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  Chapter 1: Introduction and Literature Review 

1 
 

1.1 Introduction 

Nanotechnology has gained importance as it offers excellent materials with the potential to 

produce products with enhanced performance. Nanomaterials are a class of compounds 

having dimensions between 1 and 100 nm. Ferrites are one of the materials that come under 

the category of nanomaterials. Ferrum means iron in Latin, from which the word ferrite has 

been introduced. Their magnetic nature categorizes them as ferrimagnetic compounds. The 

properties that make ferrite an outstanding material are its extensive surface area and nano 

size, with ease of tuning as required. The ferrites are stable even at temperatures higher than 

500 °C and have outstanding magnetic, optical, and electrical properties. Their properties 

change from nanoparticles to bulk. These materials are suitable for various purposes 

including its use as sensors and catalysts [1-5]. The properties of ferrites are influenced by 

its sample composition, the method involved in synthesis, surface and morphology, size, etc. 

For most applications, lower density, higher surface areas, and small-sized material are 

preferred; thus, the technique for synthesis is adopted accordingly. 

Researchers in different fields like chemistry, metallurgy, physics, and engineering focus on 

developing ferrite materials with improved synthesis techniques according to the needs of 

rapidly growing new technologies, especially developing electronic components with 

dimensions suitable for the applications [6]. 

1.1.1 History of ferrites 

Compounds of Iron (III) oxides are mostly referred to as ferrites, which are ceramic materials 

having magnetic properties. The first known ferrite material was a naturally occurring 

mineral, lodestone [7,8]. Magnetite (Fe3O4) or lodestone was recognised from the sixth 

century BC. The use of lodestone in compass-like devices used for navigation dates back to 

the fourth century BC [9]. 

William Gilbert scientifically explained the properties of lodestones in one of his published 

books in 1600 [10]. This was the first ever modern scientific detail given by anybody.  

Hundreds of years later, the work on electromagnetic theory and crystal structures was 

learned by various people. In 1819, it was discerned that the current in the wire would deflect 

the magnetic compass [11].  In 1909, Hilpert successfully synthesised spinel ferrites and 

studied their magnetic properties with a change in composition [12,13]. The first ever 

synthesis was carried out in 1930 when Yogoro Kato and Takeshi Takei at the Tokyo Institute 
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of Technology realized that iron oxide and various other divalent ions can produce ferrites, 

which are very useful in electrical applications. By 1935, they set up their company named 

TDK Corporation, and by 1937, they massively started the production of ferrite cores for 

wireless communication devices. Snoek, in 1935, developed high-resistance ferrite material 

with a low loss factor and high permeability [14]. Later in 1947, J. Snoek published a book 

named ‘New Development in Ferrimagnetism’ [15].  As the years progressed, a new concept 

of magnetism was proposed by Neel in the year 1948, which explained the magnetic 

properties of a non-magnetic ion-based ferrite, i.e., zinc ferrite. He explained 

ferrimagnetism; he suggested a two-sublattice model in which the spins interact, producing 

interesting magnetic properties. This paved the way to the development of microwave 

devices [16].  

In the years between 1940 and 1950, the advancement in ferrite synthesis and production 

increased.  Snoek and Verwey synthesized materials that could produce high resistivity and 

low relaxation losses, which could be utilized to generate ferrite cores for different 

applications. They successfully produced hexaferrite (BaFe12O19) using cost-effective 

materials and techniques, and materials with high coercivity values. Years later, strontium 

hexaferrite was developed, which had enhanced and improved properties. The ferrites are 

since used worldwide in various applications like antennas, recording devices, ferrite cores, 

EMI suppressors, transistors, etc. In modern times, these materials have entered into 

medicine and quantum computing, as sensors, supercapacitors, and antimicrobial agents. 

Due to their economical and straightforward method of synthesis, stability, and tremendous 

properties that they showcase, they are exploited ever since.  

The research in this field further continued, with development of garnets, hexagonal and 

ortho ferrites paving their way in, in the years 1950 to 1956 as reported by Went et al. [17], 

Bertaut et al [18] and, Frostier et al. [19,20,21], respectively. The stacking of ions in 

tetrahedral A site and octahedral B sites was first given by Verwey et al. [22], while Anderson 

reported the antiferromagnetic superexchange interactions in ferrite [23]. The uniaxial 

anisotropy in cobalt ferrite was first noted by Iida and his co-workers [24,25]. Copper-zinc 

ferrite was first utilised for its antenna core applications in Japan, and in the following years, 

modified Ni-substituted Cu-Zn ferrites were also developed [26]. 

The golden era of ferrites began from 1935 to 1970, when many technological advancements 

in ferrites were developed concerning the synthesis and materials properties. Further, in the 
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1990s, the improvement in magnetic properties with changing dopant composition and 

synthesis techniques was studied. Various mixed ferrites were learned during this time to 

explore their applications. Suyal et al [27] investigated the high-frequency power 

applications of Mn-Zn ferrites, Ba-Ni hexaferrites were synthesised by Shin and others [28] 

for their applications as microwave absorbers. Many reports are available on Ni-Zn ferrites, 

with different approaches [29,30]. Ni-Co-Zn ferrites were also inspected for their microwave 

absorber capacity [31]. Ferrites as inductors [32-34], magnetic heads [35,36], optical 

recorders [37,38], and anticorrosive paint [39] were a few other applications under study. In 

recent times, the need of ferrites in the biomedical field has been profound and increasing 

because of their properties [40-42]. Catalysis and wastewater treatment are a few more 

applications of ferrite material owing to their excellent optical and ferri-magnetic properties 

[43,44]. 

  1.1.2 Crystal structure of ferrites 

   Ferrites can further be classified depending on their crystal structure type, namely: 

i) Spinels 

ii) Hexagonal 

iii) Perovskites 

iv) Garnets 

A simple spinel ferrite can be identified by its universal formula of AB2O4, where ‘A’ is a 

divalent metal (Zn, Ni, Mn, Ca, Co, Mg, etc) ion, while ‘B’ is the trivalent Fe atom. This 

ferrite type is derived from a mineral analogous to ferrite, i.e., spinel MgAl2O4.The spinel 

crystal structure comprises of a unit cell of 32 closed-packed oxygen atoms. Between the 

oxygen atoms in the unit cell, two different sites are available, namely the tetrahedral or the 

A site, and the octahedral or B site. The smallest unit comprises of 32 octahedral sites and 

64 tetrahedral sites. Out of the 64 sites, only eight are filled in tetrahedral sites, and only 16 

are filled in octahedral sites. Therefore, eight cations are present in the tetrahedral site, and 

16 cations are present in the octahedral site. In total, in the unit cell, there are 56 atoms, of 

which 32 are anions and 24 are cations in an eight-formula unit [45]. The ferrite spinel 

material possesses the Oh7 Fd3m space group and the 227-space group number. The oxygen 

anion is not present precisely at the FCC lattice, but the oxygen ion parameter ‘u’ determines 

its exact position. The readjustment to accommodate the cations in sites with different radius 

ratios conferred the parameter u. When u=3/8, the packing is done exactly within the lattice. 
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The occupation of metal ions on the respective lattice sites depends on several factors, such 

as 

i. The electrostatic energy caused by attraction and repulsion between anions and 

cations. 

ii. The polarisation energy of anions. 

iii. Electronic configuration and CFSE. 

iv. The energy of ordering ions on the sublattice, thus acquiring electrostatic energy 

v. Magnetic ordering energy.  

The occupation of a specific metal site relies on the stabilisation energy of that site. The 

degenerate d orbital electrons are lifted under the application of electrostatic anions, 

resulting in splitting, which is called the crystal field stabilisation energy. The CFSE values 

were calculated by Maclure [46] and Dunitz and Orgel [47]. These values obtained in the 

reports indicate the site preferences for cations in the spinel ferrite structure. Furthermore, 

site preferences including transition and non-transition metals were deduced by calculating 

site preference energies by Miller [48], his extended CFSE calculation incorporated 

Madelung constant and short-range energy terms such as Coulomb and valence terms. These 

predictions were in agreement with experimentally determined data. 

 

Fig. 1.1: Spinel structure of ferrite unit cell 

Furthermore, these spinel ferrites are classified based on preferences of the divalent and 

trivalent metal ions at tetrahedral and octahedral sites. The spinels can be classified into 
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three types, namely normal spinels, inverse spinels, and random spinels, depending on the 

occupancy of the metal ions in tetrahedral or octahedral sites as suggested by Barth and 

Ponjak [49,50]. 

In the case of normal spinel, the divalent metal ion is present in the tetrahedral site while the 

trivalent metal ion is in the octahedral site. Examples of such ferrites are ZnFe2O4 and 

CdFe2O4. Though Zn2+ is larger, it prefers a tetrahedral position instead of a larger octahedral 

site because its electronic configuration prefers tetrahedral bonding to the oxygen atom. The 

other type of spinel is the inverse spinel in which half the trivalent ions are present in the 

octahedral site while the remaining half are present at the tetrahedral site. Here, the divalent 

ion occupies the octahedral site. NiFe2O4 is an example of an inverse spinel-type structure. 

Eight units of NiFe2O4 are present in the unit cell. Half the Fe3+ ions occupy the tetrahedral 

site while the other half are filled in the octahedral site along with the eight Ni2+ ions. The 

Fe3+ and Ni2+ ions are arranged antiparallel to the eight Fe3+ ions in the tetrahedral site. Due 

to the antiparallel arrangement of Fe3+ in tetrahedral and octahedral sites, the magnetic 

moment cancels out, but the moments on Ni give rise to the magnetisation. The third class 

of compounds is called random spinels, where the 2+ and 3+ ions are equally distributed 

between tetrahedral and octahedral sites. 

Hexaferrites have a general formula of MFe12O19; their crystal structure is similar to that of 

the mineral magneto plumbite. Two of the known hexaferrites are BaFe12O19 and SrFe12O19. 

Perovskite material has a general formula of ABO3. The first ever perovskite discovered was 

calcium titanium oxide (CaTiO3) 

Garnets form an essential class of ferrimagnetic compounds exhibiting interesting 

electromagnetic and thermal properties. They have a general formula of A3B5O12. One of 

the most common examples is ytterium iron garnets. 

1.1.3 Classification of spinel ferrites depending on their magnetic 

properties. 

a. Soft ferrites: These ferrites hold high magnetic permeability and low 

coercivity. Once magnetised, they can easily be demagnetised, which makes 

them suitable for high-frequency applications, such as in transformers, as 

electronic components in devices, and inductors. Most common examples of 

soft ferrite are manganese zinc ferrite and nickel zinc ferrite. Soft ferrites also 
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show high magnetic shielding capacity and find use as EMI suppressors in 

many devices. 

b. Hard ferrites: These materials are tough to demagnetize once magnetized. 

They have high coercivity values and low permeability. They are used in 

making permanent magnets. The most common examples of hard ferrite are 

strontium ferrite and barium ferrite. These ferrites are primarily used in 

motors, speakers, and magnetic separators. 

1.1.4 Magnetic properties of ferrites 

Ferrites are magnetic owing to the presence of Fe in the samples. Magnetism is a 

consequence of the spin and orbital movement of electrons. When magnetic material is 

placed in an applied magnetic field, the spins align in a particular fashion, giving rise to 

various types of magnetism. The material thus can be classified into diamagnetic, 

paramagnetic, ferro/ferrimagnetic, and antiferromagnetic based on the alignment of the 

spins. The diamagnetic and paramagnetic materials are weakly magnetic compared to 

ferrimagnetic, ferromagnetic, and antiferromagnetic samples [51,52]. 

I. Diamagnetic material: The materials in which the electronic shells are filled, i.e., 

they are paired, thus cancelling out the magnetic moment, giving rise to magnetism 

referred to as diamagnetism. This type of magnetism is lacking form and is non-

persistent. The material is weak or does not repel the externally applied force. And 

the lines of force do not pass through the material. They possess small negative 

susceptibility independent of temperature. Their permeability is less than one. 

II. Paramagnetic material: The samples that possess unpaired electrons show 

paramagnetism. These materials have small positive susceptibility. They possess 

permeability greater than one. This type of compound is attracted to the applied 

field—the magnetic lines of force pass through material. The spins align according 

to an applied magnetic field, but if removed, they disorient immediately. 

III. Ferrimagnetic material: The materials possessing ferrimagnetism are those whose 

spins are antiparallel with uneven magnitude. Thus, producing a permanent 

magnetic moment. There is net magnetisation due to the unequal opposite 

arrangement of spins. 

IV. Antiferromagnetic material: These are materials similar to ferrimagnetism. They 

also possess opposite spins but with equal magnitude. This results in the cancellation 
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of the magnetic moments, producing zero magnetisation. They show low 

susceptibility and high permeability. When antiferromagnets are subjected to 

temperature, the susceptibility increases up to Neel’s temperature, above which a 

decrease is encountered, leading to the paramagnetic character of the sample rising 

with temperature. 

In ferrites, the metal ions are present in the octahedral B-site or the tetrahedral A-site, as 

Neel’s model suggests. Metal and oxygen ions can interact through super-exchange 

interaction in three ways: A-A, B-B, and A-B. In the case of A-A interaction, two ions from 

the A-site interact with each other, and the same is the case for B-B interaction. In A-A and 

B-B interactions, the ions are at the same site. While in the A-B interaction, the A and B ions 

are from two different sites. The spins are aligned antiparallelly and possess negative energy. 

The sublattices have small magnetization due to their unequal magnetization [53-55].  The 

extent of energy between the metal and oxygen depends on i) the angle between the metal 

and oxygen, and ii) the distance between the M-O. The energy is highest in A-B interactions, 

followed by B-B, and lowest in A-A interactions [56]. 

1.1.5 Magnetic Hysteresis 

 

Fig. 1.2: Hysteresis curve 

Figure 1.2 represents the hysteresis curve of magnetic ferrite material. Upon exposure to the 

external magnetic field, the material exhibits a hysteresis loop in its magnetisation response. 

After the magnetisation is removed, the material retains a remanent magnetisation 
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characteristic of ferromagnetic behaviour. An opposite magnetic field removes or reduces 

the magnetization to zero. Saturation magnetisation (Ms) represents the maximum saturation 

attained by the material, i.e., with an increase in applied field, there is no further change in 

Ms, which is called saturation magnetisation. Coercivity (Hc) is the ferromagnetic material's 

ability to remain magnetised and withstand an external magnetic field. Even after removing 

the magnetic field, the magnetization that is retained by the material is termed as remanent 

magnetization (Mr). 

1.1.6 Electrical and Dielectric Properties 

Transition metal ferrites are found to be extensively used in microwave frequency 

applications because of their lower electrical conductivity. These compounds are 

semiconducting, and their resistivity is between 10-2 and 1011 ohm.cm [57]. The conductivity 

results from the hopping of electrons between the metal present in two different oxidation 

states. Generally, conductivity arises in Fe in 2+ and 3+ valence states due to the movement 

of the holes or electrons in the lattice. These form the basis for semiconducting behaviour in 

Ni and Co ferrite as reported successfully by Jonker and Elwell et al. [58, 59]. The electronic 

exchange between cations and electrons or holes causes polarization of the region around 

them. The carrier is trapped in the lattice, and hopping to neighbouring metal ions is 

determined via thermal activation. The hopping of electrons is proportional to 𝑒𝐴/𝑘𝑇,  where 

‘A’ is activation energy, ‘k’ is Boltzmann’s constant, and ‘T’ is absolute temperature.  

Various factors are responsible for resistivity, such as porosity in the samples, grain size, 

sintering temperatures, inhomogeneity of the samples, etc. [60]. Ferrites possess a high 

dielectric constant, which varies as the frequency is changed from Hz to the MHz region. 

The system acquires an electric dipole moment when such material is placed in an alternating 

magnetic field. Thus, the dipole moment for each unit volume is referred to as polarization. 

The dispersion in dielectric properties has been given by Koop’s [61].  
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1.2 Literature Review 

1.2.1 Literature review on Methods of preparation 

1.2.1.1 Literature Review on Combustion Method 

Combustion technique depends on the principle of propellant chemistry. The technique is 

self-propagating or self-sustaining, i.e., it requires no external heat or energy [62]. This 

exothermic reaction produces large gases, porous material, and nano-sized particles. The 

heat generated in the process is sufficient for the continuity of chemical change to occur. 

This is an oxidation-reduction reaction and involves the oxidiser: fuel ratio. It is calculated 

by assessing the metal, carbon, and hydrogen as reducing in nature, having valences of 

2+/3+, 4+, and 1+, respectively. Nitrogen is supposed to have zero valence, and oxygen to 

have a 2- valence. Thus, the morphology of material changes depending upon the heat and 

gases released during the process [63-65], resulting in varying solid-state properties of the 

compounds.   

Selvan et al [66] produced Cu ferrite using urea as fuel for combustion. The tetragonal 

structure was revealed from XRD. The resistivity studies showed a decreasing trend with an 

increase in heat, thus confirming the semiconducting nature of the samples. Nickel zinc 

ferrite was fabricated by Hwang et al. [67] via the combustion method using different fuels: 

carbohydrazide, glycine, alanine, urea, and citric acid to study its effect on various 

properties. Using carbohydrazide as fuel resulted in the largest particle size, whereas the 

smallest particle size was achieved when urea was used as the fuel. Ms values were reported 

for the samples, out of which the sample prepared using glycine results in maximum 

magnetisation. Balaji et al [68] synthesised Sn-doped Ni ferrite using urea as the fuel. XRD 

confirmed a single phase with no impurities and a crystalline nature of the samples. DC 

conductivities recorded at increasing temperatures showed a continuous increase. 

Depending on its structural and electrical properties, the synthesized material was a good 

candidate for an anode material. Bahadur et al [69] produced ferrite with different metal: 

fuel ratios of 1:1, 1:2, 1:3 via the auto-combustion technique using citric acid as the fuel. 

The sample synthesised with a ratio of 1:2 was found to be single-phase, pure crystalline. 

VSM studies revealed the saturation magnetisation of 55 emu/g and coercivity of 5000 Oe. 

The zinc ferrite was prepared using polyethylene glycol as fuel to facilitate the reaction. The 

samples were obtained in pure and cubic spinel structures. XRD confirmed the nano size 

with 45 nm as the crystallite size as reported by Swamy et al. [70].  In another report, 
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Salunkhe et al. [71] studied various metal nitrate to fuel combinations. As the ratio increased, 

the particle size was seen to increase as well. The saturation magnetisation reported for fuel-

deficient was 33 emu/g, fuel-appropriate was 45 emu/g, and the high fuel content sample 

showed saturation magnetisation of 59 emu/g. Manganese-substituted copper ferrite was 

synthesised by varying the fuel content (50, 75, and 100%) by Kumar et al. [72]. With the 

rise in fuel content, the particle size increased, whereas the saturation magnetisation 

decreased. The dielectric properties were studied with respect to frequency, and a decline in 

dielectric constant was observed as frequency increased. Kooti et al. [73] developed pure 

nickel ferrite using glycine as the fuel. Three different metal fuel combinations were chosen 

for the study, and it was observed that the sample containing the highest fuel concentration 

contained slight impurities. The particle size grew with the escalation in fuel content. SEM 

revealed spongy agglomerate morphology. Ms and Hc values shrinked with an addition in 

fuel content.  Hajarpour et al. [74] synthesised Mn ferrite with increasing Zn content using 

glycine as the fuel. The combustion temperature elevated with zinc content. The size of the 

crystals was found to be 34-49nm, and the samples were monophasic in nature. The lattice 

constant was calculated using Vegard’s law and was found to increase with increase in zinc 

content. SEM revealed a large porous morphology of the particles. Similarly, in another 

report, S. Hajarpour et al. [75], systematically examined the influence of varying glycine-

to-metal ratios on structural and magnetic behaviour of synthesised Mn-Zn ferrite. The 

magnetic properties were also investigated of the samples, wherein coercivity was found to 

increase and remained constant with higher fuel ratios.   Mn-doped cobalt ferrite (0.0 to 0.4) 

was developed by Salunkhe et al. [76] using glycine as the fuel. XRD patterns indicated the 

formation of a pure phase. The magnetic measurements were carried out using a VSM 

instrument, which determined that saturation magnetisation increased with Mn content up 

to sample x=0.3, followed by a decrease for x=0.4. Mn0.6Zn0.4Fe2O4 was synthesised using 

glycine, citric acid, and citric acid-EDTA mixture as fuels, producing three samples. XRD 

pattern revealed a single phase and cubic structure of the samples. The citric acid-EDTA mix 

fuel sample had the particles with smallest size and spongy morphology, indicating the 

presence of large pores in the samples as reported by Szczygiel et al. [77]. Manikandan et 

al. [78] synthesised Mg ferrite doped with manganese using the microwave-assisted 

combustion method, using urea as the fuel. The effect of Mn content on size and lattice 

parameter was studied and it was observed that, as Mn content increased, crystallite size 

decreased while lattice parameter increased. The bad gap of this material was also 

determined and it was observed that as the Mn content decreased, the band gap increased 
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from 2.0 eV to 2.32 eV. The photocatalytic property was greatly enhanced with the addition 

of TiO2. Sample Mn0.5Mg0.5Fe2O4-TiO2 showed the best results for photocatalytic 

decomposition of 4-chlorophenol. Cobalt ferrite was synthesised by Prabhakaran et al. [79] 

using DL alanine as the fuel. The ferrite samples were annealed at 500 °C and 800 °C to 

investigate the effect of heat treatment on parameters such as crystallite size, phase 

formation, purity, and Curie temperature. When the sample was calcined at 500 °C, no 

impurity peaks were obtained in the XRD pattern, thus confirming single-phase cubic spinel 

structure formation, while at 800 °C, the single phase was not observed. The Tc at 800 °C 

was also found to be lower than that of the as-prepared ferrite. Cobalt ferrite was synthesised 

by Babu et al. [80] using glycine-analine amino acid mixture as the fuel. Various fuel ratios 

were considered for the study, keeping the ratios fuel-deficient. All the samples were pure 

and crystalline, and the crystallite size ranged from 39-43 nm. Variation in saturation 

magnetisation was observed based on hysteresis curve data with values 4 to 49 emu/g. 

