0.3 showed a selective response towards higher concentration of NH3 at an 

operating temperature of 30 0C. 

✓ x=0.4 showed a selective response towards Cl2 gas at an operating temperature 

of 30 0C. 

✓ x=0.5 showed a selective response towards higher concentration of Cl2 at 

operating temperature of 50 0C and towards NO2 gas at an operating 

temperature of 100 0C. 

✓ x=0.6 showed a selective response towards Cl2 gas at 30 0C and towards NH3 

gas at an operating temperature of 100 0C. 

The maximum specific capacitance obtained for Mn doped Ni-Zn ferrite sample was for 

the composition x=0.6 which showed a specific capacitance of 221 F/g at a current density 

of 0.1 A/g whereas for the Al doped NiZn ferrite series the maximum specific capacitance 

observed was for composition x=0.6, which showed the specific capacitance of 202 F/g at 

a current density of 0.1 A/g. 

 

 

 

 

 



Appendix I 

List of Publication 

1. P.P. Gauns Dessai, S.S. Meena and V. M. S. Verenkar 

“Influence of addition of Al3+ on the structural, and solid state properties of nanosized 

Ni-Zn ferrites synthesized using malic acid as a novel fuel.” J. Alloys Compd., 842 

(2020) 155855. 

2. P. P. Gauns Dessai and V. M. S. Verenkar 

“Synthesis and characterization of Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x = 0.1–0.6): A 

precursor for the synthesis of nickel–manganese–zinc ferrites.”  J. Therm. Anal. 

Calorim., 142 (2020) 1399-1411. 

3. P. P. Gauns Dessai and V. M. S. Verenkar 

“Structural, electrical and magnetic properties of nanosize and bulk Ni0.7Zn0.3Fe2O4 

obtained by thermal autocatalytic decomposition of Ni0.7Zn0.3Fe2(C4H2O4)3·6N2H4 

precursor.” .J. Mater. Sci.: Mater. Electron., 29 (2018) 6924-6936. 

 

 

 

 

 

 

 

 

 

 

 



Appendix II 

List of Conference Publication and Workshop Attended 

1. Presented a poster entitled ‘The Thermolysis Study of Ni0.7-

xMnxZn0.3Fe2(C4H2O4)3.6N2H4-A Precursor to Ni0.7-xMnxZn0.3Fe2O4 (x=0.1, 0.3 and 

0.5)’ at 22nd  DAE-BRNS Workshop & Symposium on thermal analysis (THERMANS-

2020) held at Bhabha Atomic Research Centre, Mumbai during January 28-February 1, 

2020 (Best Poster Presentation Award was awarded for this poster). 

2. Presented a poster entitled ‘Characterization and solid state studies of 

Ni0.7Zn0.3Fe1.4Al0.6O4: Study of change in properties with change in particle size’ at 

National school on Computer-Assisted Spectroscopic Data Interpretation Techniques 

organized by Department of Physics, Rashtrasant Tukadoji Maharaj Nagpur University, 

Nagpur, Jointly with Physics Promotion and Charitable Trust and Materials Research 

Society of India, Nagpur chapter from Jan 7-11,2019.  

3. Presented a poster entitled ‘Synthesis, thermal and IR studies of Ni0.7-

xMnxZn0.3Fe2(C4H2O4)3.6N2H4- a precursor to Ni0.7-xMnxZn0.3Fe2O4 (x=0.0,0.2 and 0.4)’ 

at DAE-BRNS sponsored  21st Workshop & Symposium on thermal analysis 

(THERMANS-2018) organized by Department of Chemistry, Goa University, Goa and 

Indian Thermal Analysis Society Mumbai, held at Department of Chemistry, Goa 

University during January 16-20, 2018.   

4. Presented a poster entitled ‘Dielectric and Magnetic properties of nanosized and bulk 

Ni0.7Zn0.3Fe2-xAlxO4 (x=0.1,0.3 and 0.5)’ at 2nd National Conference on New Frontiers 

in Chemistry- From Fundamentals to Applications- II (NFCFA 2017) held at 

Department of Chemistry, BITS Pilani K.K. Birla Goa Campus on 28th-29th January 

2017.  

5. Presented a poster entitled ‘Synthesis, Characterization and Magnetic study of 

Ni0.7Zn0.3Fe2O4 : Comparison of the Nano with the Bulk’ at 6th DAE-BRNS 

Interdisciplinary Symposium on Materials Chemistry (ISMC-2016) organized by 

Society for Materials Chemistry and Chemistry Division, Bhabha Atomic Research 

Centre, Trombay, Mumbai, held on 6th-10th December 2016.   



6. Presented a poster entitled ‘A Comparison of the Electric and magnetic properties of ‘as 

prepared’ and ‘sintered’ Ni0.7Zn0.3Fe1.6Al0.4O4’ at Symposium on Recent Advancements 

in Chemical Sciences and RSC Research Scholar Meet-2016 held at Department of 

Chemistry, BITS Pilani, K.K. Birla, Goa Campus on 13th November 2016.  (Third prize 

was awarded for this poster) . 

7. Presented a poster entitled ‘Synthesis, Characterization, dielectric and magnetic studies 

of Ni0.7Zn0.3Fe2-xAlxO4 synthesized using combustion method’ at National Conference 

on New Frontiers in Chemistry – From Fundamentals to Applications (NFCFA 2015), 

organized by Department of Chemistry, BITS Pilani K.K. Birla Goa Campus, held on 

18th and 19th of December 2015. 

8. Presented a poster entitled ‘Synthesis, Characterization, Structural and Magnetic studies 

of Ni0.7Zn0.3Fe2O4 prepared by precursor combustion method’ at National Conference 

on Frontiers in Chemical and Material Science (FCMS), organized by Department of 

Chemistry, Shivaji University, Kolhapur, held on 16th and 17th of January 2015.   

 

Workshop attended 

1. Attended a two week MHRD sponsored GIAN Course on “Phase Transitions and their 

Technological Applications” organized by Department of Physics, Goa University 

Taleigao Goa during 05th  to 19th march 2018. 

 