NiCrFe2O4 and CoCrFe2O4 were synthesised by taking glycine as the fuel. The samples were 

prepared in stoichiometric metal nitrate and fuel, fuel-deficient, and fuel-efficient 

combinations. The sample with a fuel deficiency caused the formation of an impurity phase, 

while the 1:1 and fuel-efficient ratios were formed in pure phase. 1:1 ratio had the lowest 

Ms value, and anisotropy and blocking temperature were affected by metal nitrate to fuel 

conditions [81].  

 Gawas et al. [82] synthesised Mg-doped Ni-Zn ferrite MgxNi0.6-xZn0.4Fe2O4 (x=0.0 to 0.6). 

A novel fuel malic acid dihydrazide was prepared using diethyl malate and hydrazine 

hydrate. The fuel was thoroughly characterised by IR and NMR spectroscopy. A series of 

samples with varying metal nitrate to fuel ratios were synthesised, among which the optimal 

ratio was identified, characterised, and used to prepare the final compounds. The chosen 

ratio was 1:0.7, for which further studies were carried out. XRD patterns revealed a single-

phase pure material with a cubic spinel structure. The magnetic parameters declined as the 

Mg content increased. Coutinho et al [83] synthesised Ni-doped Cd-Co ferrite using 

hexamine as the fuel. The fuel-deficient ratio was chosen for the study. XRD and IR 

confirmed phase purity and formation of spinel ferrite. Ms value were found to rise and fall 

after a specific composition, which is explained by the Yafet-Kittel model. With the rise in 

Nickel content, the blocking temperature was reduced, as obtained from ZFC/FC curves. 

Curie temperature also increased with Ni content, and the dielectric constant decreased with 

frequency and became constant. Ni0.5Co0.5Fe2O4 was synthesised by Sedhgi et al [84] using 

different fuels such as urea, citric acid, and glycine, and studied their effect on various 



  Chapter 1: Introduction and Literature Review 

12 
 

properties. Among all the fuels, samples prepared using urea showed an impurity phase, thus 

eliminating urea as a fuel for the synthesis of samples. The fuel also affected the size of the 

materials. Magnetic properties and coercivity were also determined, from which Ms and Mr 

were determined. Ni-Zn ferrite was synthesised with Al as a dopant using malic acid as fuel. 

The cation distribution was confirmed via Rietveld refinement and Mossbauer spectroscopy. 

SEM images confirmed spherical nano-sized particles. The particle size distribution was 

determined by histogram analysis, revealing a relatively uniform size range. Additionally, 

magnetic measurement indicated that the Curie temperature decreased progressively with 

increasing Aluminium content, suggesting weakening of magnetic interactions due to Al 

substitution. Similarly, the magnetic parameters like saturation magnetisation, coercivity, 

and remanence decreased with increase in Al content [85].   

1.2.1.2 Literature review on Precursor -combustion method 

Metal-hydrazinated carboxylate compounds are known to be thermoactivated. This 

intermediate is a single source precursor; therefore, it has proven to yield compounds of 

highly pure phases, stoichiometric, in nano size, and at considerably low temperatures. 

(N2H5)NixZn1-xFe2(N2H3COO)9.3H2O precursor was decomposed to obtain Ni-Zn (x=0.2 to 

0.8) ferrite material as reported by Ravindranathan et al. [86]. TG-DTA studies revealed a 

low decomposition temperature of 120- 220 °C. The samples were reported to have a nano-

crystallite size of 10-14nm, and the surface area determined from nitrogen isotherms was 

found to be 42-104m2/g. 

Kanade et al [87] synthesised Mn-Zn ferrite from a precursor combustion technique, having 

the formula Mn-Zn-Fe(C2O4)3.4N2H4. The sample decomposed at 500 °C in two steps: 

dehydrazination and decarboxylation. XRD revealed a pure phase in the system with no 

impurity peaks. Magnetic characterisation was carried out via VSM, which showed Ms of 

35 emu/g and coercivity of 128Oe. Mossbauer studies revealed Fe in the respective oxidation 

state, and the material was said to possess a superparamagnetic nature. Angermann et al. 

[88] synthesised pure-phase Mn-Zn ferrite by calcining the Mn0.229Zn0.078Fe0.694(CO3) at 500 

°C. The TG curve revealed the decomposition temperature to be 300 °C. VSM studies 

revealed the saturation magnetisation to be 66emu/g. 

Naseri et al. [89] synthesised manganese pyrrolidone precursor, which was decomposed to 

obtain the desired pure ferrite. The calcination was done at various temperatures, and their 

effect on multiple properties was studied.  An increase in calcination temperature was 

accompanied by increase in particle size. Gupta et al. [90] formulated Rubidium ferri-
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carboxylate precursor. They used different carboxylate sources like formic, propionic, 

acetic, and butyric acids.  Leng et al. [91] developed Ni0.25Zn0.75Fe2O4 from a metal salt and 

polyvinyl pyrrolidone precursor. The precursor underwent calcination at a range of 

temperatures to study the effect of thermal treatment on the properties. The crystallite size 

increased from 7-25 nm while the saturation magnetisation increased from 11-126 emu/g 

with the rise in calcination temperature. Co-Zn ferrite was synthesised via the precursor 

method by Gonsalves et al. [92-94]. The TG-DTA method showed the decomposition of the 

precursor in two steps. The ferrite material was formed after decomposition of the precursor 

via dehydrazination and decarboxylation process. The author also reported several other 

reports on a similar preparation method in which they synthesized Co-Ni ferrites [95,96]. 

U.B. Gawas et al. [97] synthesised Mn-doped Ni-Zn ferrite having the general formula Ni0.5-

xMnxZn0.5(C4H2O4)3.6N2H4 with varying composition from x=0.0-0.5. They thoroughly 

evaluated the precursor, which gave them an idea about bonding in the precursor. The 

hydrazine was present as a bidentate linkage, while the fumarate dianion showed a 

monodentate linkage, as revealed by IR spectroscopy. The purity of the developed ferrite 

was confirmed via XRD. The author also published reports on similar work and the same 

synthesis route [98-103].  Ni0.4Co0.2Zn0.4Fe2O4 composition was prepared by Gawas et al. 

[104] via a similar method. The precursor was made up of hydrazine-fumarate, which helps 

catalyze the desired product's decomposition. Various instrumental techniques confirmed the 

formation of pure ferrite material in the nano-range.  Resistivity studies revealed 

semiconducting behaviour of the samples, while dielectric studies, when conducted at RT at 

variable frequencies, showed a decline in dielectric constant with an increase in frequency. 

Gawas et al synthesised CoxNi0.6-xZn0.4Fe2O4 ferrite (x=0.1 and x=0.4) by decomposing the 

synthesised precursor. The sample had a crystallite size well within the 26-30 nm nano-range 

as revealed by XRD data. Particle size characterisation was carried out using TEM, and the 

crystallinity was confirmed by SAED [105]. 

Coutinho et al. [106] synthesised Ni0.5Co0.5Fe2O4 via precursor combustion method. The 

precursor included metal salts, hydrazine, and succinic acid, which form the fuel and ligands 

in the compound. XRD revealed nano-pure phased ferrite while SEM confirmed spherical 

nano ferrite. Solid state properties, such as magnetic and dielectric properties, were also 

investigated. 
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1.2.2 Literature review on Ni-Co-Zn and Ni-Mn Zn ferrites  

1.2.2.1 Literature Review of Ni-Co-Zn Ferrites 

F. Schnettler et al. [107] studied the permeabilities of several Ni-Zn-Co ferrites, analysing 

their behaviour across different frequencies. The study revealed that initial permeability and 

relaxation frequency were closely linked to specific compositional and structural factors.  

M. Mizushima [108] prepared cobalt-substituted nickel-zinc ferrite by the ceramic method. 

The imaginary part of permeability was linearly related to the fundamental part of magnetic 

permeability; both increased when exposed to a demagnetized field. Also, both were found 

to decrease when annealed at high temperatures.  J. Kulikowski et al. [109] prepared cobalt-

substituted nickel-zinc ferrite and studied the effect of cobalt content on the magnetostriction 

of Ni-Zn ferrites.  

H. T. Hahn [110] synthesized CoxNi0.5-xZn0.5Fe2O4 (x=0.033 to 0.50) ferrites and researched 

the impact of cobalt substitution for nickel in the high-loss, high-frequency area. Their main 

emphasis was on increased losses. There was a slight decrease in density with a larger 

reduction in relaxation time and equilibrium susceptibility for samples having composition 

x=0.04 to 0.50. At lower frequencies, samples having composition x=0.03 to 0.04 showed 

increased magnetic loss. B. Parvatheeswara et al. [111] prepared Ni0.35Zn0.65-xCoxFe2O4 

ferrites by the ceramic method. The phase obtained was pure, and the samples were 

crystalline, as revealed by the PXRD technique. The magnetic measurements, permeability, 

and loss measurements were also carried out. There was an increase in magnetic moment 

and relative loss factor, while permeability was reduced, with the doping of cobalt ions. X. 

Shen et al. [112] prepared Ni-Zn-Co ferrite granular films of 1.5 µm in thickness and were 

prepared on glass substrates by the spray plating method at 900 °C. The fabricated thin films 

were analysed by electron microscopy, and the hysteresis loops were measured via a 

vibrating sample magnetometer. The film exhibited large saturation magnetization while the 

coercivity value was small. The permeability of the thin film at reduced frequency was about 

89, and the resonance frequency reached a maximum of 61.7 at as high as 2.1 GHz. The 

losses were higher than 15 over a broad frequency range from 1 to 3.5 GHz.  

J. Xie et al. [113] had investigated the synthesized material for its efficiency as a microwave 

absorbing material. The ferrites were obtained using the ceramic method. PXRD verified the 

material in the nano-range, and the peak width and intensity confirmed the crystallinity of 

the material. The XPS techniques verified the elements in the compounds. Cumulating the 



  Chapter 1: Introduction and Literature Review 

15 
 

entire data concludes that the ferrite can be used as an EM absorber material. 

Ni0.25Co0.25Zn0.5Fe2O4 ferrite was synthesized by O. Suwalka et al. [114] via the co-

precipitation approach. The magnetization studies revealed that the magnetic parameter 

decreases while coercivity rises till the particle size of the sample reaches 23nm, but then 

tends to fall with annealing temperature. The Mössbauer studies revealed that with 

increasing annealing temperatures, there is a difference between the hyperfine magnetic 

fields at the B sites. M. Kim et al. [115] investigated the effect of doping of cobalt, sintering 

temperature, and absorber thickness on the electromagnetic wave absorption properties in a 

thin sheet of (Ni0.4CoxZn0.6-xO)1.02(Fe2O3)0.98 ferrite produced by co-precipitation method, 

giving a pure phase to the compound as verified by PXRD. The particle sizes of all the 

samples ranged from 32 to 49 nm and were calculated using the Debye-Scherrer formula. 

When the thickness of sheet-type microwave Ni-Co-Zn ferrite absorbers was 2 mm, they 

were most reflective. Consequently, it was proposed that it could serve as a ferrite-rubber 

composite microwave absorber when sintered at 1250 0C. The initial permeability of the 

NiCoZn ferrite powder sintered at 1250 °C was less than other temperatures. A. K. 

Subramani et al. [116] conducted a study on Ni-Co-Zn ferrite via the spin-spray plating 

technique at a relatively low temperature of 900 °C. A series of these films was produced to 

investigate their structural and magnetic characteristics. Scanning electron microscopy 

revealed a columnar microstructure aligned perpendicular to the substrate surface. The films 

exhibited a saturation magnetisation value ranging from 325-520emu/cc and coercivity 

between 5 and 20 Oe. At optimised composition, the film achieved an initial permeability of 

approximately 190 and a resonance frequency of 300MHz. Due to their higher permeability, 

these films are promising candidates for use in trimming conductor layers to enhance 

inductance. Additionally, those with high resonance frequencies are well suited for 

application in high-frequency electromagnetic noise suppression. 

Z. W. Li et al. [117] investigated Ni0.97−xZnxCo0.03Fe2O4 spinel ferrites with compositions 

x=0.5 and 0.65. To synthesise the ferrite, a stoichiometric mixture of NiO, ZnO, Co3O4, and 

Fe2O3 was prepared and calcined at 1080 °C for four hours. The calcined materials were 

then crushed, ball milled, pressed into shape, and sintered at temperatures ranging from 

1200–1300 °C for 4 h. The resulting spinel ferrites exhibited excellent EM attenuation 

properties characterised by low reflectivity and a broad absorption bandwidth within the 

very high frequency and ultrahigh frequency ranges. The permittivity had a direct relation 

with the sintering temperature.  
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J. S. Ghodake et al. [118] worked on Co-substituted Ni–Zn ferrites formulated by the co-

precipitation method using oxalate precursor. With the addition of Co, the lattice parameter, 

magnetocrystalline anisotropy constant (K1), and magnetostriction constant (λs) showed an 

increase, and the grain size decreased; hence, the value of permeability (μi) decreased, 

whereas saturation magnetization (Ms), and magnetic moment (nB) remained constant 

throughout across all the samples. S. B. Waje et al. [119] studied the physical and magnetic 

properties of cobalt nickel zinc ferrite synthesised from mechanically alloyed nanoparticles 

with particle sizes ranging between 10-50 nm. The initial permeability (μ') and permittivity 

were evaluated as functions of frequency and sintering temperature. The results showed that 

permeability increased with rising sintering temperature, while permittivity increased with 

the larger grain sizes. K. C. Mouli et al. [120] investigated nickel-substituted cobalt zinc 

ferrite, prepared using the co-precipitation method. The X-ray diffraction analysis confirmed 

the formation of a single-phase face-centered cubic (fcc) spinel structure. As the nickel 

concentration increased, the lattice parameter decreased. The saturation magnetization 

decreased sharply with the substitution of small amounts of Ni for Co; however, beyond x = 

0.20, no significant variation in magnetization was observed.  M. M. Mallapur [121] 

investigated cobalt-substituted nickel-zinc ferrites (x 0.0 and 0.3) synthesised via the 

precursor method. The XRD technique was employed to estimate the crystallite size, which 

ranged between 10-20 nm. Similarly, TEM images further confirmed the particle sizes of 

approximately 10 nm. An increase in cobalt content led to a corresponding enhancement of 

magnetization. M. S. Khandekar et al. [122] synthesised Ni0.35-xCoxZn0.65Fe2O4 (x=0.00 - 

0.10) ferrites using the co-precipitation oxalate precursor method. The XRD pattern 

confirmed the formation of a single-phase structure. The gradual reduction in both lattice 

parameter and x-ray density was observed with an increasing cobalt content. A decline in 

initial permeability was also reported, attributed to a reduction in grain size, lowered 

saturation magnetisation, and increased magnetocrystalline anisotropy.  S. Waje et al. [123] 

fabricated Co0.2Ni0.3Zn0.5Fe2O4 ferrite via mechanical alloying followed by sintering. As the 

sintering temperature increased, porosity decreased, while both density and shrinkage in the 

material increased. The sample sintered at 1200 °C exhibited the highest saturation 

magnetisation of 83emu/g. The coercivity and remanence values were found to diminish 

with rising temperatures. 

M.A. Amer et al. [124] utilised the ceramic technique to prepare Zn0.35Ni0.65-xCoxFe2O4. The 

studies of these samples were carried out using room temperature Mössbauer, X-ray, and 

infrared spectroscopy. The phase obtained was found to have no impurities. The Mössbauer 
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analysis showed a paramagnetic phase for x=0 and a six-line magnetic pattern and a central 

paramagnetic phase for x=0.1.  K. Raju et al. [125] prepared NiFe2O4, Ni0.50Zn0.50Fe2O4, and 

Ni0.50Zn0.25Co0.25Fe2O4, ferrites by wet chemical citrate sol–gel process. The main aim was 

to investigate the doping impact with different cation and their effect on magnetic properties. 

The XRD uncovered a single phase, while the SEM confirmed the particle size of 100nm. 

The stoichiometric studies were done by energy-dispersive spectroscopy. The doping of 

nickel in cobalt zinc ferrite enhanced the magnetic properties as revealed by VSM. M. C. 

Varma et al. [126] investigated the cobalt substitution and change in framework and 

magnetic response of Ni0.65−𝑥Zn0.35Co𝑥Fe2O4 ferrites. The XRD revealed the formation of a 

structurally consistent cubic spinel phase. The X-ray diffraction analysis, FT-IR 

spectroscopy, theoretical calculations, lattice constant calculations, and measurements of 

saturation magnetization suggested that Co2+ ions occupy both [A] and [B] sites. Based on 

these findings, a cation distribution model for Ni0.65−𝑥Zn0.35Co𝑥Fe2O4 was proposed. This 

model provided further insights into changes in magnetic anisotropy, thereby aiding the 

understanding of variation in saturation magnetisation, coercivity, and initial permeability 

in relation to the shift in critical frequency. The composition Ni0.2Co0.2Zn0.6Fe2O4 was 

employed in the design of resonator antennas (FRA) and analysed in cylindrical, triangular, 

and cuboid shapes by K. Mohita et al. [127]. The antenna performance was simulated using 

high-frequency structure simulation (HFSS) software, and a good, strong correlation was 

found between the experimental measurements and simulation outcomes. Among the 

different shapes, the cuboid-shaped FRA exhibited the highest bandwidth of 990 MHz, 

whereas the cylindrical-shaped FRA achieved a maximum gain of 3.34 dB. 

P. Liu et al. [128] developed novel composites of Ni0.4Zn0.4Co0.2FeO4 ferrite particles 

anchored onto reduced graphene oxide sheets using a straightforward, efficient, and 

controllable three-step synthesis process. The structural, morphological, and compositional 

characteristics of the composite were thoroughly analyzed using techniques such as Fourier 

Transform Infra-red spectroscopy, X-ray diffraction, elemental analysis, thermogravimetric 

analysis, Field-emission scanning electron spectroscopy, and transmission electron 

microscopy. The characterization confirmed that the modified ferrite nanoparticles were 

evenly distributed and firmly attached to the r-GO nanosheets. Microwave absorption 

performance was assessed at room temperature over a frequency range of 2- 18 GHz. The 

composite demonstrated a minimum reflection loss of -51.8 dB. at 15.1GHz with a material 

thickness of 2.1mm. owing to its outstanding microwave absorption performance, this 
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innovative composite shows great potential as a lightweight material for electromagnetic 

wave attenuation. 

A. Hassan et al. [129] adopted the co-precipitation method to fabricate single-phase cobalt 

and nickel-substituted zinc ferrites. The lattice constant was found to decrease as the addition 

of Ni and Co concentration increased, as they are replaced by zinc, having a higher ionic 

radius (0.82Å). The magnetization studies showed an uplift initially followed by a decrease. 

The remanence and coercivity were observed to be inconsistent. There was a change in the 

dielectric constant and an uplift in DC-resistivity.  R. Kumar et al. [130] synthesized 

Ni0.6−xZn0.4CoxFe2O4 (x= 0.0, 0.03, 0.09, 0.27) nanoparticles using a sol-gel method and 

annealed at 700 °C to select a material for future electromagnetic interference (EMI) 

shielding application. The instrumental methods used for characterization were XRD, 

FESEM, XPS, and VSM. The variations in values of saturation magnetization were 

observed. They concluded that Ni0.6−xZn0.4CoxFe2O4 with x = 0.27 possesses the best 

saturation magnetization and therefore can be useful in EMI shielding material. 

S. G. Gawas et al. [105] prepared Ni0.4Co0.2Zn0.4Fe2O4 using a hydrazine-mixed Ni-Co-Zn-

Fe fumarate precursor. The decomposition behaviour was studied by thermal technique, TG, 

alongside DTA. Chemical analysis, along with TG-DTA, infrared IR, and mass loss studies, 

were employed to determine the composition of the precursor. X-ray diffraction of the 

decomposed material confirmed the formation of monophasic nickel-cobalt-zinc ferrite; the 

IR spectrum displayed two characteristic bands in the regions 340–420 and 550–660 cm-1. 

TEM revealed that the average grain size was in the range of 15–20 nm. Additionally, the 

DC resistivity measurement and dielectric properties were also measured as a function of 

frequency. S.G. Gawas et al. [104] also synthesized CoxNi0.6-xZn0.4Fe2O4; (x=0.0 to 0.4) from 

precursors, with the formula CoxNi0.6-xZn0.4Fe2(C4H2O4).6N2H4 (x=0.0 to 0.4). The TG–

DTG–DTA profile revealed a multistage decomposition pathway, culminating in the 

formation of ferrite phases at approximately 410 °C.  The synthesised ferrite materials were 

subjected to X-ray diffraction analysis to assess their crystallographic structure and phase 

purity. XRD patterns confirmed the successful formation of single-phase spinel compounds, 

without any detectable secondary phases. Complementary FTIR was employed to validate 

the decomposition of organic compounds further. The presence of two distinct absorption 

bands in the region characteristic of metal oxygen vibrations provided strong evidence for 

the complete elimination of organic moieties from the precursor matrices, confirming the 

integrity of the ferrite structure. 
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TEM analysis was conducted to examine the morphology and particle size of the ferrite. The 

TEM images demonstrated well-defined particle shapes and sizes within the nanometer 

scale, supporting the successful formation of nanocrystalline ferrite materials. Furthermore, 

AC magnetic susceptibility measurements revealed that particles exhibited single-domain 

particle behaviour along with pronounced superparamagnetic characteristics indicating their 

potential suitability for high-frequency magnetic applications or biomedical use, such as 

magnetic hyperthermia and targeted drug delivery. 

J. S. Ghodake et al. [131] developed material suitable for microwave-absorbing rubber 

composite, highlighting their potential applications in radar and stealth technologies. They 

systematically investigated the initial permeability and magnetic loss factor as a function of 

both as a function of material composition and applied frequency. The study revealed that 

both the real and imaginary components of the initial permeability lowered while the loss 

factor elevated with the increasing cobalt content. Furthermore, the imaginary part of the 

initial permeability was observed to decline sharply with a rise in frequency across all the 

compositions, indicating frequency-dependent magnetic response. The imaginary part of the 

initial permeability of all samples was found to be decreasing rapidly with increasing 

frequency. In addition, the saturation magnetization was significantly higher than pure Ni–

Zn ferrite. The coercivity and retentivity of cobalt-substituted Ni–Zn ferrites improved with 

excess cobalt.  In a related study, H. Huili et al. [132] synthesized Co-substituted Ni–Zn 

ferrites with the formula Co₀.₂Ni₀.₃Zn₀.₅Fe₂O₄ using the polyol synthesis method. Their work 

focused on understanding how stoichiometric variation and grain morphology influence the 

magnetic behaviour of the resulting ferrite materials. To characterize the samples, they 

employed variety of techniques, including X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR), energy-dispersive X-ray spectroscopy (EDX), transmission 

electron microscopy (TEM), and vibrating sample magnetometry (VSM). R. Kumar et al. 

[133] synthesized (Ni0.6-xZn0.4CoxFe2O4) (x = 0, 0.0165, 0.033, 0.264, and 0.528) ferrites. 

The saturation magnetization showed a reverse trend in their samples, i.e., Ms decreased 

with increasing Co contents, as analysed by vibrating sample magnetometer measurements. 

The X-ray diffraction measurements revealed that the samples have a single-phase spinel 

cubic structure, except for (x=0.0165), where there was a partial hematite phase, as indicated 

by an impurity peak. The ferrite showed soft magnetic behaviour, i.e., low magnetization 

and retentivity, and hence could be used in recording devices. 

 H. Nikmanesh et al. [134] investigated Ni1-xZnxFe2-xCoxO4 (x=0.0 to 0.5) ferrites prepared 

by the PVA-assisted sol-gel approach. The XRD showed a crystalline structure and the 



  Chapter 1: Introduction and Literature Review 

20 
 

formation of pure, single-phase spinel ferrites. Morphological features like size and shape 

were illustrated from images captured by FESEM studies. The IR spectroscopy showed two 

prominent peaks in the frequency range 400-600cm-1. The vibrating sample magnetometry 

showed a gradual increase in the magnetisation with doping concentration, 0.4, and then 

decreased with further concentration. Also, the impact of these substitutions on vacancy 

distribution was identified via positron annihilation lifetime spectroscopy.  

A.V. Knyazev et al. [135] used a solid-state reaction synthesis process to prepare 

Ni0.5Zn0.5Fe2O4 and Ni0.5Zn0.3Co0.2Fe2O4, and periodically ground the samples during the 

calcination at 1073 K. The coercivity and Curie temperatures were seen to increase as the 

cobalt concentration increased. The ferrite particles were crystalline and had a particle size 

from 130–630nm for Ni0.5Zn0.5Fe2O4 and 140–350 nm for Ni0.5Zn0.3Co0.2Fe2O4 ferrites. The 

saturation magnetization values recorded at room temperature were higher for 

Ni0.5Zn0.5Fe2O4 than for Ni0.5Zn0.3Co0.2Fe2O4 ferrites. 

B. J. Rani et al. [136] studied two compounds of ferrite, i.e., pure and zinc-incorporated 

cobalt nickel mixed ferrite (ZnxCo0.005−xNi0.005Fe2O4, where x =0.0, 0.002, 0.004) 

nanoparticles via the co-precipitation method. The addition of zinc ions and their influence 

on the material’s physical properties, as evidenced by XRD, Raman, PL, and FTIR studies, 

have been studied. The increase in concentration of zinc ions from 0.002 to 0.004 resulted 

in a reduced specific capacitance. The Raman spectra showed typical phonon vibration 

modes T2g (1), T2g (2), and Eg of the cubic ferrite system.  B. B. V. S. Vara Prasad et al. [137] 

have worked on nickel-substituted cobalt-zinc nanoferrites synthesized via citrate gel 

formation followed by the combustion method. The XRD studies confirmed the single phase 

with a spinel structure. The lattice parameter showed a downward trend. The concept of 

Williamson-Hall was used to calculate crystallite size. The DTA analysis recorded 

ferritization temperatures. The TEM measurements confirmed an average particle size of 35 

nm. The far IR displayed two prominent absorption bands. The SEM micrograph showed 

mixed grains with spherical as well as near-spherical grains. The EDAX measurements 

confirmed the stoichiometry ratio of the samples. The saturation magnetization, remanence, 

and coercivity were determined using M-H loops recorded at room temperature. 

Y. Lei et al. [138] synthesized Co-doped Zn Ni ferrite/polyaniline composites via an 

interfacial polymerization approach. The researcher optimised the key important parameters, 

including polymerization temperature and duration, to enhance the functional properties of 

the material. The composite fabricated under optimal conditions of 20 °C for 12 h, exhibited 

exceptional microwave attenuation performance, achieving a peak reflection loss of -54.3 
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dB. Furthermore, the material presented a broad effective bandwidth (RL=-10 dB), making 

it a strong candidate for advanced electromagnetic wave absorption and shielding 

applications.  The Ni0.3Zn0.4Co0.3Fe2O4 (N3Z4C3) was prepared by the co-precipitation 

method, which was embedded within the multi-walled carbon nanotubes matrix to improve 

the microwave absorption as reported by M. Dalal et al. [139]. The Rietveld method was 

employed to determine the distributions of cations between A and B-sites of the spinel 

structure. The high magnetization was achieved, indicating strong magnetic performance. 

The microwave absorption performance of the composite was evaluated through reflection 

losses measurement, a notable RL maximum of 22 dB was recorded at 15.24 GHz, indicating 

excellent microwave absorption efficiency. Additionally, the AC induction heating potential 

of NZCF nanoparticles was assessed to explore their suitability for magnetic hyperthermia 

applications. 

 S. Hcini et al. [140] have studied the microstructural, magnetic, and electrical properties of 

Zn0.4Ni0.3Co0.3Fe2O4 (ZNCFO) and Zn0.4Cu0.3Co0.3Fe2O4 (ZCCFO) ferrites prepared using 

the gel method. The lattice parameter, mean grain size, and X-ray density are higher for 

ZCCFO than ZNCFO. The magnetic parameters were found to decrease with the substitution 

of Ni by Cu. The Maxwell–Wagner’s model and Koop’s theory were used to study the 

behaviours of permittivity and loss tangent.  A. Lassoued et al. [141] investigated the impact 

of variation in composition of NixCo(0.5−x) Zn0.5Fe2O4 with x = (0.1, 0.2, 0.3, 0.4) on the 

structural, optical, magnetic, and photo-catalytic activity. The thermal decomposition was 

investigated by TGA/DTA. The XRD results indicated that each sample possessed a pure 

cubic spinel phase. The TEM and SEM analyses showed cubic morphology.  FT-IR spectra 

displayed two distinct stretching frequency bands. The Raman spectroscopy determined 

ferrites and their phonon modes. The UV–Visible studies were used to calculate the optical 

band gap energies. The samples showed high saturation magnetization. The enhanced photo-

catalytic activity was obtained for the samples having higher nickel content. J. Mattei et al. 

[142] worked on electromagnetic properties of composition Ni0.5Zn0.3Co0.2FeyO4-d, where y 

was iron deficient and iron excess, and was prepared by chemical co-precipitation. The iron 

excess sample showed lower total losses (magnetic and dielectric) than the iron-deficient 

sample for TA = 900 ° centigrade.  At frequencies above 700 MHz, the total loss values (IE 

and ID samples) are prohibitive for antenna downsizing, whatever the firing temperature 

value (8000 °C and 900 0C). Whereas at frequencies below 700 MHz, 

Ni0.5Zn0.3Co0.2FeyO4+d may lead to better antenna performances than Ni0.5Zn0.3Co0.2FeyO4-

d. 
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 Ni0.6-xZn0.4Co Fe2O4 (x = 0.00, 0.033, 0.066, 0.132, 0.264, and 0.528) was synthesized using 

a novel low-temperature technique. The samples x=0.033, 0.066, and 0.528 yielded single-

phase nano-ferrite with a size well below 100nm. SEM revealed spherical morphology with 

agglomeration due to magnetic interactions. XPS data confirmed the elements in the ferrite 

in their respective oxidation states. The sample with higher cobalt content exhibited 

saturation magnetization of 37 emu/g. These ferrites were evaluated for their antibacterial 

activity against two pathogens, E. coli and Bacillus subtilis, and demonstrated good efficacy 

against both [143].  

The metal chloride precipitate was refluxed to obtain Ni0.3Zn0.7-xCoxFe2O4 (x=0.00, 0.05, 

0.15, 0.25, 0.35) nano-ferrites. The XRD studies were employed to study the structural and 

morphological aspects of the compounds. With an addition of cobalt, the lattice constant 

was seen to diminish. The crystallite size was found to be in between 9 and 10 nm. Magnetic 

parameters such as magnetization, coercivity, remanent magnetization, and anisotropy 

constant were also determined. The oxidation state of Fe as 3+ was verified by Mossbauer 

spectroscopy in samples except for x=0.0 and 0.15, where there was the tendency of 

coexistence of Fe3+ /Fe2+. Cation distribution showed Zn2+ in the B site except for x=0.35. 

As Co content increased, samples showed the transition from an unordered paramagnetic 

state to an ordered magnetic state, which also showed a decrease in sensing behaviour. 

Sample x=0.0 showed the highest sensing property towards propanol gas. Among all three 

gases (propanol, ethanol, and methanol), all samples were selective towards propanol [144]. 

Co0.3Zn0.7-xNixFe2O4, (x=0.0 to 0.7), was obtained through solid-state route. Samples 

showed a monophase behaviour with cubic structure and the Fd3m space group. As Ni 

concentration progressively elevated the lattice parameter contracted from 8.434 to 8.348 Å. 

Influence of the interpretation of magnetic behavior and cation distribution was studied 

using Mossbauer spectroscopy at two different temperatures. Curie temperature was found 

to increase from 647K to 849K with addition in Ni content in the samples. Magnetic 

characters were studied using a Vibrating sample magnetometer, revealing that the 

saturation magnetization initially increased with Ni substitution before decreasing at higher 

concentration. Coercivity and remnant magnetization also rose with the addition of Ni 

content. Sample x=0.4 showed the highest saturation magnetization at RT, while sample 

x=0.3 showed the highest magnetization at 100K [145]. 

Co-doped Ni-Zn ferrite was synthesized via the sol-gel method, followed by the auto-

catalytic combustion method. PXRD was used to determine the phase purity and cation 
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distribution.  The X-ray patterns were refined using the FullProf Suite Rietveld refinement 

software. The crystallite size obtained was well within the nanoscale region [146].  

1.2.2.2 Literature Review of Ni-Mn-Zn Ferrites 

The X-ray diffraction, infrared, and magnetization studies of the  

 Zn0.3Ni0.7+ x MnxFe2-2xO4 ferrite system prepared using the ceramic method was reported by 

B. V. Bhise et al. [147] with no impurity. The rise in lattice parameter was slow up to x = 0.2 

and then declined to a persistent value. The magnetic moment first decreases for x = 0.05 

and then increases at x = 0.1, with a continuous decrease thereafter for any value of x. 

The MnxNi0.5-xZn0.5Fe2O4 (x = 0.05, 0.1, 0.2, 0.3, 0.4) ferrites were produced by citrate 

precursor approach as reported by A.K. Singh et al. [148]. A decrease in resistivity with Mn 

addition was observed, except for sample Mn0.3Ni0.2Zn0.5Fe2O4, where it shows a rise. The 

frequency variations of the relative loss factor (rlf) dielectric variables have been studied by 

them. The NixMn0.4-xZn0.6Fe2O4, with x=0.1–0.4, was synthesized using citrate precursor 

method. Magnetic properties along with relaxation intensity, loss factors, electrical 

parameters, and the B–H curves have been studied by A. K. Singh et al. [149]. They found 

that with doped nickel, the properties changed accordingly. B–H curves were rectangular in 

shape and had low coercivity. 

A. Verma and others [150] selected zinc-doped Ni-Mn ferrite for their study, selecting the 

citrate precursor strategy for synthesis. Some common solid-state properties were discussed 

for samples sintered at different temperatures and with changing zinc composition. The 

structural properties, such as size and density, were studied using XRD data. The saturation 

magnetisation was maximum for the sample sintered at 1200 °C, and Tc dropped with zinc 

content. The permeability, however, was higher, and AC-resistivity lowered with sintering 

and increase in zinc content. For Mn–Zn ferrites, dielectric constant was lowered. A. R. 

Bueno et al. [151] have synthesized Mn-substituted Ni-Zn ferrites and studied their 

microstructural and magnetic properties. The method used for synthesis is the nitrate–citrate 

precursor method. All the ferrite samples showed low-coercive forces (Hc), which is 

characteristic of soft magnetic materials. The results indicated that Mn substitution increases 

induction magnetization (Bm) and remanent magnetization (Br). Substitution of Mn led to a 

rise in the lattice constant. The maximum density was obtained on addition of Mn.                                               

A. A. Sattar et al. [152] have worked on Mn-substituted nickel zinc ferrite by the standard 

ceramic method. The theoretical lattice values were found to be larger than the experimental. 

Thermoelectric power (TEP) against temperature and Mn concentration for Ni0.6-tMnt 
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Zn0.4Fe2O4, (t=0.0 to 0.5), was studied. They found that the resistivity increases as the Mn 

concentration increases. The thermoelectric power measurements showed n-type conduction 

for all samples. 

C. Venkataraju et al. [153] have worked on Mn(0.5–x)NixZn0.5Fe2O4 (x=0.0,0.1,0.2,0.3) 

synthesized by co-precipitation route. XRD pattern determined the cation occupation in the 

A and B sites. The deviation in the normal cation distribution was revealed by X-ray intensity 

calculations. The determined Ms values were lower as the Ni was substituted, except for 

x=0.3, where it showed an increasing trend. The Tc was reduced with a rise in nickel 

concentration, except for x=0.3, where it showed a rise. The coercivity values were very low 

and were found to be inversely proportional to the grain size. 

U. B. Gawas et al. [98] synthesized Ni0.5Mn0.1Zn0.4Fe2O4 by the precursor method using 

metal carboxylato-hydrazinates as a precursor. This precursor was characterized by different 

techniques like XRD, IR, SEM-EDS, and chemical analysis. A sophisticated TG-DSC 

facility was utilised for the study of the decomposition behaviour of the samples. The XRD 

corroborated the formation of pure Ni0.5Mn0.1Zn0.4Fe2O4. D. R. Mane and others [154] 

prepared a series of Ni0.7-xMnxZn0.3Fe2O4(where x=0.0–0.7 in steps of x=0.1), which was 

synthesized by a sol–gel followed by combustion synthesis. Purity of the samples was 

concluded from XRD plots, where seven authentic peaks of spinels were observed. The Ni 

ions were verified to be located at the octahedral (B-site) and Zn ions at the A-site, whereas 

Mn and Fe ions were present at both A- and B-sites. The magnetization reached the 

maximum for x=0.2, and then a fall in magnetization was observed. 

S. Y. Tong et al. [155] investigated the outcome of Ni concentration in mixed Mn ferrites on 

electromagnetic absorption properties. The plot of resistivity vs temperature gave the 

activation energy of hopping carriers. The prepared ferrite showed soft magnetic behaviour 

as the Hc value was low, while the Ms values were high. With increasing Ni substitution for 

Mn in ferrites, the ferrite–resin composite has a wider bandwidth and a higher potential to 

be designed as a microwave absorber in the GHz range with a thinner thickness. 

The Ni-substituted Mn-Zn nano-ferrites were synthesized via co-precipitation methodology 

by C. Venkatraju et al. [156]. The PXRD plots shows no impure phase, while the FTIR data 

support the spinel structure formation. The line width decreased with Ni content. The 

experimental values of magnetic moment evaluated from EPR spectra were lower than the 

theoretical value, confirming the existence of spin canting in the B site, which results in a 

noncollinear magnetic structure. 
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S. Ramesh et al. [157] have studied the microstructural and magnetic behaviour of mixed 

Ni–Zn–Co and Ni–Zn–Mn ferrites produced by the sol-gel approach. The incorporation of 

Co/Mn in Ni–Zn ferrites has revealed a notable reduction in permeability. The tan δ/μi 

decreased with the rise in frequency.  The NixZn0.9−xMn0.1Fe2O4, x=0.3 to 0.7, were 

fabricated via a ceramic processing method by F. Genc et al. [58]. The magnetization values 

increased as the nickel concentration hiked up to x = 0.6, with the highest value of 78 emu/g. 

The well-defined grain boundaries were shown by Ni0.6Zn0.3Mn0.1Fe2O4 and 

Ni0.4Zn0.5Mn0.1Fe2O4. The Ni0.6Zn0.3Mn0.1Fe2O4 has minimum RL values of above −20 dB 

at 1.8 GHz. It was deduced that the material can be exploited in microwave absorbing 

devices. 

F. Genc et al. [159] have worked on Mn-doped NixZn0.9−xFe2O4 particles produced by the 

solid-state ceramic method. The AC conductivity studies revealed a temperature-dependent 

behaviour at smaller frequencies and temperature-independent behaviour at high 

frequencies, which could stem from ionic conductivity because of activated frequency 

ranges. A. Elahi et al. [160] synthesized polypyrrole Zn0.5Ni0.45Mn0.05Fe2O4 nanocomposites 

ferrite by the sol-gel and polymerization method. Characterisation was conducted to reveal 

the purity, size, and shape of the compounds. The crystallite size was quite low in the nano 

range, as expected with spherical morphology. 

S. Ramesh et al. [161] have worked on Ni0.4Zn0.6-xMnxFe2O4, a ferrite series where x varies 

from 0.00 to 0.25 in steps of 0.05. A sol-gel approach was employed in the process. The X-

ray diffractometry, electron microscopy, thermogravimetry, and Faraday’s magnetometer 

were employed for the study. The saturation magnetization and coercivity values of Ni–Zn–

Mn ferrite showed impressive results for Mn substitutions, x = 0.10 and 0.15 concentrations, 

and could be used as core materials for high-frequency applications. 

The Ni0.6−xMnxZn0.4Fe2O4 (x = 0.0–0.6) ferrite samples were synthesized by the combustion 

technique using hexamine as the fuel by U. B. Gawas et al. [162]. The monophase was 

confirmed by X-ray technique, and the calculated lattice constant showed a direct relation 

to the addition of manganese. The FTIR spectra supported the XRD data and confirmed two 

peaks of ferrite. The DC resistivity values were in the range of 106 to 107 ohms cm, observed 

at room temperature. The resistivity vs inverse temperature plots showed a lowering in 

resistivity with Mn substitution at elevated temperatures. The Tc lessened with Mn 

concentration. K. Jalaiah et al. [163] explored Ni-substituted manganese zinc ferrite 

processed by the sol-gel method. The structural parameters, lattice constant and crystallite 

size, were computed from XRD data. The morphological studies were conducted using a 
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SEM/EDS technique. The ESR and VSM instruments surveyed the magnetic parameters. 

The results of dielectric studies were comparable to many other reported data.  

T. Kuru and co-authors [164] selected the study of Mn0.2Ni0.3Zn0.5Fe2O4 ferrite synthesised 

via the co-precipitation method. The assessed dielectric parameters showed a rise with 

increase in temperature. The uplift of frequency and temperature also accelerated DC 

conductivity. The activation energy for low and high temperature regions was also 

calculated. The semiconductor character of the Mn0.2Ni0.3Zn0.5Fe2O4 ferrite material is 

confirmed by using Nyquist curves. The material was sensitive as a humidity sensor in the 

20 Hz to 1 kHz frequency range. F. A. Ahmed and his co-authors [165] investigated nickel-

substituted Mn-Zn spinel ferrite formed by the sol-gel method. The PXRD pattern 

substantiated the purity of the material under study and corroborated the cubic spinel 

structure of ferrite nanoparticles. The calculated size and lattice parameter were observed to 

decrease with the addition of nickel. The magnetization reached a maximum for the sample 

for x=0.1 and then dropped with the nickel substitution. The linewidth and g-value fell with 

the addition of nickel content till x=0.2 and then increased. 

The zinc ion substitution on Mn-Ni ferrite, dried and calcined at 100 °C and 600 °C, of 

chemical formula ZnxMn0.5–xNi0.5Fe2O4, x=0.0 to 0.4, was studied by M. Ismail et al. [166]. 

The consequence of the substitution of zinc on structural and solid-state parameters was 

measured. The Zn ions substitution and calcination process increased the average grain 

diameter, reformed the shape, and improved the magnetization of dried and calcined 

ZnxMn0.5–xNi0.5Fe2O4 nano-ferrites. PXRD and TEM/SAED extracted the size and the 

morphology of dried and calcined nano-ferrites, respectively. VSM examined magnetic 

properties such as saturation magnetization, coercivity, and remanence parameters. 

P.P.G.Dessai et al. [167] investigated Ni0.7− xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrite series 

prepared by precursor combustion method using nickel–manganese–zinc–iron fumarate–

hydrazine as a precursor. These precursors were studied using TG–DTA, IR, CHN analysis, 

isothermal mass loss, and total mass loss studies. The precursors' experimental hydrazine 

content and C, H, N, Ni, Mn, Zn, and Fe matched the theoretical values. The XRD patterns 

and the IR spectra of the ferrites obtained by burning these precursors confirmed the single-

phase cubic nature of these ferrites. The resistivity studies indicated a lowering in resistivity 

as the Mn2+ content of the ferrites rose. The Curie temperature also showed the same trend. 
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1.2.3. Literature review on Applications of Ferrites 

1.2.3.1 Literature Review of Gas Sensing 

Nowadays, the use of gas-sensitive, higher-performance materials for detecting hazardous 

gases is increasing. One of the classes of compounds used in such studies is semiconducting 

ferrite materials, which have tremendous scope in the area.[168] 

The gas-sensing properties of zinc ferrite were measured for various gases. The samples 

were prepared via the molten salt route [169]. Samples showed outstanding selectivity and 

sensitivity toward 200 ppm of H2S when measured at 250 °C. Similarly, Ni was developed 

via the co-precipitation technique [170]. The response was measured by exposing the 

sensing elements to various gases, namely O2, LPG, ammonia, and Cl2, in a closed chamber 

at RT. The thick film showed a superior response to the pellet sensor. Cl2 and ammonia 

displayed 96% and 68% response, respectively, at RT. The Mn-substituted spinel ferrite 

(MnZnFe2O4, MnCuFe2O4, MnNiFe2O4, and MnCoFe2O4 was synthesised by the 

evaporation method. They studied their gas sensing application on reducing gases like LPG 

(E. R. Kumar et al) [171]. The synthesized Mn–Zn ferrite nanoparticles presented a higher 

response than the other samples.  

Liu et al. [172] synthesized MgFe2O4. The gas sensing studies were carried out on various 

gases like ethanol, H2S, CH4, and LPG. The test was conducted at different temperatures, 

wherein a temperature of 335 °C showed a response for almost all the gases except H2S, 

which showed a response at 160 °C. Darshane et al. [173] synthesized impurity-free spinel 

ZnFe2O4.  XRD and TEM revealed the particle size on the nanoscale. Ethanol, NOx, SOx, 

LPG, and H2S gases were studied in detail. At a 200ppm concentration, the sensor showed 

high selective sensitivity for H2S at 250 °C. 

Kim et al. [174] outlined the preparation of Mn-substituted Co ferrite having a nanowire 

structure as efficient gas sensors. The samples performed well as humidity sensors at 200 

°C, while at RT, the results declined. The ferrite produced a linear response with a fast 

recovery within 6 s as the humidity content increased. 

Kapse et al. [175] prepared Ni-Zn ferrite to investigate the response % for various reducing 

gases (H2S, LPG, ethanol gas, and NH3). Various factors were responsible, such as 

temperature, composition, and test gas species, correspondingly giving the response. Kadu 

et al. [176] synthesized Zn0.6Mn0.4Fe2O4, Pd-doped Zn0.6Mn0.4Fe2O4 nanomaterials to study 

their gas sensing applications. The crystallite size was revealed by XRD and TEM in the 

range of 30-35 nm. The reducing gases selected for sensing were LPG, CH4, CO, and 
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ethanol. The ethanol gas illustrated the best response at 200 ppm and 300°C. 1.5 wt.% Pd-

doped Zn0.6Mn0.4Fe2O4 was tested, with higher sensitivity and selectivity toward ethanol in 

the 300 to 230 °C temperature range. MgFe2O4 was developed by Patil et al. [177]. The 

ferrite was studied for sensing acetone, ethanol, ammonia, LPG, at different temperatures. 

The studies were reproducible and showed reproducibility after six months as well. Sutka et 

al. [178] used the sol-gel auto-combustion method to prepare zinc-doped Ni ferrite. 

Structural, microstructural properties revealed high porosity in samples ranging from 62-

66%. The sample was indicative of a p-type semiconductor. The sample response was higher 

for lower zinc content compounds; with an increase in zinc content, the response declined. 

Ni0.5-xMnxZn0.5Fe2O4(x = 0.0-0.5) ferrite was synthesized by Gawas et al. [179]. They have 

studied the gas sensing property of ‘as-synthesized’ ferrite for H2S, and a great response and 

selectivity were observed from 100 °C to 450 °C. The sample x = 0.2 had the highest 

response percentage at around 350 °C for H2S gas at 200 ppm concentration. NH3, CO2 Cl2, 

LPG, and ethanol showed lower response even at the higher concentration of 1000 ppm. 

Mn0.3Ni0.3Zn0.4Fe2O4 was found to show the highest response towards NH3 at RT and proved 

as a good candidate as a sensor. 

Kumar et al. [180] synthesized Mn-doped MFe2O4 (M- Zn, Co, Cu, Ni). Their structural, 

solid-state properties, dielectric, and applications like gas sensing were investigated. The 

particle size was determined by XRD, which tallied very well with the TEM data. EDX 

verified cations and anion content in the ferrite. The Mn-Zn ferrite showed good results for 

LPG, while Cu-Mn ferrites showed the lowest response-recovery time compared to other 

ferrites. 

 Kannan et al. [181] synthesized ZnFe2O4 and checked the detection of alcohols named 

methanol, ethanol, and propanol. The propane gas was highly detected, followed by ethanol 

and methanol. The samples could detect a minimum concentration of 100ppm upto limit of 

1000 ppm. Mg0.5Zn0.5Fe2O4 sensor was developed by Karmakar et al. [182]. They analysed 

the ability of sensor to detect ethanol and acetone. Acetone and ethanol were successfully 

sensed at 350 °C. Ethanol was also sensed with a good response at 375 °C. 

Bagade et al. [183] developed single-phase Co1-xMnxFe2O4 (where x =0.0 to 0.5) thin films 

via spray pyrolysis. The solid-state properties were thoroughly investigated, such as DC 

resistivity, which unveiled the semiconducting property of ferrites. At the same time, 

dielectric studies exhibited a reduction in dielectric constant with hike in frequency. Gas 

sensing was studied with LPG, SO2, NH3, NO2, and H2S test gases. The Sample 

Co0.7Mn0.3Fe2O4 film showed the highest gas response of 1.62 towards NO2 compared to 
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other compositions and other test gases. Zhang et al [184] synthesized nanorods and 

nanoparticles of Ni ferrite. The examination of gas sensor properties towards NH3 and 

methane was  carried out. The nanorods showed better and higher results than nanoparticles 

towards NH3 than towards methane.  

Ghosh et al [185] synthesized Ni ferrite. They used ball milling at various times, producing 

samples with decreased size with prolonged milling time, thus changing their properties. 

The sensors were subjected to gases to study their gas-sensing properties. Therefore, samples 

with decreased size showed excellent H2S and H2 gas results at 150 and 100oC, respectively. 

Thus, size plays an important role here. Wu et al. [186] synthesized ZnFe2O4 with a normal 

spinel and an inverse spinel structure. The inverse spinel showed a better response to H2S 

gas versus the normal spinel ZnFe2O4. The operating temperature was 260°C, and within 8s, 

a response was obtained and recovered to the initial stage in 20s. Thus, the distribution of 

metal cations majorly affects gas sensing properties. Kumar et al. [187] synthesized Mn-

doped Cu ferrites via the evaporation method using egg whites and metal nitrates. The 

annealing was done at 600 °C and 900 °C. XRD, TEM, and EDX, and their magnetism was 

estimated at room temperature by VSM. Mn-Cu ferrite showed an increment in percentage 

of response with a rise in temperature. After a specific high temperature, the sensor response 

reduced. The 1000 ppm of gas gave the highest response to LPG compared to other test 

gases, resulting in the highest percentage. A temperature of 275 °C proved to be the optimum 

temperature for good results. 

Yadav et al. [188] synthesized a lanthanum ferrite sensor for LPG sensing. The ferrite 

showed  

response towards LPG up to 5000-ppm concentration within 50 to 100 s and a longer 

reversing time of 350 to 400 s. Yuan et al. [189] synthesized Co ferrite via the sol-gel 

method. They sintered the ferrite at 600 and 1400 °C. They also developed Co ferrite by 

sintering it at 1400 °C with an electrolyte. The three samples were measured for sensor 

performance, out of which the highest sensitivity was towards LPG for the co-sintered 

sample, with a quick recovery of 8-10 seconds. It was noted that sintering temperature 

played a significant role, as the response escalated with sintered sample temperatures. Rao 

et al. [190] developed Ni ferrite and Cu-doped nickel ferrite and studied the material for its 

applications towards reducing gases. At temperatures of 325- 375 °C, ethanol gas showed 

high selectivity. It was also seen that as the Cu content increased, the sensitivity increased 

to 1% Cu, after which the response % decreased with a rise in Cu. Li et al. [191] produced 

Mn-ferrite nanospheres that showed great results against NO2 gas. The maximum response 
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was attained at 200 °C at 250ppb concentration with 150 sec to respond and 180 sec to 

recover. P. Durga Prasad et al. [192] synthesized cobalt ferrite (CoFe2O4) fibers by 

electrospinning. The CoFe2O4 fibers showed good reproducibility and a maximum response 

of 0.42 at a 900-ppm concentration of ammonia. The ferrite fibers also exhibited the ability 

to sense a very low concentration of ammonia (even at 25 ppm) at room temperature. 

Zou et al. [193] developed NixCo1-xFe2O4 (x = 0.0, 0.33, 0.5, 0.67) ferrites, which showed 

sensing ability towards toluene vapors. The compositions, Ni0.33Co0.67Fe2O4, responded with 

the outstanding results at 300 °C. The samples were studied at variable ppm levels of toluene 

concentrations (10-500 ppm).  

S. Gawas et al. [194] synthesized Co0.3Ni0.3Zn0.4Fe2O4 using the combustion technique. The 

synthesized product was treated as a sensor material and tested against NO2, Cl2, H2S, NH3, 

and C2H5OH. After recording the results of all test gases at varying temperatures, at 200°C 

yielded the best results. Furthermore, the study revealed that NO2 gas produced the highest 

response, and further tests conducted using varying amounts of gas in ppm clearly showed 

an elevation in response with a rise in the test gas. 

 Co0.87Ni0.13Fe2O4 and CoFe2O4 were synthesized by Sankaran [195] from metallurgical 

waste. Various techniques were adopted to check for phase purity, morphology, and 

magnetic studies. The results indicated an appropriate material for sensing. The results of 

the sensors on LPG gas were remarkable. It gave a good response, quick recovery, 

reproducibility, and high stability for LPG gas. These sensors were studied at different 

temperatures; when measurements were done at 250 °C, the results were optimum, while at 

400 °C, sample Co0.87Ni0.13Fe2O4 showed a high sensitivity of 97%, and sample CoFe2O4's 

response was 86%. The investigation of zinc ferrite as a humidity sensor was reported by 

Nikita et al. [196]. The ferrites were annealed at various temperatures of 300 °C, 500 °C, 

and 700 °C. The X-ray diffraction techniques revealed the crystallite sizes as 5.55 nm, 6.62 

nm, and 32.9 nm, respectively. The study was conducted in a 15-90% humidity range and 

discovered that the increasing annealing temperature was responsible for better results. The 

ferrite sample annealed at 700 °C showed the highest humidity sensitivity. Madake et al. 

[197] adopted the spray pyrolysis technique to prepare Cu0.1Ni0.3Zn0.6Fe2O4 thin films. XRD 

pattern confirmed the monophasic cubic spinel nano material ferrite, while the porosity in 

the samples was estimated using the SEM micrographs. The samples showed the highest 

response towards SO2 at 120 °C. 5-50 ppm concentration was purged each time, giving a 

linear increase in gas response and showing good sensitivity. The response to the recovery 

rate was quick. P.P. Gauns Dessai et al. [198] conducted a study to test Mn-doped Ni-Zn 
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ferrite fabricated films towards chlorine, NH3, LPG, and NO2 gases at various temperatures 

- 30, 50, 100, and 150°C. The study revealed that the gas sensor was highly sensitive and 

selective towards Cl2 gas compared to the other gases tested. Furthermore, the sample x=0.3 

showed the highest response percentage at 100°C. Further investigation was done with 

varying amounts of test gas (20 ppm – 300 ppm), and the outcome was replicable with quick 

response and recovery rates. 

T. Ravikumar et al. [199] produced thin films of zinc ferrite via spray pyrolysis at variable 

substrate temperatures of 225–300 °C. The morphology was determined to be nanorods with 

laminated cubes and rectangular grains with laminated sheets.  They synthesized a thin film 

to detect NH3 gas at RT. The substrate temperature significantly impacts the proposed 

sensor's performance. Among the temperatures studied, 225 °C showed a good sensing 

response of S = 1.91 towards 25 ppm of NH3. The films have a large surface-to-volume ratio 

and surface roughness due to the nanorod structure. For stability and reproducibility 

checking, the sensor response was repeated after 90 days, which indicates that the samples 

validated as NH3 gas-sensitive sensor. Xua et al. [200] synthesised Copper ferrite (CuFe2O4) 

with polyoxometalate (POMs) electron acceptor, CuFe2O4/POMs composite nanofibers. A 

convenient and straightforward electrospinning technique synthesized the CuFe2O4/POMs 

composite. These nanofibers were prepared with different amounts of phosphor-tungstic 

acid. The POMs' effect on the gas-sensor performance of ferrite was investigated. The 

response toward (5ppm) NO2 gas was 2.63 with quick response and recovery, which is 

relatively higher than the pure CuFe2O4 sensor. The samples also exhibited a very low 

concentration of 12.86 ppb. The sensing performance is due to CuFe2O4-PW12 n-n 

heterojunctions, which can help reduce carrier recombination and separate electron-hole 

pairs.  

A. Sharma et al. [201] have synthesized Ni-doped Mn-Zn ferrite by the combustion method, 

with the gas sensing response for various gases like LPG, CO, and acetone. Interestingly, 

the highest response was for LPG gas compared to the others. The response was enhanced 

with the increase in Ni content in the synthesized series. The analysis was also conducted at 

different operating temperatures and times. B. Deya et al. [202] synthesized Copper-

substituted nickel ferrite via the hydrothermal method. XRD and IR confirmed phase purity 

with no impurity and a nanosized particle below 50nm. SEM and TEM confirmed non-

uniform cuboidal-shaped nano-sized particles. X-ray photoelectron spectroscopy (XPS) 

revealed the oxidation of elements, Cu2+, Fe3+, and Ni2+. Mössbauer spectra confirmed the 
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3+ valence state of iron. Magnetic properties were also manifested using VSM. 

Supercapacitance studies were conducted via cyclic voltammetry, disclosing a capacitance 

of 1417 F/g for sample x=0.5.  Gas sensing performance of LPG gas at RT showed a highly 

selective response (1300 s for 250 ppm) compared to other tested gases. B. Deya et al. [203] 

adopted the hydrothermal method for synthesizing Zn-substituted nickel ferrite 

nanoparticles. X-ray diffraction analysis evaluated a spinel ferrite to be cubic structure, and 

the crystallite size was found to be in the range of 41-31nm, which reduced with rise in 

dopant concentration. Morphological study authenticated the cubic shape of the material. 

Raman spectra also confirmed pure ferrite material. The elements Zn2+, Ni2+, and Fe3+ in 

Zn-doped NiFe2O4 were in their exact oxidation states as revealed by XPS measurements. 

Mossbauer spectra determined that the iron in its respective oxidation state. The coercivity 

increased with increasing Zn content. The pseudo-single-domain nature of the samples was 

evaluated via the Day plot.  They studied two applications for their samples, 

supercapacitance and gas sensing. Electrochemical study showed pseudocapacitive behavior 

with the highest Csp value of 598 F/g. The sensors were studied against the LPG test gas. 

They performed well with faster response and quick recovery times of 13 and 31 s when 

exposed to a very low concentration of 10 ppm. Mehere et al. [204] synthesized Nickel-

doped cobalt ferrite (Ni0.3Co0.7Fe2O4) via the sol-gel auto-combustion technique. X-ray 

analysis validated a single cubic spinel phase with excellent crystallinity. The particle size 

obtained from Scherrer’s equation was around 14.3 nm, well within the nanoscale region. 

The material's porosity was 28.01%, as revealed by XRD, which matched the porosity 

determined from SEM, which was 30.01%. SEM and TEM studies revealed the spherical 

shape of the compound and confirmed all the elements present. The band gap was calculated 

to be 1.74 eV based on UV–Vis spectroscopy. H2S gas gave a response of 74%.  

V. Jhadhav et al [205] synthesized the Sm3+doped ZnFe2O4, Sm3+-ZnFe2-xO4 (x =0.000, 

0.100, 0.150) to study its gas sensing property towards H2S gas. The sol–gel auto-

combustion approach was utilized to synthesize the material, yielding pure-phase 

nanoparticles. The material’s structural, morphological, optical, thermal, and magnetic 

properties were characterized via XRD, SEM, EDS, UV–Visible, FT-IR, TEM, TG-DTA, 

and VSM techniques. The sample possessed a crystallite size of 12-25 nm.  The morphology 

of the sample was spherical and was revealed by TEM. The band gap was estimated to be 

between 3.3066 eV and 2.4031 eV. The gas sensor's selectivity, sensitivity, and stability 

were evaluated by purging the sensor with H2S gas. The analysis was performed from room 
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temperature (RT) to 400◦C; the response declined with an increase in temperature. When 

Samarium was doped into zinc ferrite, the response decreases as it peaks at five ppm, seven 

ppm, and 10ppm at RT. It was concluded that doping samarium improved the sensor 

performance. 

1.2.3.2 Literature Review of Electrochemical properties 

The energy demand is ever-increasing with the increase in population. The conversion of 

energy and storage is growing globally. Supercapacitor is the best option for such increasing 

demands. Since nanomaterials, especially ferrites, have exceptional properties, these 

compounds have been explored in energy storage. Supercapacitors possess high energy and 

power density, greater storage capacity, fast charging [205,206] [207-209]. Power density 

and energy density should be high for good supercapacitance, which is governed by 

operating voltage and specific capacitance [210]. Nanomaterials with porous structures have 

been proven to act as better supercapacitors. Metal oxides with two or more transition 

elements are reported to be excellent materials compared to single metal oxides because of 

their high-power density, good storage, fast charging/ discharging, and long life [211-213]. 

Ferrites are one class of oxides explored in this field because of their non-toxic nature, easy 

availability, easy synthesis, and excellent electrochemical behavior [214-218].  

Zinc-doped nickel ferrite was synthesized by S. Costa et al. [219] using the precursor 

combustion method. The ferrite material was thoroughly characterized, and its solid-state 

properties were studied. The author has also studied supercapacitance performance in the 

0.0-0.5 V potential range at varying scan rates (2, 5, 10, 20,50, 100, 200 mV). All the CV 

curves recorded featured pseudocapacitive behavior. The oxidative and reductive peaks 

indicated a reversible redox reaction. The sample with x=0.3 showed the highest specific 

capacitance value of 67.1 F/g at the slowest scan rate of 2mV/s.  

 The CoFe2O4 nanorods and nano rings were fabricated by Deng et al. [220] via solvothermal 

methodology. They utilized a three-electrode system for the measurements. The specific 

capacitance obtained was 195F/g and 99F/g at 10mV/s for nano rings and nanorods, 

respectively. The results show a higher value for nano rings owing to nano rings' more 

significant surface area than nanorods. This indicates the role of morphology, i.e., size and 

surface area, on the properties. Wang et al. [221] studied the supercapacitance property of 

MnFe2O4 colloidal nanocrystal clusters with different 2M electrolytic solutions, KOH, 

NaOH, LiOH, and Na2SO4. The electrochemical performances of each solution were 97.1, 

93.9, 74.2, and 47.4 F/g, respectively, at 0.1 A/g current density. When samples were 
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measured at increasing scan rates, the capacitance decreased. M. K. Zate et al. [222] produce 

thin films of NixMn1−xFe2O4 (x = 0.2, 0.4, 0.6, 0.8) whose supercapacitor properties were 

studied. The CV measurements were conducted in a potential window of -1.2 to -0.2V at 

varying scan rates of 5, 10, 20, 30, 50, and 100mV/s in a 1M KOH solution. High capacity 

was measured for sample x=0.8, 185 F/g at the scan rate of 5mV/s. Furthermore, a galvanic 

charge-discharge study obtained 147F/g capacity with an energy density of 19.5Wh/kg and 

75.5% coulombic efficiency. Liao et al. [223] studied the performance of ZnFe2O4 produced 

by the sol-gel technique. The author adopted a different approach, wherein the three-

electrode system was utilized, and the reference electrode was a Li foil; Li wire was used as 

the counter electrode, and 1M LiPF6 as the electrolyte in a 1:1 ratio of ethylene carbonate 

and diethyl carbonate. The sintering was done at various temperatures and annealed at 600 

°C, producing the best results. It showed excellent stability and capacity.  

Nilmoung et al. [224] developed a composite of carbon nanofiber and manganese ferrite via 

electro-spinning following the carbonization process at variable temperatures. When the 

lowest scan rate was selected at 700 °C carbonization temperature, the specific capacitance 

obtained was 375 F/g, while GCD studies conducted at 5A/g at the same temperature showed 

291.9 F/g capacitance. It was also noted that as the decomposing temperature increased, 

there was increased Mn content on the tetrahedral A-site.  Fu et al. [225] produced Ni ferrite 

nanocomposites with graphene (NiFe2O4/graphene) using a hydrothermal synthesis. The 

study was performed in 6M KOH electrolyte; the specific capacitance at 0.1A/g was found 

to be 481.3F/g, while at 10A/g, it was 298.2F/g. Overall cycling stability was 10000 cycles 

with very little loss. The hydrothermally obtained Ni ferrite was reported by Kumar et al. 

[226]. A three-electrode system with a 2M electrolyte was used. The electrode material was 

deposited on the Ni foam, which worked as the electrode. The sample showed superior 

capacitance of 1040 F/g at 1 A/g and retention up to 70 % after 500 cycles at 2 A/g.  B. 

Jhansi Rani et al. [227] analyzed MgFe2O4 synthesized by the sol-gel technique, annealed at 

various temperatures (300, 500, 700, and 900°C), and studied their electrochemical 

properties. Five scan rates were selected (5, 10, 15, 20, 25mV/s). The CV curves indicated 

pseudocapacitive behavior. As the scan rate decreased, the specific capacitance value 

increased. The performance of MgFe2O4 at 5mV/s, annealed at 500°C, was found to be 

119.50 mV/s, the highest compared to the samples annealed at other temperatures. Kennaz 

et al. [228] developed pure CoFe2O4 by two techniques, namely the co-precipitation and 

hydrothermal methods. The samples synthesized by the hydrothermal method proved to be 
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better supercapacitors with a specific capacitance of 315F/g, while that obtained from the 

co-precipitation method was 249F/g; each particular capacitance was obtained at a five-mV 

scan rate. R. Gandhi et al. [229] synthesized CdxNi1-xFe2O4 (x = 0.3, 0.5, and 0.7) via co-

precipitation method. They annealed at variable temperatures,600 °C, 700 °C, and 800 °C 

for three hr. Sample x=0.3 showed the best results in 2M KOH electrolyte solutions 

compared to other samples. The specific capacitance of 338 F/g was obtained at a 2 mV/s. 

Sathiyamurthy et al. [230] synthesized ZnFe2O4 for the study of supercapacitance. The as-

prepared and sintered ferrites were studied and compared. 212 F/g at 10mV /s scan rate 

supercapacitance for the sintered sample was measured. In contrast, the same sample as 

prepared showed a capacitance of 101 F/g, indicative of temperature as the factor that played 

an essential role in determining good capacitance. Huang et al. [231] adopted the citric acid-

assisted sol-gel auto-combustion process to synthesize cobalt ferrites. Further study was 

conducted using a three-electrode system and 6M KOH solution and yielded the Csp of 

443.89F/g at a 1A/g. After 6000 cycles, the sample showed a loss of 20%. Pure (NiFe2O4) 

and doped (NiFe2O4/SiO2) were synthesized and fabricated using the sol-gel auto-

combustion method by Baig et al. [232]. The electrochemical performance was conducted 

at variable scan rates of 5-100mV/s. The curves showed prominent oxidation and reduction 

peaks, which symbolise pseudocapacitive property. When the two samples were compared, 

the pure Ni ferrite showed a capacitance of 525 F/g. In contrast, the SiO-doped ferrite 

exhibited very high supercapacitance of 925 F/g with a good retention of 95.5% even after 

5000 cycles. 

1.2.3.3 Literature Review of Ferrites as an Anti-microbial Agent 

Ferrites as anti-microbial agents have gathered the researcher's interest as they contain the 

potential to be antimicrobial in nature. The drugs available in the market have shown 

resistance towards the bacteria, thus posing a challenge and urging the need for an 

alternative. The nano-ferrites are simple compounds that are easy to prepare and economical; 

their magnetic nature provides easy access to recover them. Furthermore, these ferrite 

nanoparticles in low concentrations are biocompatible [233,234]. This section lists reports 

on antimicrobial studies using various spinel ferrites as antibacterial and antifungal agents. 

Multiple techniques have been employed to synthesize these ferrites, leading to changes in 

morphological, physical, and chemical properties, thus producing good results. Apart from 

the synthesis followed, the dopants also play a significant role against the pathogens. 

  



  Chapter 1: Introduction and Literature Review 

36 
 

Sharma et al. [235] synthesized CoFe2O4 by the sol-gel technique. They performed several 

studies on the ferrite material. Their main aim was antibacterial properties against pathogens 

such as B. subtilis, S. aureus, E. coli, and P. aeruginosa. The material showed the best 

antimicrobial activity toward E. coli with a 15mm inhibition zone, while the least activity 

was toward S. aureus. The cell rupture leading to antibacterial activity was due to the 

creation of reactive oxygen species. C. H. Vinuthna [236] developed a Zn-doped Co ferrite, 

where zinc increased from 0.0 to 1. The citrate precursor method was adopted to synthesize 

the compound, whose anti-bacterial properties were investigated. Specific gram-positive 

bacterial efficacy was shown by samples x=1 and x=0.4 as compared to other samples. 

M. Maksoudnet et al. [237] employed the Sol-gel method to produce MxCo1-xFe2O4 (M= Zn, 

Cu, Mn, x=0.0, 0.25, 0.5, and 0.75).  They studied the photocatalytic and antibacterial 

properties of the ferrite. Sample Zn0.75Co0.25Fe2O4 showed the highest antibacterial 

properties against S. aureus, E. coli, and A. viridans among all the prepared samples. M. 

Naik et al. [238] synthesized ZnFe2O4 using a microwave-assisted method using Limonia 

acidissima juice. This green method produced particles of 25-30 nm. The antibacterial 

properties of the material against various pathogens were investigated. The ferrite material 

inhibited S. aureus, E. coli, P. desmolyticum, and K. aerogenes to a reasonable extent. R. 

Sharma et al. [239] also developed nano ZnFe2O4 via the citrate sol-gel method. The sample 

size and morphology of the particles were discussed as well. Zinc ferrite, studied for its 

antimicrobial applications, revealed that 62.5 μm/mL inhibited the growth of C. albicans.  

N. Sanpo et al. [240] studied the antibacterial activity of Co1-xZnxFe2O4 (0.0,0.3,0.5,0.7, and 

1.0) synthesized via citrate sol-gel method.  When the samples were characterized, they 

showed changes in microstructural properties with increased zinc content. Samples show 

excellent results for E. coli and S. aureus. Similarly, Co1-x MxFe2O4 where M is Cu, Mn, Zn, 

Ni, x=0.5 was synthesized and Cu-substituted ferrite showed excellent results towards the 

E. coli pathogen [241].  

K. Venkatesan [242] adopted a solution combustion synthesis route, to synthesize cobalt 

ferrite. XRD revealed phase purity to be monophasic, and the particles with size of 16nm 

was determined. They studied the antibacterial effect of the samples against pathogens 

causing diseases. Actions were recorded when a 50mg/mL dosage concentration was used 

to study bacterial inhibition, and a 3mm zone of inhibition was found against E. coli bacteria. 

CoFe2O4 synthesis was done using the co-precipitation method by R. Zalneravicius [243]; 

they obtained ferrites ranging from 15nm, 5nm to 1.65nm, from which they correlated size 

with antimicrobial properties. Structural and morphological parameters of the material were 
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confirmed by XRD, AFM, and TEM techniques. Four yeast cultures were studied: S. 

cerevisiae, C. parapsilosis, C. krusei, and C. albicans. From the results, it was obtained that 

size played a significant role. The smaller samples from 1.6- 5.5 nm showed better activity 

owing to a larger area of the sample surface.  

P. Suppuraj et al. [244] developed pure Zn ferrites using a simple co-precipitation method. 

They aimed to study catalytic and antibacterial properties. The samples did show good 

photocatalytic action. The pathogens selected for study were the gram-positive Lactobacillus 

and Bacillus cereus and the gram-negative E. coli, Aeromonas hydrophila, and Vibrio 

harveyi. A. H. Ashour [245] synthesized ZnxCo1-xFe2O4, CuxCo1-xFe2O4, MnxCo1-xFe2O4, 

each with four compositions (0.0, 0.25, 0.5, 0.75). They employed the sol-gel technique for 

the preparation of these compounds. The radiation caused a lowering of particle size, thus 

improving the antibacterial properties. Compared to all the samples, Zn-substituted cobalt 

ferrite showed the best results. 

M. Naik et al. [246] synthesized NiAlxFe2-xO4 (0.0-0.7) via the sol-gel auto-combustion 

technique. The samples' structural and optical properties were thoroughly characterized. 

They studied the photocatalytic and antibacterial applications. The growth of gram-negative 

bacteria was compared with the standard antibiotic chloramphenicol. The samples showed 

promising results. S. Mandal et al. [247] used the co-precipitation methodology to prepare 

the zinc ferrite samples. They studied the antimicrobial effect of the sample. The bacterial 

inhibitions were studied via the well-diffusion method. Streptomycin, a standard antibiotic, 

was used to compare the data and proved satisfactory. E.S. Anooj et al. [248] also 

synthesized ZnFe2O4; the hydrothermal method was utilised for synthesis. The E. coli 

pathogen was studied and compared with the potency of commercially available drugs, and 

the results were similar. Many such reports on antibacterial studies on various metal ferrites 

are available [249-256].  Ferrites as catalysts and photocatalysts are also explored. C. Chiang 

et al. [257] have studied the decomposition or methanation of CO2 with flowing H2 over 

oxygen-deficient ZnFe2O4 and MnFe2O4 nano-catalysts at 300- 400 °C and 1 atmosphere. 

ZnFe2O4/MnFe2O4 nano-catalysts were prepared using a hydrothermal method. X. Feng et 

al. [258] synthesized CoFe2O4 nanoparticles, and dye degradation capabilities from water 

were investigated using cobalt ferrite by oxidation of Methylene Blue (MB) dye in water 

with H2O2 as the oxidizing agent. The material had a size in the range of 2–6 nm. The 

oxidation of MB by CoFe2O4 was excellent. A few researchers have studied the magnetic 

silica-supported spinel ferrite catalyst for Rhodamine B oxidation [259]. The catalysts 

performed excellently at a neutral pH. 
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1.3 Aim and Objective 

The literature review demonstrates that ferrite materials have made remarkable strides in 

present and future technology. Presently, ferrite material is ubiquitous and dominates a 

significant industry with extensive applications.  

Ferrites are multifunctional, in electrical components such as transformer cores, isolators, 

and circulators. It is also used in electronic devices, storage devices, and permanent magnets. 

In addition, they are extensively valuable for medicine and are effective in drug delivery, as 

biosensors, and magnetic hyperthermia agents. Recently, ferrite has also been a significant 

topic of discussion among researchers in supercapacitors and energy storage. Recently, 

Ferrites have been researched extensively as sensors and antimicrobial agents. Ease of 

tuning these materials into the desired shape, size, and morphology gives them a significant 

advantage. Many reports on synthesis techniques are present in the literature, and these 

methods are simple and cost-friendly. Simple ferrites can be easily substituted or doped, and 

various such materials can be obtained with varying properties. Ni-Zn ferrite is known to 

show high resistivity and low losses.  Mn-Zn ferrites possess high permeability, magnetic 

induction, and low power losses. Similarly, Co is known to have high anisotropy. Due to 

such properties, two series were synthesized, i.e., the Zn-doped Ni-Mn series and the Zn-

doped Ni-Co series, to study the effect of non-magnetic dopants. With the series and its 

composition selected, our next step was to decide on the synthesis method. Literature gives 

reports on many techniques, namely hydrothermal, precursor combustion method, 

combustion technique, ceramic method, co-precipitation method, sol-gel technique, etc. The 

precursor combustion technique and combustion method were chosen for the present study. 

Doping zinc into the system alters the properties of ferrites. This is due to cation distribution 

in the tetrahedral and octahedral sites by incorporation of the dopant. Apart from the dopant, 

various other factors are responsible for the properties of ferrite, like the morphology of the 

particles, which is dependent on the method of preparation. Therefore, the first series, Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) was synthesised via the precursor-

combustion method. The precursor combustion method involves the formation of a 

precursor, which is stoichiometric in nature, making it a good technique. This technique 

works at a lower temperature and is environmentally friendly. The synthesised precursor was 

ignited to give auto-ignited ferrite. The precursor as well as the ferrite was characterized, 

TG-DTA, IR spectroscopy, elemental analysis, and thermal studies characterized the former, 

while XRD, TEM, SEM, Raman analysis, BET, and XPS characterized the latter. Further, 
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their detailed solid-state study was conducted, which revealed their electrical, dielectric, and 

magnetic behaviour. 

The second method for synthesis chosen was the combustion method. This methodology is 

simple, and the products have broad applicability. This technique involves several 

exothermic reactions between the fuel and an oxidizer. This method involves a fast-heating 

rate and less reaction time. The fuel used in the combustion process in the current study is 

hexamine. Large amounts of gases are released while inhibiting particles' agglomeration, 

leading to fine powder and high-purity nanomaterials. This great technique yields particles 

of different sizes and shapes and can be tuned according to the requirements. Various 

parameters, such as dopant method selection, play a crucial role in the formation of pure-

phase compounds, as well as the role of fuel. Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) was synthesised via this method using hexamine as the fuel. The hexamine and 

metal nitrate ratio was optimized to select the appropriate ratio. The suitable ratio was 

selected, which gave a pure phase, small size, good electrical, magnetic, and dielectric 

properties.  

Another objective of our research work is to check the suitability of the synthesised as-

prepared ferrites for various applications. Spinel ferrite is found to be multifunctional in 

nature, and recent advances in the field of sensors and supercapacitors are promising. Apart 

from this, their potential as an antibacterial agent is also investigated; therefore, we analysed 

the synthesised as-prepared materials to evaluate their potential in such fields. The gas 

sensing studies were conducted to test the sensor performance against Cl2, NH3, LPG, and 

NOx gases by fabricating the ferrite into thick films. The studies were done in different 

temperature conditions to optimize the suitable temperature condition of the ferrite to 

perform at its best. The electrochemical performance of the samples was evaluated in the 

aqueous medium using a three-electrode system in a cyclic voltammetry instrument. The 

antibacterial activity was tested at different dosages of the ferrite samples against S. aureus 

bacteria. 

 The thesis is divided into five chapters, which discuss the above-mentioned work. Each 

chapter is briefly described below. 

Chapter 1: This chapter includes the introduction to ferrites, literature review on ferrites 

studied in the current work, different methods of preparation, and various applications it 
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possesses. Also, the aim and objectives of the research and the plan for the present research 

work are written. 

Chapter 2: This chapter gives a detailed procedure adopted to synthesise the two series 

under investigation and multiple characterisation techniques used for the study. 

Chapter 3: This chapter gives a detailed study on characterization of zinc-doped nickel 

cobalt fumarato-hydrazinate precursor, Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) and characterization of Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) via the precursor-combustion method for as-prepared and 

sintered ferrites. It provided the applicative study of the as-prepared samples. 

Chapter 4: This chapter deals with the optimisation of the metal nitrate fuel ratio, followed 

by the characterisation of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

synthesised via the combustion method using hexamine as the fuel and its application. 

Chapter 5: This chapter gives a summary of the entire research work and the conclusion of 

the thesis work. 
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2.1 Introduction 

The properties of nanomaterials are influenced by their method of synthesis is no more a 

secret. Various techniques are available in the literature for synthesizing nanomaterials; 

these methods substantially impact the materials' morphology, particle size, and surface 

area. Thus, it exhibits superior physical and chemical properties and adds to the excellence 

of the applications [1]. The nanomaterials synthesis method is divided into two main 

categories: bottom-up and top-down [2]. Top-down is a destructive technique in which the 

bulk material is broken down or decomposed into smaller particles, ultimately leading to a 

nanomaterial. Mechanical ball milling [3-9], laser ablation, and sputtering are examples of 

this method. The bottom-up technique is the constructive technique in which the 

atoms/ions combine to form clusters and nanomaterials. These methods includes sol-gel 

[10-20], co-precipitation [21-31], precursor combustion [32-45], combustion [45-49], 

hydrothermal [49-53], and sonochemical [54-58]. 

In the present work, we have synthesized two series, namely nickel cobalt ferrites doped 

with zinc, Ni0.6-xCo0.4ZnxFe2O4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) synthesized by precursor-

combustion method and nickel manganese ferrites doped with zinc Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) prepared by combustion method using hexamine as the fuel. 

in both the series zinc has been doped to understand the effect of doping Zn2+ ions in the 

systems. The detailed protocol for forming the series under study is given in the following 

sections. 

2.2. Experimental Procedure 

2.2.1 Synthesis using precursor combustion method 

Mixed metal hexahydrazine fumarate complex having the general formula Ni0.6-

xCo0.4ZnxFe2(C2H4O2)3.6N2H4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) was synthesised using 

this method [59], which on decomposition gave product Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6) ferrites.   

2.2.1.1 Synthesis of hexahydrazine fumarate complex 

The first step is the preparation of hexahydrazine fumarate complex, is stirring of 

appropriate amount of sodium fumarate (99% SRL) in water in three-necked flasks along 

with optimised amount of hydrazine hydrate in an N2 atmosphere, for two hours. In the 
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second step hydrated metal chloride salts, i.e., nickel chloride, zinc chloride, and cobalt 

chloride, were weighed appropriately and dissolved together in water along with freshly 

prepared ferrous choride solution. The ferrous chloride solution was separately prepared by 

adding HCl solution to the weighed solid iron powder under a carbon dioxide atmosphere. 

The solution of all metal chloride salt was added to the above-mentioned ligand mix 

solution of hexahydrazine fumarate and hydrazine hydrate to form a precursor of 

hydrazinated mixed metal fumarate. The obtained precipitate was filtered and washed with 

ethanol and dried with diethyl ether under a vacuum. This precursor was then characterised 

immeditely using different analytical techniques.  

The reaction for formation of hydrazinated mixed metal fumarate is given below. 

(0.6-x) NiCl2 (aq) + 0.4 CoCl2 (aq) +x ZnCl2(aq)+2 FeCl2 (aq) +3 Na2(C2H4O2)(aq) +6 

N2H4.H2O(aq) 

             Ni0.6-xCo0.4ZnxFe2(C2H4O2)3.6N2H4(s) + 6NaCl (aq)+6H2O (l)                          (2.1) 

2.2.1.2 Formation of oxide 

The formed precursor was taken into a clay dish and lit with a matchstick. The precursor 

caught fire and burned autocatalytically covering the entire precursor to form a blackish-

brown powder. This obtained powder was further calcined at 5000C for five hours, to 

remove any unburnt organic content. The obtained compound was called as-burnt ferrite 

and was utilized for further studies.  

Ni0.6xCo0.4ZnxFe2(C2H4O2)3.6N2H4(s) + 14O2(g) 

                          Ni0.6-xCo0.4ZnxFe2O4 +6CO2(g)+6N2(g)+18H2O(g)                     (2.22) 

2.2.2 Synthesis using combustion technique 

A combustion technique was adopted to synthesize the Zn-doped Ni-Mn ferrite having the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

general formula Ni0.6-xMn0.4ZnxFe2O4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6). The redox 

combustion reaction between metal nitrates as oxidiser and hexamine as fuel was exploited 

to prepare ferrites. This fuel is a tetradentate ligand that binds the metal ions strongly and 

is combustible in nature, which helps in the autocatalytic decomposition of the material 

[60]. 
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The metal nitrates, i.e., nickel nitrate hexahydrate (99% Thomas Baker), zinc nitrate 

hexahydrate (97% Thomas Baker), manganese nitrate tetrahydrate (99% SRL), and ferric 

nitrate nonahydrate (99% Thomas Baker), were taken into a beaker and melted on a hot 

plate. Once the melt was cooled, the fuel, hexamine (Thomas Baker 99%), was added to it 

and stirred to make it homogeneous. The fuel and metal nitrate mix were kept on a hot 

plate for further heating until a sticky mass was formed, which soon autocatalytically 

ignited and decomposed into foamy powder.  This foamy powder was ground for an hour 

to generate fine powder and calcined at 500 °C for five hours in a muffle furnace. The 

calcined compound was ground for two hours, and the resultant powder was called ‘as-

prepared’ ferrite. 

(0.6-x)Ni(NO3)2.6H2O + 0.4Mn(NO3)2.4H2O + xZn(NO3)2.6H2O + 2Fe(NO3)3.9H2O + 

C6H12N4 

               Ni0.6-xMn0.4ZnxFe2O4 + 6CO2 + 6H2O + 4N2 + 5O2                                              (2.3) 

2.3 Annealing Process 

2.3.1 Pellet formation 

The ‘as prepared’ ferrites were converted into pellets to study their properties. The ‘as-

prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) synthesized by the precursor 

combustion method was subjected at a pressure of 5 tonnes for 5 min using a conventional 

die and hydraulic press. In comparison, the Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) synthesized by the combustion technique was pelletized 

using a pressure of 3 tonnes for 3 min. The pellets had a diameter of 1cm while the 

thickness was 2-3mm. 

2.3.2 Pre-sintering process 

Pre-sintering is an important step that is conducted before the primary sintering process. 

Pre-sintering results in shrinkage, which helps minimize distortion, such as cracks and 

improper crystal growth during final sintering. It makes the sample dense. This process 

was carried out using as-prepared pellets, pre-sintered at 800 °C for five hours in a muffle 

furnace. The obtained pre-sintered pellets were ground into fine powder with consistency 

for two hours. 
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2.3.3 Sintering process 

Sintering is the solid-state diffusion process between particles, making them come 

together, thus compacting the material. This heating process is done at a temperature below 

their melting point. At sintering temperatures, material densification occurs, thus reducing 

the pores in the samples and increasing the particle size. 

The pre-sintered powder was pelletized into a cylindrical shaped pellet using 5 tonnes 

pressure for 5 min on a hydraulic press using a die. The pellets had 2-3 mm thicknesses 

and a radius of 5 mm. The toroids were also prepared from the pre-sintered powder using a 

toroidal die on a hydraulic press. A few drops of binding agent, (1% PVA solution) was 

utilized to hold the powder in toroidal form. These toroids were prepared by applying a 

pressure of 6 tonnes for 4 min. The thickness of the toroids was 3-5 mm, with the outer 

diameter being 20mm, while the inner diameter was 10mm. The Zn-doped Ni-Co series 

pellets and toroids were sintered at 1000 °C for 10 h, while the Zn-doped Ni-Mn ferrite 

series Pellets and toroids were sintered at 1100 °C for 10 h, after doing the temperature and 

time optimization. 

2.4 Characterisation techniques 

2.4.1. Chemical Analysis 

The precursor hexahydrazine nickel cobalt zinc ferrous fumarate complex was analysed 

using various techniques to determine the stoichiometry. The Elementar Vario Micro Cube 

CHNS analyzer was used to determine the C, H, and N content of precursors. The 

hydrazine content in the samples was determined by the titrimetric method under Andrews’ 

conditions [61]. 

The chemical analysis helps determine the stoichiometry of the sample and is an essential 

tool in determining whether the sample composition is as the formula or not. For chemical 

analysis study, the Inductively Coupled Plasma- Atomic Emission Spectroscopy (ICP-

AES) technique was used of make Spectro analytical instruments GmbH, Germany. The 

Acros simultaneous spectrometer was used to study all the ‘as-prepared’ ferrites. Here, the 

Ar plasma generates high temperatures, which excite the electrons. This excited electron 

emits energy at a given wavelength at the ground state level. Each element emits energy at 

a specific wavelength, which is characteristic of its atomic character. The intensity of 
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emitted radiation is directly proportional to the concentration of the sample; hence, one can 

find quantitative and qualitative data from this study.  

2.4.2 Thermal studies 

TG-DTA techniques help determine the change in mass loss and physical and chemical 

variations with temperature or time.  The results are expressed as a thermogram of mass 

loss versus temperature or time. The TG curve can be represented as DTG, i.e., derivative 

of TG, which further helps determine the minor changes or resolves broad peaks indicating 

mass loss at each step. In DTA, the temperature difference between the reference and the 

sample crucible is detected as a function of temperature. Thermal techniques are a 

significant step in both combustion and precursor combustion methods in determining the 

final decomposition temperature of the samples. The precursor combustion technique also 

helps determine the formula of the final product. The total mass loss study was done by 

heating a known amount of precursor sample in the furnace at 500°C for five hours, while 

the isothermal mass loss study was performed by heating the sample at a known set 

temperature and noting the weight change. The hydrazine estimation was done at various 

set temperatures. TG-DTG-DTA study: The thermogravimetric research was performed to 

determine the decomposition temperature. The TG curve gives stepwise decomposition of 

the precursor with an increase in temperature, and the DTA gives the corresponding peak 

to the mass loss in the form of a peak. The peaks obtained are either endothermic or 

exothermic. This analysis was conducted on the NETZSCH STA 409 PC (Luxx) analyzer 

in a zero-air atmosphere. The analysis was run from RT-850°C at a heating rate of 10°C 

per minute and gas flow of 60 m/min.  

2.4.3 X-ray Diffraction Study 

Powder X-ray diffraction, or PXRD, is the most crucial technique while studying solid-

state chemistry. This technique provides valuable information about phase purity, the 

sample's nature. When a beam of X-rays hits the sample, there is interaction between the 

X-ray photons and electrons present in the atoms, thus scattering occurs. The X-rays will 

be diffracted when the x-ray is incident on periodically arranged atoms.  The peaks 

obtained as a result are directly related to atomic distance. 



                                                         Chapter 2: Experimental Protocols and Characterization Techniques 
 

58 
 

In our study, the ‘as prepared’ and ‘sintered’ ferrites were subjected to X-ray analysis using 

the Rigaku Smart Lab instrument with a Cu target and wavelength of 1.541Å, with a Ni 

absorber filter. The scan was performed from 20- 80° at a step size of 0.02°. 

Several cell parameters, like lattice constant, measured density, X-ray density, porosity, 

and crystallite size, were estimated from the obtained data. The lattice parameter was 

calculated using the following equation: 

𝛼 = 𝑑√ℎ2 + 𝑘2 + 𝑙2                                                                     (2.4)  

Where ‘α’ is the lattice parameter, d ' is the lattice spacing obtained from Bragg’s equation, 

and ‘h, k, l’ are Miller indices of the plane. 

The X-ray density and measured density are calculated using the formulas given below. 

𝑑𝑥 =
8𝑀

𝑁𝑉
                                                              (2.5)                               

 ' dx ‘is the X-ray density, 8 is the number of formula units in a unit cell, ‘M’ is the 

molecular weight of the formula unit, ‘N’ is Avogadro’s number, and ‘V’ is the volume of 

the unit cell. 

𝑑𝑚 =
𝑚

𝜋𝑟2ℎ
                                                           (2.6) 

' dm ‘is the measured density, m ' is the mass, ‘r’ is the radius, and ‘h’ is the height of the 

pellet. 

Porosity is one of the essential properties of ferrite and can also be determined by X-ray 

data using the equation as follows: 

𝑃 = 1 −
𝑑𝑚

𝑑𝑥
                                                        (2.7) 

The sample's average crystallite size was determined using the Scherrer formula. 

𝜏 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
                                                             (2.8) 

Where ‘τ’ is the crystallite size, ‘λ’ is the X-ray wavelength, ‘β’ is the full width at half 

maxima, and ‘θ’ is the Bragg angle. 
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2.4.4. Infrared spectroscopy studies  

IR spectroscopy is also known as vibrational spectroscopy due to the vibrational 

transitions in the molecules. This non-destructive technique involves the absorption of IR 

radiation by the sample, which changes the dipole moment; thus, such molecules can be 

referred to as IR active. Therefore, absorption of IR radiation vibrates the molecule, 

bringing about a change such as a change in bond lengths or stretching vibrations, or a 

change in bond angle or bending vibrations. These stretching vibrations can happen in two 

ways, i.e., in phase stretching or symmetric stretching vibration, or out of phase or 

asymmetric stretching vibrations. It is the most common technique employed due to its use 

in determining various functional groups present in the samples. In the case of spinel, the 

bands are observed in the region of 400-600 cm-1. The low-lying band at ~400 cm-1 is due 

to metal oxygen bonding at the octahedral site or (M-Ooct) stretching, while the higher 

frequency band is due to (M-Otet) stretching vibration, i.e., metal oxygen stretching at the 

tetrahedral site.  In the present study, IR spectra were taken in the full range from 350-

4000cm-1 for precursor, a;s-prepared;, and ;sintered; samples. The analysis was done using 

a Shimadzu FTIR Prestige-21 spectrophotometer. The sample was dispersed in KBr and 

ground before analysis. 

2.4.5 Raman Spectroscopy Technique 

Raman spectroscopy is an excellent technique for unveiling the vibrational structure of the 

material. The molecular vibrations induce the inelastic scattering of photons from matter, 

which is called the Raman effect. When a laser beam of light is incident on the sample, 

some photons are absorbed while others are scattered. When the photons are re-emitted, 

the wavelength of the emitted light will be either shorter or longer than the incident light. 

Information about symmetry and phase can be obtained from the Raman data. Correlation 

between structural, chemical, and vibrational properties and the functional behaviour can 

be done using Raman spectroscopy.  In our present study, the analysis of all the ‘as-

prepared’ and ‘sintered’ ferrite samples has been done using the Horiba Jobin Yvon, Laser 

Raman Microscope model: Lab Ram HR. The ‘as-prepared’ analysis was done in the laser 

source of 532 nm, whereas for sintered it was at 633nm.   
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2.4.6 X-ray photoelectron spectroscopy 

The XPS technique quantifies the elemental composition and chemical and electronic state 

of the element.  When high-energy x-rays hit the sample surface, the core-shell electron is 

ejected. The kinetic energy of the ejected electron is studied, which is characteristic of the 

orbital. The X-ray beam irradiates the sample to obtain XPS spectra. The analysis is 

performed under high vacuum. The full scan spectra are recorded so that all the elements 

in the materials can be recorded. The PHI 5000 Versa Prob II, FEI Inc. model instrument 

was used to analyzed all the’ as-prepared’ ferrite samples in the present study. The data 

obtained deduced the oxidation states present in the samples. Deconvolution of the spectra 

was performed by XPSPEAK41 software. The binding energy of the C1 core, 284.4 eV, 

was taken as a reference. 

2.4.7 Microstructural studies 

2.4.7.1 Scanning Electron Microscopy & Transmission Electron 

Microscopy 

Microstructural studies were done using SEM and TEM techniques to determine the 

surface topology, size of the particles, shape, and pores in the sample. SEM generally 

works on the principle that when the beam of electrons is focused on the sample surface, 

the electrons are reflected or ionized within the sample. The secondary electrons or back-

scattered electrons are detected, producing an image. In the case of TEM analysis, a 

monochromatic beam of electrons is allowed to pass through the sample surface, which 

leads to scattering to give images on a photographic film or detected with a camera. The 

selected area electron diffraction results from elastic scattering, while the inelastic 

scattering gives the photos. TEM studies were done using the JEOL instrument of model 

no. JEM 2100F with an accelerating potential of 200kV. The ‘as-prepared’ ferrite samples 

were investigated by TEM, whose TEM images and SAED patterns were obtained after the 

analysis. Image J software extracted more information from TEM data, such as interplanar 

distance and average particle size. The sample size of less than 50 nm can be determined 

by TEM analysis. The SEM technique was employed for samples greater than 50nm, i.e., 

‘as-prepared’ and ‘sintered’ ferrite samples. SEM images helped define its shape and size, 

while EDS, recorded alongside SEM, gave spectra of elements present in the sample and 
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their percentages. SEM was recorded using the Carl Zeiss SEM model, EVO18 

microscope. 

2.4.8. BET Surface area study 

Physical adsorption or physisorption is the most common type of adsorption. Based on the 

famous Brunauer, Emmett, and Teller theory, one can find out the molecules required to 

cover the adsorbent surface with a monolayer of adsorbed molecules, Nm; the surface area 

can further be calculated by multiplying the cross-sectional area of the adsorbate by Nm. 

The BET surface area and N2 isotherm of all the ‘as-prepared’ ferrite samples were 

estimated using a Quantachrome Autosorb iQ-MP-C instrument. At first, the sample was 

degassed. Before starting with the sorption process, the solid is freed from any 

contaminants by degassing in a glass cell with heating at 250 °C for two hours. Then the 

N2 sorption study was continued at 77 K. This technique helps understand the size and 

shape of pores, chemically active sites, and surface area of the solid samples. 

2.4.9 Resistivity 

Electrical resistivity is an intrinsic property. It is an essential property of ferrite materials 

that measures the resistance to the current flow. Resistivity studies for all the ‘as-prepared’ 

and ‘sintered’ ferrites were conducted using a two-probe DC resistivity setup in the 

temperature range from 60°C to 500°C. A pellets whose dimensions were known was used 

for the study. The pellets used for the study had a 1cm diameter and a 2-3mm thickness. 

The setup was maintained at 2V, and its current was recorded. The resistance was 

calculated using the following equation.  

𝑅 =
𝑉

𝐼
                                    (2.9) 

Where ‘R’ is the resistance of the sample, ‘V’ is the voltage maintained at 2 V, and ‘I’ is the 

current recorded. Further, the resistivity ρ was calculated using the equation given below. 

𝜌 =
𝑅𝑙

𝐴
                                 (2.10) 

‘ρ' is the resistivity, ‘R’ is the resistance, ‘l’ is the thickness of the pellet, and ‘A’ is the area 

of the cross-section. 
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2.4.10 AC Susceptibility 

AC Susceptibility is a technique used to investigate the spin dynamics and change in phase 

of the magnetic materials. Also, Curie temperature and domain structure can be evaluated 

in the study and are obtained from the plots of normalized a.c. Susceptibility versus 

temperature. At the Curie temperature, when the sample changes from ferrimagnetic to 

paramagnetic, there is a fall in susceptibility, which is seen in the plots. The susceptibility 

studies were conducted on finely ground ferrite samples from 300K to 850K on an 

instrument provided by ADEC Embedded Technology and Solution Pvt. Ltd, Corlim-Goa. 

The plots determine the type and nature of the samples, whether they are single domain, 

multidomain, or superparamagnetic. For single domain type of samples, there is an 

increase in susceptibility with an increase in temperature until a certain point, after which 

there is a continuous fall. In the multi-domain type, the susceptibility is constant with a 

sharp fall at the Curie temperature, whereas for superparamagnetic material, the 

susceptibility decreases with an increase in temperature.  Particles with a size from 10 – 

50nm are grouped under single-domain nature, and particles with dimensions greater than 

100 nm can be categorized as multi-domain. In contrast, sizes less than 10nm can be 

classified as superparamagnetic particles. 

2.4.11 Vibrating Sample Magnetometer 

VSM is a crucial tool for understanding the magnetic properties of the samples. It gives 

you an insight into the structure of solid materials. In this technique, samples whose 

magnetic property is to be determined are first placed in a constant magnetic field. The 

magnetic field magnetizes the sample and then allows it to vibrate in a sinusoidal manner, 

which generates an electrical signal in the pickup coil. These signals are proportional to the 

magnetic moment of the sample. In the present study, all the ‘as-prepared’ and ‘sintered’ 

ferrite samples were analysed using a Quantum Design, cryogen-free Versa Lab vibrating 

sample magnetometer instrument. The magnetic moment vs magnetic field was studied at 

RT and 60K from -3 to +3Tesla to determine various magnetic parameters like saturation 

magnetisation, remanent magnetisation, and coercivity. ZFC-FC studies were conducted in 

the 60-350K temperature range at different magnetic fields like 250, 500, 1000, and 2000 

Oe.  

In the field study, the first step is the zero-field-cooled process (ZFC). In this process, the 

sample is first cooled from 300K to 60K without application of a magnetic field, and then 
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measurement was done at a constant field during the heating process from 60K to 350 K. 

in case of field cooled (FC) study the sample was again cooled from RT to 60K but this 

time with application of field and then while heating the measurements were conducted 

from 60K to 350K. The blocking temperature was determined for the samples from the 

data plotted using Origin 8 software.  

 

2.4.12 Dielectric study 

Dielectric is the material in which an electric field is induced with minimum energy loss. 

Dielectric materials are electrical insulators that get polarised on the application of a field. 

The study of dielectric materials deals with energy storage and dissipation in materials. 

The capacitance and D factor measurement was conducted on a Wayne Kerr 6500P LCQR 

meter in the frequency range of 20Hz to 1MHz at RT. The measurements were also 

conducted from RT to 500°C at every 10°C at different selected frequencies. The 

measurements were done on disk-shaped pellets with a diameter of 1cm and a 2 mm 

thickness. The data obtained gave the capacitance of the sample and the dielectric loss 

value. The capacitance values were converted into dielectric constant values using the 

following formula. 

                                              Ɛ′ =
𝐶𝑑

Ɛ˳𝐴
                                                                        (2.11) 

Where Ɛ′is the dielectric constant, C is the capacitance (in Farads), d is the thickness of the 

pellet (m), A is the pellet's cross-section area (m2), and permittivity of free space, 

Ɛ˳ =8.854 × 10-12 F/m. The dielectric constant and dielectric loss vs frequency at RT and 

dielectric constant and dielectric loss vs temperature at constant frequency have been 

plotted using Origin software for all the’ as-prepared’ and ‘sintered’ ferrite samples.  

2.4.13 Permeability study 

The following equation defines the initial permeability: 

                                                 µ𝑖 = lim
𝐻→0

𝐵

𝐻
                                                                 (2.12) 

‘µi’ is initial permeability, ‘H’ is the applied field, and ‘B’ is magnetic induction. 

The initial permeability analysis of the ‘sintered’ ferrites using their toroids were done.  

These measurements helped determine the homogeneity of the samples. The ‘sintered’ 
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toroids were wound with 30 SWG enameled Cu wire, and their inductance was measured 

using the Wayne Kerr 6500P LCQR meter. The study was conducted at frequencies 

ranging from 20 Hz to 10 MHz and at a constant frequency from RT-500 OC. The results 

demonstrated that the toroids possess a certain level of initial permeability and that their 

inductance was measured with respect to variation in the frequency and temperature. This 

study provides valuable insights into the properties of the toroids and how they can be 

effectively utilized in different applications. From the evaluation of the inductance, the 

initial permeability was determined using the following relation. 

𝐿 = 0.0046𝑁2ℎ𝑙𝑜𝑔
𝑑1

𝑑2
                                                 (2.13) 

Where ‘L’ is the inductance observed in(µH), ‘N’ is the number of turns of copper wire, ‘h’ 

is the height of the core in (inches), and ‘d1’ and ‘d2’ are the outer and inner diameters of 

the toroid. 

2.5 Gas sensing studies 

In recent years, the studies on gas sensors have increased as demand for detecting 

hazardous environmental gases has increased. The research in this field has grown faster in 

recent times due to the need for in-situ gas sensors that are selective and sensitive to target 

gases. The first-ever gas sensor indicator was made commercially available by Oliver W. 

Johnson in the year 1927. In 1938, Wagner and Hauffe found that atoms and molecules, 

when interacting with semiconducting surfaces, lead to changes in surface properties such 

as conductivity and potentials. Semiconducting materials that reversibly bind oxygen on 

their surface can be good sensor materials. 

 

Fig.  2.1 Gas sensing setup used for sensing measurement 



                                                         Chapter 2: Experimental Protocols and Characterization Techniques 
 

65 
 

2.5.1 Fabrication of thick films 

Ferrite materials can be fabricated in three ways: pellets, thick, or thin films. We used the 

thick film method to prepare the sensor material as it is a low-cost and easy technique. 

Either screen printing, casting, spraying, or coating results in thick film deposition. We 

utilised the screen-printing method to produce rectangular-shaped thick films.  

Our study involved the preparation of thick films of ‘as-prepared’ ferrites which were 

analysed for its sensing properties. We used a screen-printing method to prepare ferrites 

from a mixture of ferrite powder and ethyl cellulose, which acted as a binder, and using 

butyl carbitol as solvent having a ratio of 70:30 of ferrite and ethyl cellulose. The mixture 

was then screen printed onto a glass substrate using a mesh screen of nylon with a density 

of 200 mesh. After drying the thick films at 60 °C for 1 hour, we baked them in a tubular 

furnace at 400 °C for 30 minutes to remove any organic moieties. The final product was a 

glass-based thick film with dimensions of 9x4 mm, to which silver paste was applied on 

the edges to make electrical contacts 

2.5.2. Test system and gas sensing measurements 

A static gas sensing technique was used to examine the gas sensing performance of our ‘as 

prepared’ ferrite samples. The setup used is showcased in Fig. 2.1. The gas sensing setup is 

a 250 mL airtight stainless-steel container with an electrical feed at the base plate. The 

base's heater helps set the desired operating temperature during analysis. The 

thermocouple inside the system senses the operating temperature, which controls the 

temperature. The voltage applied was 2V.  The gas is passed into the sample chamber 

through an inlet by a syringe (5- 50 mL). Any change in the resistance after injection of 

test gas is recorded on the Keithley 6514 electrometer. Once the data is acquired, the 

chamber is flushed with inert gas, i.e., nitrogen.  

An extensive study on the detection of hazardous gases such as Cl2, NH3, LPG, and NOx 

was conducted in our present study. We utilized both oxidizing and reducing gases for the 

analysis and tested them at various temperatures, such as RT, 50, 100, and 150°C. Each gas 

was optimized to select a temperature that would allow for the analysis of all the samples. 

We also examined the gas sensing using different ppm of gases, ranging from 20 to 200. 

We aimed to detect these gases at very low ppm to protect human health and the 

environment from increasing hazardous pollutants around us.  
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The test gases were synthesised in the laboratory, and the procedure is explained below. 

NOx gas was produced using Cu powder, treated with concentrated HNO3 in a tightly 

closed setup, and using CaCl2 as the trap. NH3 gas was generated in a tightly sealed 

container by mixing Calcium hydroxide and ammonium chloride in the appropriate 

amount. CaO was used as a trap to remove any moisture present. LPG tested for sensing 

was taken directly from a commercially available LPG cylinder, while Cl2 was generated 

by dissolving KMnO4 in concentrated HCl using a CaCl2 moisture trap. The % gas 

response is measured using the value of resistance in the following equation 

%Response = 
𝑅𝑎−𝑅𝑔

𝑅𝑎
X 100 for (n type gas sensor)                                            (2.14) 

%Response = 
𝑅𝑔−𝑅𝑎

𝑅𝑔
 X 100 for (p-type gas sensor)                                           (2.15) 

Ra is the resistance of the thick film sample in air, and Rg is the resistance of the thick film 

sample in the test gas. 

2.6 Electrochemical studies 

Ferrites have exceptional potential as a material for supercapacitors. With their superior 

energy storage capacity and fast charge and discharge capabilities, they are undoubtedly 

the best candidate for energy storage. The advancements made in this field in recent years 

are remarkable. Therefore, in the present study, we have studied the electrochemical 

properties of ‘as-prepared’ ferrites using cyclic voltammetry.  

2.6.1 Fabrication of electrodes 

The ‘as-prepared’ ferrite samples of both series were used to prepare the working 

electrode. Carbon black was chosen as the conducting material, while poly (vinylidene 

fluoride) functioned as the binder alongside the ferrite material. After mixing the three 

solids in a motor and pestle with N-methyl pyrrolidone solvent, a paste was cast onto a 1x1 

cm cleansed, dried, and weighed Ni foam. The resulting electrode was then dried for an 

hour at 60 °C before being subjected to 15 hours of drying at 100 °C. The ratio of Carbon 

black, binder, and ferrite used, which was 75:15:15, was determined through an extensive 

optimization process. The electrode was then subjected to a pressure of 10MPa for 30 

seconds using a hydraulic press. The electrode was weighed and used as it was for 

analysis.   
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Fig. 2.2: Schematic representation of electrochemical performance using Cyclic 

voltammetry  

2.6.2 Electrochemical measurements   

The capacitance of the material was studied using electrochemical measurements through 

cyclic voltammetry. A three-electrode system was used, including a working electrode 

fabricated on a Ni foam with the sample material and dipped in 3M KOH solution. The 

reference electrode was Ag/AgCl, and the counter electrode was Pt. The CV measurements 

were taken at different scan rates ranging from 3 to 80 mV/s in the potential window of 

00.5 V. To calculate the specific capacitance, the following formula was used. 

                                              𝐶 =
𝑆

2 𝑚 𝑘 ∆𝑣
                                                             (2.16) 

Where S is the surface area, m is the mass of the active material in grams, k is the scan rate 

in volts, and ∆v is the potential difference in volts. The GCD and EIS studies were 

conducted at a current density of 1A/g using the same electrodes. 

2.7 Antibacterial studies 

 Antibacterial studies were performed on the ‘as-prepared’ ferrite samples of all the series. 

The ferrite samples were tested against a gram-positive pathogen, Staphylococcus aureus, 

at two different concentrations, i.e.,500 µg/mL and 1000 µg/mL. An 18-hr-old culture of 

Staphylococcus aureus was inoculated in nutrient broth medium to which two different 
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concentrations (500 µg/mL and 1000 µg/mL) of ferrite were prepared in saline. Nutrient 

broth medium containing no added ferrite powder was kept as a control. The flasks were 

incubated at 37℃, 110 rpm for 18 h. After incubation, the growth of Staphylococcus 

aureus was checked by examining the optical density at 600 nm. Serial dilution of the 

culture broth was carried out using 0.85% saline, and the required dilutions were spread 

plated on nutrient agar plates. Viable count was thus determined, and the percentage 

survival of the bacteria in the presence of nanoparticles was calculated using the formula: 

 

Survival (%)
Number of colonies forming units in presence of nanoferrite

Number of colonies forming units in absence of nanoferrite
˟100          (2.17) 
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3.1 Introduction 

Ferrites are an important class of materials and have proven to be precious because of their 

broad utility. Due to their phenomenal physical and chemical properties, they possess 

applications from supercapacitors to photocatalysts, biomedical applications, sensors, etc. The 

properties of these ferrites change according to the conditions provided. One of the main factors 

is the method of synthesis, which helps in tuning the morphology and microstructure of the 

materials. Several methods are available in the literature, from solid-state to wet chemical 

methods. The properties of materials are highly influenced by the method of preparation of the 

compounds. Apart from this, the dopant added and sintering temperature also plays an essential 

role in controlling the properties of the samples. The addition of a dopant either improves or 

alters specific characteristics, such as its magnetism. The material can change from soft to hard 

magnets with increased dopant concentration. Th magnetic property also changes with change 

in size, the dopant added and sintering temperatures. Size plays a significant role and can be 

controlled through the synthesis route adopted in preparing the compounds [1]. Various 

preparation methods are available in the literature, such as combustion, hydrothermal, co-

precipitation, microemulsion, etc. [2-4]. The present study uses the precursor combustion 

method to prepare ferrites. This technique involves the mixture of metal solution added to 

carboxylate solution, in the present study fumarate is used along with hydrazine to form the 

metal fumarate hydrazine complex as the precursor. The precursor technique employed 

successfully lead to the formation of crystalline ferrite after calcining at a lower temperature of 

450- 500 °C [5]. This precursor included a hydrazine carboxylate metal complex. Hydrazine 

compounds are endothermic and used as rocket fuels. Hydrazine is used as fuel in the 

combustion technique by proper complexation with an appropriate metal ion. The metal and 

hydrazine can be complexed with oxalates and fumarates, reducing their explosivity. These 

compounds possess a minimum kindling point, and once ignited, autocatalytic decomposition 

occurs. During ignition, large amounts of gases are released (NH3, H2O, CO2), which lowers 

the heat generated and prevents the ferrites from sintering [6]. This is an excellent technique to 

obtain nano-sized materials with outstanding electrical, dielectric, and magnetic properties due 

to their morphological and structural properties, making them excellent catalysts and sensors in 

various applications. 
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The parent compound in the present study is Ni-Co ferrite, and a non-magnetic Zn ion is doped, 

which replaces Ni ions. The Ni-Co ferrite material is stable due to its chemical and thermal 

properties. Apart from this, high resistivity is also seen in these samples [7]. Magnetic properties 

are essential in various applications like ferrofluids, recording devices, microwave devices, etc. 

Cobalt ferrite shows magnetic anisotropy and moderate magnetization, whereas coercivity is 

high. Ni-Co together shows high resistance towards dielectric behavior, low coercivity, and 

moderate magnetization [8]. The dopant affects various parameters. The effect of doping non-

magnetic zinc with larger ionic radii is studied in this chapter. Zinc, being larger, changes 

structural properties, such as magnetism, electrical, and dielectric properties. 

Therefore, in the ongoing study, we have focused on preparing Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) via the precursor-combustion method. The precursor Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) obtained was thoroughly 

investigated to confirm its stoichiometry, which, when ignited, gave the as-prepared ferrite in a 

stoichiometric ratio. 

 

3.2 Synthesis of Zn-doped Ni-Co ferrites Ni0.6-xCo0.4ZnxFe2O4(x=0.0-0.6) by 

precursor combustion method 

The synthesis of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) was done via the 

precursor-combustion method. The synthesis route for the precursor and ferrite is discussed in 

Chapter 2 in Section 2.1. The Characterization of these ferrites is conducted using various 

analytical techniques. The solid-state properties of as-prepared and sintered ferrite is compared 

and discussed further in this chapter, along with the application of the materials. 

3.3 Characterisation of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0-0.6) 

precursors  

The synthesized Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursor 

was thoroughly characterized to verify the stoichiometric ratio. The hydrazine content was 

determined by titrimetric determination to reveal the coordination of hydrazine in the precursor. 

The C, H, N content was obtained from the C, H, N, S analyzer. At the same time, IR and 

thermoanalysis were carried out to study the decomposition of the compound, which added 

support to the perfect stoichiometry of the compound. 
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3.3.1. CHNS Analysis 

The C, H, N content in the Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) 

precursors was determined using a C, H, N, S analyzer. The analysis of the freshly synthesized 

precursor was carried out within an hour on this analyzer. It was observed that the obtained 

experimental data matched very well with the calculated theoretical values, as depicted in Table 

3.1. With the help of CHN data, it was possible to fix the formula of the precursor's C, H, and 

N content. It is clear through Table 3.1 that theoretical percentages and experimentally obtained 

data agreed well, thus proving its perfect stoichiometry.  

 

Table 3.1: The theoretical and experimental percentages of C, H, N, in Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6)precursors 

 

Elements Composition 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

C (%) Theoretical 20.4 20.40 20.40 20.40 20.34 20.33 20.30 

Experimental 19.9 20.00 19.61 19.14 19.12 19.54 19.22 

H (%) Theoretical 4.25 4.25 4.25 4.25 4.24 4.23 4.23 

Experimental 4.59 4.08 3.89 4.32 4.43 4.39 4.47 

N (%) Theoretical 

 

23.8 23.83 23.80 23.80 23.70 23.70 23.69 

Experimental 22.7 22.44 22.3 23.08 22.93 22.41 22.44 
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3.3.2 Infrared spectroscopy 

The zinc-doped nickel cobalt precursor formation in a stoichiometric manner was also 

confirmed with the help of IR spectroscopy. The IR spectra of all Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors isothermally heated 

from RT to 140oC and 180oC to as burnt ferrites are depicted in Fig. 3.1 and Fig. 3.2, 

respectively. The data tabulated in Table 3.2 represents the peak positions of various groups 

observed in the IR spectrum. The spectra were recorded by running a full scan from 4000-

350cm-1. The peaks obtained in the study are due to two major organic groups present in the 

precursor, namely the carboxylate group and the hydrazine moiety. The spectra revealed three 

major peaks due to the presence of hydrazine group [9]. The N-H stretching frequency was 

observed between 3190-3355 cm-1. The NH2 deformation region was observed from 1559- 1571 

cm-1. The third band was found to be at 972-985 cm-1 owing to N-N stretching [10]. Due to NH2 

wagging, NH2 rocking, and N-N bending, more bands are also observed [11], whose values are 

tabulated in Table 3.2. The data revealed that hydrazine acts as a bidentate bridging ligand in 

the precursor [12]. The carboxylate group showed two major bands, first due to asymmetric 

stretching vibration at ~1629 cm-1, and the other due to symmetric stretching vibration observed 

at around 1385-1397 cm-1. The frequency difference between asymmetric and symmetric 

vibration was 243 to 231 cm-1. This significant separation points to the monodentate linkage of 

the dianion carboxylate group [13]. This confirms the coordination of the hydrazine group as a 

bridged bidentate ligand and the fumarate group as a bidentate ligand linked to the metal via 

both carboxylate groups. 
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Fig.3.1: IR spectra of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) 

precursors isothermally heated from RT-140oC 
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Fig. 3.2: IR spectra of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) 

precursors isothermally heated from 180oC-As-burnt 
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Table 3.2: IR peak position of various organic moieties for all the Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors 

 

Wavenumber (cm-1) 

x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

N-H 

stretching 

3368-

3194 

3360-

3196 

3368-

3194 

3375-

3181 

3360-

3181 

3356-

3194 

3360-

3181 

COO-asy 

stretching 

1646 1629 1646 1629 1644 

  

1646 1644 

NH2 

deformation 

1559 1569 1571 1569 1569 1571 1571 

COO- 

stretching 

1385 1390 1397 1390 1390 1397 1390 

C-C sym 1197 1211 1197 1211 1197 1197 1172 

NH2 wagging 1122 1152 1147 1152 1147 1147 1135 

N-N sym 

stretching 

972 972 985 972 972 985 972 

N-N bending  789 808 798 823 811 798 811 

NH2 rocking 673,598 674,584 673,586 674,584 673,586 673,586 673,586 

   

 3.3.3 TG/DTA analysis  

TG-DTA studies were carried out of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursor samples from RT to 800 oC in an oxygen atmosphere, 

and the thermograms of the same are depicted in Fig. 3.3 (a-g). 100 mL of the carrier gas was 

purged per minute during the heating process at a 10 oC ramping rate with a 10 mg sample. The 

TG curve showed two main mass losses with corresponding two DTA exothermic peaks. The 
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initial weight reduction was caused due to de-hydrazination, i.e., the depletion of six hydrazine 

molecules, while the second was due to the loss of carboxylate group or total decarboxylation. 

When the precursor is ignited, hydrazine is released, which reacts with the oxygen molecules, 

evolving heat energy of -625 kJ/mol. The energy released during hydrazine decomposition helps 

in the exothermic decarboxylation process. 

N2H4        +    O2    →         N2   +   H2O                         ∆H=-625 kJ/mol 

Table 3.3 indicates the percentage of mass loss obtained from TG, and the corresponding peaks 

obtained in DTG and DTA. 

The TG-DTA -DTG thermogram of x=0.0 is shown in Fig. 3.3 a. A mass loss of 5.36% obtained 

corresponds to a mass loss of approximately one hydrazine molecule with a DTG peak at 98°C 

and exothermic peak of DTA at 96°C. This step is followed by dehydrazination process of 

remaining hydrazine molecules which takes place from 100-230°C with a mass loss of 24.24% 

with corresponding DTG and DTA peaks at 152°C and 166°C, respectively. From temperature 

range 230°C- 410°C, an exothermic DTA peak at 304 °C and DTG peak at 311°C is seen with 

corresponding mass loss of 36.57% indicating total decarboxylation in the compound leading 

to formation of oxide with residual content of 33.83% which closely matches with the 

theoretical residual content 33.31%. 

Fig. 3.3 b showcases the TG-DTG-DTA plot of sample x=0.1. A mass loss of 4.01% is 

calculated from the thermogram, which is estimated to be due to the loss of 1 molecule of 

hydrazine between RT and 100 °C. Further, total de-hydrazination is estimated to happen in 

between 100-230°C temperature range with a mass loss of 24.85%. The DTG plot shows a peak 

corresponding to the mass loss at 164°C and DTA shows a peak at 164°C. The three carboxylate 

groups attached to the precursors are lost beyond the temperature of 230°C with a mass loss of 

36.74%, accompanied by a DTG peak at 297°C and an exothermic peak of DTA at 330°C. 
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Table 3.3: The TG/DTA/DTG data of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors 

 

x 

 

Temperature 

Range/°C 

 

TG 

Mass 

loss 

% 

DTG 

peak/°

C 

DTA 

peak/°

C 

(Exo) 

 

Remarks 

0.0 RT-100 5.36 

 

98.7 

 

96.5 

 

Beginning of dehydrazination 

100 - 230 24.24 152 166 Total dehydrazination 

230-410 36.57 311 304 Total Decarboxylation 

0.1 RT-100 4.01 

 

 

 

 

 

Beginning of dehydrazination 

 100-230 24.85 164 164 Total dehydrazination 

 230-410 36.74 297 330 Total Decarboxylation 

0.2 RT-100 6.39 - - Beginning of dehydrazination 

100-230 

 

25.58 

 

148 

 

156 

 

Total dehydrazination 

230-410 35.46 321 321 Total Decarboxylation 

0.3 RT-100 6.34 - - Beginning of dehydrazination 

100-230 23.67 150 161 Total dehydrazination 

230-410 36.4 289,304 310 Total Decarboxylation 

0.4 RT-100 3.15 - - Beginning of dehydrazination 

100-230 25.45 175 184 Total dehydrazination 

230-410   37.55 318 323 Total Decarboxylation 

0.5 RT-100 3.43 - - Beginning of dehydrazination 

100-230 24.86 161 163 Total dehydrazination 

230-410 36.97 296 331 Total Decarboxylation 

0.6 RT-100 5.69 98 94 Beginning of dehydrazination 

100-230 24.92 166 171 Total dehydrazination 

230-410 34.46 317 315 Total Decarboxylation 
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The thermogram of x=0.2 is depicted in Fig. 3.3c. From the TG-DTG-DTA data evaluated, a 

mass loss of 6.39% from RT-100°C was seen, and the loss of hydrazine molecules is expected 

to occur. Approximately two hydrazine molecules are depleted at this step. Further in the 

temperature range, 100-230°C, 25.58% mass loss is observed, indicating total dehydrazination. 

A DTG peak accompanies this loss at 148°C and an exothermic DTA peak is observed at 156°C. 

The next step is the decarboxylation, which initiates soon after dehydrazination from 230-410°C 

with a mass loss of 35.46% and simultaneously a DTG peak at 321°C and an exothermic DTA 

peak at 321°C is observed. A total mass loss of 66.43% is obtained, leaving behind 32.57% 

residual content. 

In the case of sample x=0.3 showcased in Fig. 3.3d, the mass loss of 6.34% indicates the loss 

of approximately two molecules of hydrazine from RT-100°C. From a 100-230 °C temperature 

range, a loss of 23.67% is obtained, corresponding to the loss of all remaining hydrazine 

molecules. The DTG peak accompanies this mass loss at 150°C, and the exothermic peak of 

DTA at 161°C confirms the same. Followed by dehydrazination decarboxylation begins (230-

410°C), which is shown by a mass loss of 36.4% alongside a DTG peak at 289 and 304°C, 

which corresponds to the loss of carboxylate groups in the process and an exothermic thermal 

peak at around 310°C is observed in the DTA. The total mass loss that occurred in the two-step 

decomposition process of the precursor is 66.41%, with a residual content of 33.59%. 

The TG-DTG-DTA thermogram of sample x=0.4 is showcased in Fig. 3.3e. The starting weight 

loss is shown from RT-100°C. The mass is about 3.15%, equivalent to approximately the loss 

of one hydrazine molecule. The loss of hydrazine molecules continues from 100-230°C with a 

mass loss of 25.45%, corresponding to a loss of all remaining hydrazine molecules. A DTG 

peak complements the TG mass loss at 175°C and a DTA peak at 184°C. Further, the 

decarboxylation process starts and continues till 410°C. The mass loss obtained is 37.55%, 

accompanied by a DTG peak at 318°C and a DTA peak at 323°C. The total mass loss after the 

dehydrazination and decarboxylation process comes to 66.15%, which evenly matches the 

calculated data. 

Fig. 3.3f illustrates the TG-DTA-DTG plot of the sample with composition x=0.5 in which from 

RT- 100°C a mass loss of 3.43%, closely equal to little less than one hydrazine molecule is 

obtained. This is followed by a DTA peak at 163°C with exothermic nature and DTG peak at 

161°C with a mass loss of 24.86%. A total mass loss of 28% is seen from RT-230°C, which 
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indicates the total loss of all six hydrazine molecules and the start of decarboxylation. In the 

final step, 36.97% mass loss is obtained with a DTG peak at 296°C and a DTA peak at 331°C 

due to the decarboxylation of the fumarate group.  

The thermogram of the x=0.6 sample is depicted in Fig. 3.3g, from which it is observed that an 

initial mass loss of 5.69% occurs from RT to 100°C. This mass loss results from a loss of 

approximately one hydrazine molecule, shown by a DTG peak at 98°C and an exothermic DTA 

peak at 94°C. The next step from 100°C -230°C corresponds to the total dehydrazination of 

hydrazine molecules with a peak shown in DTG plot at 166°C and in DTA plot at 171°C with 

a mass loss of 24.92% is observed in the TG curve. The final step is the decarboxylation of the 

carboxylate group, which starts at 230°C with a DTG peak at 317°C and a DTA peak at around 

315°C with a mass loss of 34.46%. All the mass losses and observed DTA and DTG peaks 

correspond to the theoretical mass loss of the compound. 
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Fig. 3.3: TG-DTA-DTG curves of Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=(0.0=a, 0.1=b, 0.2=c, 

0.3=d, 0.4=e, 0.5=f, 0.6=g) precursors 

 

3.3.4 Isothermal mass loss study/ Total mass loss study 

The isothermal mass loss study was conducted at set temperatures from RT to 500 °C for all the 

Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors. The data 

obtained for the said analysis is given in Table 3.4. The data shows that there is loss of different 

organic moieties at varied temperature. From RT to 180 °C, a mass loss of around ~27% is 

obtained owing to the de-hydrazination of the sample, this data is backed by hydrazine 

estimation conducted alongside isothermal studies. The loss of the carboxylate group initiates 

at around 180oC and continued till 450oC with a loss of ~39%. After the decomposition of the 

precursor, the residual content obtained was ~ 33%, and the mass loss was around ~66%. Thus,  
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Table 3.4: Isothermal mass loss and simultaneous hydrazine study of Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors 
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confirming the stoichiometry of the synthesized precursors. It is observed from Table 3.4 that 

the theoretically determined mass loss is very well aligned with the experimental results. 

 

3.3.5 Hydrazine estimation and Total mass loss study 

Table 3.5 represents the hydrazine content in the precursors at room temperature obtained via 

the titration method and total mass loss study data of all the Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors at 500°C. 

Table 3.5: Hydrazine estimation and total mass loss study of Ni0.6-

xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) precursors 

Sample Hydrazine 

content (%) 

Theoretical 

Hydrazine 

content (%) 

Experimental 

Total mass 

loss (%) 

Theoretical 

Total mass 

loss (%) 

Experimental 

x=0.0 27.27 27.60 66.69 66.02 

x=0.1 27.25 27.18 66.68 67.00 

x=0.2 27.21 26.40 66.61 67.50 

x=0.3 27.18 27.20 66.00 66.35 

x=0.4 27.16 27.93 66.64 66.20 

x=0.5 27.12 26.45 66.43 66.79 

x=0.6 27.12 27.17 66.35 66.21 
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3.4 Characterisation of ‘as prepared’ and ‘sintered’ Ni0.6-

xCo0.4ZnxFe2O4(x=0.0-0.6) 

The precursor Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 (x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) was 

decomposed by igniting it to obtain ‘as-prepared’ Ni0.6-xCo0.4ZnxFe2O4(x=0.0-0.6) ferrite. The 

ferrites were thoroughly characterised to confirm the purity of the samples. Various 

instrumental techniques were utilized for their characterization, like XRD, IR spectroscopy, 

SEM, and TEM. 

3.4.1 Phase purity and elemental analysis 

3.4.1.1 Powder X-ray Diffraction 

Powder X-ray diffraction studies evaluated the phase purity and identified parameters like 

crystallite size, crystallinity, etc. The XRD patterns of Zn-doped Ni-Co ferrite Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites were recorded, and the same are 

depicted in Fig. 3.4a. The diffractogram indicates seven peaks corresponding to spinel ferrites; 

the peaks are assigned with the (hkl) values, (220), (311), (222), (400), (422), (511), (440). 

Amongst this (311) peak has the highest intensity [14]. The observed peaks are typical of spinel. 

Thus, the monophasic nature of the samples from x=0.0-0.5 is confirmed. A trace of α-Fe2O3 

was observed for sample with composition x=0.6. Various parameters were calculated from the 

PXRD patterns, and the data pertaining to the same are tabulated in Table 3.6. It is observed 

from this table that the lattice constant increased with the rise in zinc content; this trend is 

explained by Vegard’s law [15]. This linear increase with the upsurge in zinc content is due to 

the replacement of smaller ions like Ni2+ and Fe3+ ions having ionic radii of 0.64Å and 0.69Å 

by a larger ion, Zn2+ (0.84Å) [16]. The results of the lattice constant obtained are comparable to 

the reported data [17]. A shift in the 2theta value at the (311) lattice plane was observed as the 

zinc concentration increased as illustrated in Fig. 3.4b. This is due to strong interactions between 

zinc, nickel, cobalt, and iron. As the zinc concentration rises, due to lattice expansion, the lattice 

constant values increases, and the interplanar distance ‘d’ rises. According to Bragg’s equation, 

the interplanar distance ‘d’ is inversely proportional to the diffraction angle, and hence, we see 

a shift in the (311) plane peak to a lower value [18]. The crystallite size calculated from the 

PXRD data ranges from 36 to 56 nm. It is observed that the crystallite size decreases with zinc 
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doping. This can be explained by the fact that the grain growth mechanism is restricted due to 

decreased nucleation of particles, which reduces grain growth [19]. X-ray density is also found 

to decrease, and the unit cell volume is found to increase with a rise in content from x=0.0-0.6. 

The values of X-ray density, bulk density, and porosity are given in Table 3.6. Bulk density and 

porosity do not show any particular trend. Ferrite sample with composition x=0.5 shows the 

lowest crystallite size with a porosity of 46% and low bulk density. The tetrahedral and 

octahedral hopping lengths have also been calculated and found to increase with an increase in 

zinc concentration.  

 

Fig. 3.4 a: X-ray diffraction patterns of ‘as-prepared Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites  

 

Fig. 3.4 b: Plot of Intensity versus 2theta for (311) plane of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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The sintered ferrites were prepared by heating the ‘as prepared’ ferrites at 1000 °C, and the 

diffractogram of all the samples is reported in Fig. 3.5. The diffractogram was recorded from 

20- 80 ° range, and the peaks obtained were indexed to all the diffraction peaks of spinel ferrites. 

No extra peak was obtained; thus, we confirmed the pure phase of sintered ferrite. The sintered 

ferrite showed highly crystalline nature with narrow FWHM and higher intensity peaks, 

indicating higher crystallite size and crystallinity than the ‘as prepared’ ferrite. The crystallite 

size obtained for ‘sintered’ samples was in the range of 100-150nm. These samples showed 

higher density and lower porosity due to sintering. The calculated lattice parameter and the 

different data obtained from the XRD pattern of the ‘as prepared’ samples are tabulated in Table 

3.6. The lattice constant is found to increase with increase in zinc content in the samples, as 

larger zinc ions expand the lattice, the unit cell volume is also found to increase. The lattice 

constant of ‘sintered’ ferrites is found to be greater than the ‘as-prepared’ ferrites. The shift in 

diffraction peaks is also observed in the sintered samples, as the lattice constant increases. The 

interplanar spacing of the planes is also found to increase. According to Bragg's law, the d-

spacing has an inverse relation with theta, or the angle of incidence. Hence, the peaks shift 

towards the lower theta value with increased zinc content. The density in the samples is also 

found to increase with increase in zinc content.  

 

Fig. 3.5 The X-ray diffraction patterns of sintered Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites 
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Table 3.6: Lattice constant (a), Unit cell (V), crystallite size (D), X-ray density (dx), bulk 

density (dm), and porosity % (P) of ‘as prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

x a (Å) V (Å) D (nm) dx 

(g/cm3) 

Dm 

(g/cm3) 

P (%) 

0.0 8.333 8.360 578 584 34 107 5.381 5.331 3.13 3.15 39 41 

0.1 8.349 8.371 581 586 48 146 5.370 5.391 2.85 3.21 47 40 

0.2 8.357 8.381 583 588 51 134 5.373 5.326 3.04 3.12 43 41 

0.3 8.369 8.388 586 590 41 112 5.361 5.320 3.25 3.36 39 36 

0.4 8.392 8.402 591 593 38 121 5.330 5.350 3.68 3.72 31 30 

0.5 8.392 8.414 591 595 36 139 5.345 5.308 2.86 3.33 46 37 

0.6 8.418 8.421 596 597 33 114 5.311 5.307 3.34 3.44 37 35 

 

3.4.1.2 Elemental analysis 

Chemical analysis is a crucial characterization technique to confirm the presence of elements in 

their stoichiometric amounts. The primary step in characterizing any compound is to prove its 

stoichiometry first and then utilise other characterization techniques. Chemical analysis was 

carried out using the ICP-AES instrument. Table 3.7 shows the theoretically and experimentally 

obtained percentages of Nickel, Cobalt, Zinc and Iron ions present in ‘as prepared’ Ni0.6-
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xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. These percentages confirm the 

stoichiometry of all the compounds. 

Table 3.7: Theoretical and experimental percentages of Ni2+, Co2+, Zn2+, and Fe3+ present in 

‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 

3.4.2     Morphological studies 

3.4.2.1 Scanning Electron Microscopy 

The morphology of the ‘as-prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5,0.6) ferrites was recorded using SEM. The images obtained for the same are depicted 

in Fig. 3.6 (a-g) and Fig. 3.7 (a-g), respectively. The SEM images represents the wide 

distribution of particles, with agglomerations, due to magnetic interactions between the 

nanoparticles [20-22]. When the SEM analysis was performed on ‘sintered’ samples, it is 

observed that the particle size increases compared to the ‘as prepared’ samples. The EDX study 

Compos

ition 

Ni2+ (%) Co2+ (%) Zn2+ (%) Fe3+ (%) 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

0.0 15.0 14.2 10.1 9.2 - - 47.6 46.3 

0.1 12.5 13.8 10.2 10.9 2.78 2.5 47.5 48.0 

0.2 10.0 10.2 9.99 10.5 5.54 5.0 47.3 47.2 

0.3 7.5 7.8 9.96 9.8 8.29 7.4 47.2 47.2 

0.4 5.0 4.9 9.94 9.5 11.0 10.8 47.1 47.8 

0.5 2.5 2.4 9.91 9.1 13.7 13.0 46.9 47.0 

0.6 -  9.88 10 16.4 15.6 46.8 46.8 
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was also carried out for both ‘as prepared’ and ‘sintered’ samples along with their SEM study. 

The EDX study helps in determining the elemental composition in any compound. Fig. 3.6 

shows the EDX spectra of ‘as prepared’ ferrite samples. From these spectra, it can be confirmed 

that all the constituent elements are present in the ‘as prepared’ ferrite samples.  
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Fig. 3.6 (a-g): SEM images along with EDX patterns of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrite 
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Fig. 3.7 (a-g) SEM images of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites 
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3.4.2.2 Transmission Electron Microscopy 

Transmission electron microscopy studies were carried out to study the morphology and particle 

size of the ‘as prepared’ ferrite samples. Fig 3.8 (a-g) illustrates each composition's TEM image, 

SAED patterns, and histogram plot. TEM images revealed a cuboidal-shaped crystal clubbed 

together in a particle due to the magnetostatic coupling of the samples and the weak Van der 

Waals force between the particles[23-25]. Along with the TEM images, single electron 

diffraction patterns were also recorded, showing a concentric ring with bright spots related to 

the diffraction patterns of the spinel materials. The bright ring also suggests polycrystalline 

materials pertaining to different planes in the crystal. The area and length were determined using 

ImageJ software to obtain the histogram plots. The average particle size obtained from the 

histogram for each compound ranges from 15-40nm. Sample x=0.0 showed the largest average 

particle size, supporting the XRD data, wherein the same sample had shown the highest 

crystallite size. 
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Fig. 3.8 (a-g): TEM images alongside SAED patterns and histogram of ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 

3.4.3 Surface Area Studies (BET Analysis) 

Determination of surface area plays a crucial role in the characterization of the surface of a 

material. This is achieved by adsorbing an inert gas like nitrogen on the molecules surface, 

including the pores and other surface irregularities. The BET analysis of Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0-0.6) ferrites was carried out for all the ‘as prepared’ ferrite samples, and the plots of the 

same are shown in Fig. 3.9. The surface area obtained from these plots for the ferrite samples 

with zinc addition (x=0.0 to 0.6) in the composition Ni0.6-xCo0.4ZnxFe2O4 is 14, 18, 15, 18, 19, 

39, and 25m2/g, respectively. The volume adsorbed vs. relative pressure (p/po) graph depicts 

multipoint data of the volume of nitrogen adsorbed on the adsorbent, which is preceded by 

multilayer adsorption followed by capillary condensation. The isotherm in Fig. 3.9 is seen to 

have type IV isotherm patterns, which are particular to mesoporous materials. Pores are 

categorized into three types: micropores of less than 2nm, mesopores ranging from 2 to 50nm, 

and macropores of 50nm and more [26]. The hysteresis loop of H3 type is observed with plate-

like particle aggregates, resulting in slit-like pores [27]. At a relative pressure of 0.8, capillary 
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condensation begins, while at lower pressure, only monolayer formation is observed [28]. It can 

be noted that Ni0.6Co0.4Fe2O4 possesses the lowest surface area of 14 m2/g with the largest 

crystallite size of 56 nm among all the other ferrites. While the sample with composition x=0.5 

shows the highest surface area of 39 m2/g and possesses the smallest crystallite size of 36nm in 

the entire series of compounds, confirming that surface area and particle size have an inverse 

relationship. A larger surface area results in more active sites available for adsorption, thus 

making the catalyst or sensors more efficient. We could get better results as compared to some 

reported data [29]. 

 

Fig. 3.9: BET surface area curves for ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5,0.6) ferrites 
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3.4.4 Raman studies 

The Raman spectra of ‘as prepared Ni0.6-xCo0.4ZnxFe2O4(x=0.0-0.6) ferrites is shown in Fig. 

3.10 and of ‘sintered’ ferrite is shown in Fig. 3.11. The assigned peaks for ‘as prepared’ and 

‘sintered’ ferrites are tabulated in Tables 3.8 and 3.9, respectively. They indicate spinel ferrite 

formation and display Raman active modes, including Eg, 2T2g, and A1g at RT. One of the peaks 

observed at ̴ 695cm-1, denoted by A1g (1), corresponds to a tetrahedral mode resulting from the 

symmetric stretch of oxygen atoms along the M-O bond. A shoulder peak at around 630 cm-1, 

denoted by A1g (2), is observed, which can be attributed to the mixed nature of spinel ferrites. 

The intensity of the A1g peak increases with zinc content, whereas the intensity of the shoulder 

peak rises with an increase in zinc content. It can be noted that Co is present in the octahedral 

site and also Fe, which can magnetically interact with Co, leading to an increase in distance 

between Fe and O atom; thus, the bonding energy between them decreases, thereby shifting the 

Raman frequency [30]. It is also known from the literature that as the lattice parameter increases, 

the Raman modes change to a lower value. A low-intensity Eg mode is also observed at 320 

cm-1, which is due to the symmetric bending of the M-O bond; due to bending in the bonds, the 

intensity lowers. Slight shifting in the peaks is obtained with an increase in zinc content. The 

T2g (2) mode is observed at 472-478cm-1 because of the asymmetric stretching of the metal-

oxygen bond at the octahedral site. At the same time, a low-intensity peak T2g (3) occurring due 

to asymmetric bending vibration, is obtained at around 545-562cm-1 [31, 32]. In the spinel ferrite 

samples, the vibrational modes observed above 600cm-1 are due to the vibrational motion of 

oxygen at the tetrahedral site [33]. At the same time, those obtained at a lower frequency are 

attributed to vibration at the octahedral site. A sharp peak at 240cm-1 indicates the presence of 

Fe2O3 in the sample, which is absent in our case, thus confirming the formation of a single 

monophasic spinel ferrite. 

The ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4(x=0.0-0.6) ferrites were also analyzed by Raman 

spectroscopy (Fig. 3.11), from which the three first-order Raman active modes were observed 

(Eg+T2g+A1g). The higher frequency peak above 600cm-1 is assigned as A1g due to the 

symmetric stretching of metal-oxygen at the tetrahedral site, and the peaks are obtained in the 

spectral range of 634-694cm-1. Apart from the main A1g peak from 682-694cm-1, which results 

from Fe-O stretching vibration [ 34], a shoulder peak in the range of 634-646cm-1 is also 



                                                   A comparative study of ‘as prepared’ and ‘sintered’Ni0.6-xCo0.4ZnxFe2O4 … 
 
 

99 
 

observed in the resolved Raman image. This shoulder peak results from the Zn-O symmetric 

stretch at the tetrahedral site, as reported in the literature [33].  This confirms the presence of 

Zn and Fe in the tetrahedral sites.  The lower frequency peak is Eg and T2g. The broad Eg peak 

is associated with symmetric bending obtained in the 307-335 cm-1 range. The T2g (3) mode 

corresponds to asymmetric bending vibration, whereas the T2g (2) corresponds to asymmetric 

stretching vibration, observed at spectral ranges of 566-574cm-1 and 470-479cm-1, respectively. 

The translational motion of the tetrahedron unit is designated by T2g (1), which occurs at around 

200cm-1 and is observed only for two of our samples, which are x=0.4 and 0.6. A more proper 

trend was seen in the ‘sintered’ samples versus the ‘as prepared ones. It was observed that the 

intensity of peaks diminished as the zinc content in the samples increased; the Raman shift 

values also shifted to a lower value with the intensity. This trend in lowering the Raman shift 

value and decrease in intensity with an increase in dopant concentration can be very well 

explained by the trend with the lattice parameter. In our case, the lattice constant increases with 

an increase in zinc content, as it is reported that unit cell parameters have an inverse relation 

with the vibrational frequency [30].  

 

Fig. 3.10 The Raman spectra of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites 
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Fig. 3.11 The Raman spectra of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites 

Table 3.8: The values of the Raman active modes of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites. 

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Eg 316 316 316 313 316 316 295 

T2g(2) 478 474 476 476 472 472 473 

T2g(3) 562 554 562 560 - - - 

A1g(2) 614 615 621     636 632 636 642 

A1g(1) 693 685 691 689 687 689 684 
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Table 3.9: The values of Raman active modes of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5,0.6) ferrites 

x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Eg 329 327 324 326 329 307 335 

T2g(2) 479 480 472 473 467 472 472 

T2g(3) 568 574 566 586 573 - - 

  A1g(2) - 646 625 634 640 634       634 

  A1g(1) 694 694 691 691      691 687       682 

 

3.4.5 X-Ray Photoelectron Spectroscopic studies (XPS analysis) 

X-ray photoelectron spectroscopy was employed to determine the oxidation states of the 

elements in the ferrite samples and further investigate their cation distribution. C 1s peak set to 

284 eV was used to normalize any peak shift occurring due to the apparent charging of the 

samples. A full scan survey of XPS of all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6) ferrites is showcased in Fig. 3.12, and the deconvoluted spectra of each 

element after Tougaard background subtraction is also plotted as depicted from Fig. 3.13 to Fig. 

3.17. 

The chemical state of Fe was determined by XPS, whose deconvoluted spectra is reported in 

Fig. 3.13, and its binding energies are tabulated in Table 3.10. In the case of Fe, two prominent 

peaks are observed in the binding energy range of 700-740 eV. The two peaks correspond to Fe 

2p3/2 and Fe 2p1/2, also accompanied by satellite peaks. The Fe 2p3/2 peak has a degeneracy of 

four states, while Fe 2p1/2 has a degeneracy of two states in spin-orbit coupling, which makes 

the 2p3/2 peak greater than 2p1/2 [35]. The prominent peak 2p3/2 is obtained at around ~710 eV 

with a satellite peak of ~718 eV, 8eV above the prominent peak, corresponding to Fe in a 3+ 

oxidation state. If the satellite peak is obtained ~6eV higher than the main 2p3/2 peak, it 

corresponds to Fe in a 2+ oxidation state. Thus, we can say that in our ferrite material, Fe is in 
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its respective oxidation state of 3+ [35,36]. The 2p3/2 peak further splits into two, one obtained 

at ~710eV, representing the Fe3+ in the octahedral site, and the other at ~713eV, corresponding 

to Fe3+ in the tetrahedral site. The 2p1/2 peak also splits and is obtained at a binding energy of 

~724eV, which is due to Fe3+ at the octahedral site, and another peak is obtained at ~ 726eV, 

corresponding to Fe3+ in the tetrahedral site. The satellite peak obtained for 2p1/2 is ~732eV.  

The XPS peak positioning for Fe has been investigated by different researchers and has been 

reported in the literature [37,38]. 

 

Fig 3.12: The full scan spectrum of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites 

The core-shell spectra of Zn2+ of all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites are represented in Fig. 3.14, and the values obtained for Zn 2p3/2 and 2p1/2 

are tabulated in Table 3.11. The XPS spectra of Zn showed two distinct peaks,2p3/2 at ~1021 eV 

and another 2p1/2 at ~1044eV, which confirms zinc in its divalent state [39]. The literature 

shows that the 2p3/2 is broad and resolved into two peaks, the first peak at ~1021eV, while the 

immediate split peak is at ~1023eV. This broadness in the peak is due to three different types 

of Zn2+ present: i) zinc present in the tetrahedral site as spinel ferrite, ii) due to ZnO formation, 

and iii) due to the presence of zinc in the octahedral site [40,41]. No such splitting is observed 
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in the spectra reported in Fig. 3.14, confirming the presence of Zinc 2+ in only the tetrahedral 

sites with spinel structure. 

Table 3.10:  Binding energies of Fe3+2p3/2 and 2p1/2 along with their satellite peaks obtained 

from the XPS study of ‘as prepared’Ni0.6-xCo0.4ZnxFe2O4 (x= 0.0- 0.6) ferrites   

 

x Binding energy (eV)  

Fe3+ 2p3/2 

(Octahedral) 

Fe3+ 2p3/2 

(Tetrahedral) 

Sat. 

peak 

Fe3+ 

2p3/2 

 

Fe3+ 2p1/2 

(Octahedral) 

Fe3+ 2p1/2 

(Tetrahedral) 

Sat. peak 

Fe3+ 2p1/2 

 

0.0 710.9 713.5 718.4 724.1 727.3 734.3 

0.1 710.4 712.7 718.3 724.0 727.2 733.5 

0.2 710.5 712.9 718.2 723.9 726.9 733.6 

0.3 710.6 712.8 718.5 724.1 726.8 733.8 

0.4 710.7 713 718.5 724.1 727 733.4 

0.5 710.6 712.9 718.4 724.1 727.1 733.6 

0.6 710.7 713.0 718.4 724.2 726.7 733.5 

 

Table 3.11:   Binding energies of Zn2+2p3/2, 2p1/2, and O1s along with their satellite peaks 

obtained from the XPS study of ‘as prepared’Ni0.6-xCo0.4ZnxFe2O4 (x= 0.0- 0.6) ferrites  

x Binding energy (eV)  

Zn2+ 2p3/2 Zn2+ 2p1/2 O 1s O1s 

0.0 - - 529.8 531 

0.1 1020.9 1044.3 529.8 532 

0.2 1020.9 1044.5 529.9 532.7 

0.3 1021.0 1044.2 529.8 - 

0.4 1020.9 1044.1 529 530.4 

0.5 10211.0 1044.0 529.2 530.2 

0.6 1021.2 1044.3 529.6 531 
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Fig. 3.13: The deconvoluted XPS data of Fe 2p for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Fig. 3.14: The deconvoluted XPS data of Zn 2p for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

Oxygen 1s spectra of all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites are illustrated in Fig. 3.15 and the values are depicted in Table 3.11. The 

deconvoluted spectra of O1s peaks show two peaks at ~529eV and another at ~530-532eV. The 

peak at ~529 eV corresponds to metal oxygen linkage or lattice oxygen, whereas the peak at 

~532 eV results in oxygen vacancies or oxygen-deficient regions arising from chemisorbed 

water on the surface [42,43]. 
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Fig. 3.15: The deconvoluted XPS data of O 1s for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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The fitted 2p Ni core level spectra for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites are showcased in Fig. 3.16 and the values are depicted in Table 3.12. 

The deconvoluted spectrum is seen to have two doublets along with shakeup satellite peaks. 

The main peak of Ni 2p3/2 is obtained at ~855eV, while the other Ni 2p1/2 peak is obtained at 

around ~872eV. The main peak also split up, distributing cations in tetrahedral and octahedral 

sites. The main peak of Ni 2p3/2 is obtained at ~855eV. This value corresponds to Ni in the 

octahedral site [44]. The presence of a satellite peak is of great importance in probing the 

chemical state of the metal due to the appearance of a peak at very close binding energies for 

different oxidation states of Ni. The satellite peak for Ni 2p3/2 appears around 861eV. The 

composition is pure spinel and no NiO is confirmed by the absence of a shoulder peak at 1.2eV 

above the main Ni 2p3/2 peak [45,46]. 

Fig. 3.16: The deconvoluted XPS data of Ni for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Table 3.12: Binding energies of Ni2+2p3/2 along with their satellite peaks obtained from the 

XPS study of ‘as prepared’Ni0.6-xCo0.4ZnxFe2O4 (x= 0.0- 0.6) ferrites  

 

 

 

 

 

 

 

 

 

 

 

 

x Binding energy (eV)  

Ni2+ 2p3/2 

 

Sat. peak 

Ni2+ 2p3/2 

 

0.0 855.3 861.5 

0.1 854.8 861.3 

0.2 854.8 861.0 

0.3 855.1 - 

0.4 855.0 - 

0.5 854 - 
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Fig. 3.17: The deconvoluted XPS data of Co for all the ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. 

The core-shell deconvoluted spectra of Co 2p of all the composition of Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites are represented in Fig. 3.17 and the binding energies 

are given in Table 3.13. The main peaks, Co2p 3/2 and Co 2p1/2, are observed at ~780eV and 

~795eV, along with the shakeup satellite peaks at ~786 and ~800eV. The satellite peaks are 

observed at around 5-6eV higher than the main peak. The satellite peaks are a major source for 

confirming the 2+ oxidation state of Co [47,48,49]. The Co 2p3/2 usually splits into two peaks 

with a value of ~780eV associated with cobalt in the octahedral site and the other at ~782eV for 

cobalt in the tetrahedral site. No such splitting occurs in the present study, confirming cobalt's 

presence in only the octahedral site [47]. 
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Table 3.13: Binding energies of Co2+2p3/2 and 2p1/2 along with their satellite peaks obtained 

from the XPS study of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x= 0.0- 0.6) ferrites. 

 

 

 

 

 

 

 

 

 

 

 

x Binding energy (eV) 

Co2+ 2p3/2 

 

Sat. peak 

Co2+ 2p3/2 

 

Co2+ 2p1/2 

 

Sat. peak 

Co2+ 2p1/2 

 

0.0 781.5 786.8 - 801.3 

0.1 780.5 785.8 - 800.6 

0.2 780.6 786.0 - 803.4 

0.3 780.7 786.0 795.5 805.8 

0.4 780.7 786.0 796.3 - 

0.5 780.5 785.9 - 800.4 

0.6 780.6 786.1 - 799.6 
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3.5   Solid State Studies 

The ‘as prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites powder and pellets 

were studied using various techniques and the results of the same are discussed in the section 

below. 

3.5.1 DC Electrical Resistivity 

The DC resistivity studies of ‘as prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) 

ferrites was carried out from RT- 500oC during the heating and cooling process. The plot of log 

resistivity vs 1/T* 1000 is illustrated in Fig. 3.18 for ‘as prepared’ ferrite and Fig. 3.19 for 

‘sintered’ ferrite. The comparison between the ‘as prepared’ and ‘sintered’ ferrite was made 

based on the various factors that affect the properties: grain size, porosity, grain boundary and 

stoichiometry. The synthesis method also changes the material's properties or resistivity. Also, 

with a temperature change, the resistivity changes.  Spinel ferrite usually shows three regions 

in the plot from RT to 773K. The first zone is from RT-400K, and the break in the linear curve 

is observed due to impurities and voids in the samples. The second zone is observed from 400K 

to the Curie temperature; the break usually occurs at the Tc in this region. This zone is attributed 

to the ferrimagnetic region. Meanwhile, the third region above Tc is paramagnetic. The 

resistivity of the ‘as prepared’ ferrite decreases with an increase in temperature, confirming the 

semiconducting behaviour of the samples in the heating and cooling curve. For samples with 

composition x=0.1 and 0.2, a slight increase in resistivity is seen. Various factors can explain 

this behaviour. One reason can be the presence of moisture in the sample, which increases 

resistivity. On further heating, as the moisture evaporates, the resistivity starts decreasing. [50]. 

The charge carriers are scattered due to the setting up of phonon vibration, which blocks the 

mean free path of these charge carriers [51], leading to an increment in resistivity at lower 

temperatures. 
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a                                                       b 

Fig. 3.18 a: Plots of log resistivity vs. 1/T*1000 during heating cycle for ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 ferrites (x=0.0-0.6), and Fig. 3.18 b: Plots of log resistivity vs. 1/T*1000 

during cooling cycle for ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 ferrites (x=0.0-0.6) 

The ‘sintered’ ferrite shows a decreasing trend in resistivity with no break in the slope with an 

increase in temperature. This points to the semiconducting trend of ferrites except for the sample 

with composition x = 0.4, which shows a break in the linear plot at a temperature range of 570-

600 K. This might be because, as it is known that Ni and Co are present in the octahedral site 

while zinc is in the tetrahedral site, whereas Fe is found in both the A and the B sites. Cation 

distribution leads to shifting of ions, which is likely the case, but does not alter composition but 

can change the electrical properties. As the temperature approaches 500K, Fe3+ ions migrate 

from the tetrahedral site to the octahedral site. Here, the hopping of electrons between Fe3+ and 

Fe2+ is increased; therefore, the resistivity is decreased. The transfer of Fe3+ ions continue until 

the temperature is 700K, after which saturation is reached, leading to no further migrations of 

Fe3+ion to the octahedral site [52]. This results in the anomaly in the resistivity plot. The cooling 

curve recorded shows a similar pattern of semiconducting behaviour. It also shows a similar 

trend with an increase in zinc content. The resistivity decreases with an increase in zinc except 

for the sample with composition x=0.5, which is out of trend. It is known from the literature 

that Zn ions prefers to occupy the tetrahedral site. In contrast, Ni occupies the octahedral B site, 

and Fe is present in both the tetrahedral and octahedral sites. With increased Zn content, the Fe 
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ions are shifted to the octahedral site. Thus, the probability of electron hopping between ions of 

the same elements having different oxidation states is increased, as explained by Verwey’s 

conduction mechanism [53]. Therefore, cobalt zinc ferrite has lower resistivity, while nickel 

cobalt has the highest. The resistivity values obtained for ‘sintered’ ferrites are found to be lower 

than those for ‘as prepared’ ferrites. The rise in sintering temperature affects the electrical 

properties. This can be due to factors like cation distribution, grain size increment, or formation 

of Fe2+ ions in the system. Upon sintering, the Zn2+ ions evaporate, giving rise to cation 

vacancies, and unsaturated oxygen ions bind to Fe3+, which creates Fe2+ ions in the system.  

Thus, the electron hopping between Fe2+ and Fe3+ in the presence of Fe2+ ions leads to oriented 

polarisation in the lattice, causing a decline in resistivity for ‘sintered’ samples [54]. It is 

observed that ‘sintered’ ferrites show lower resistivity than ‘as prepared’ ferrites because the 

smaller the particle size, the higher the resistivity; hence, it follows the pattern. Small-sized 

particles have larger grain boundaries. These grain boundaries restrict current flow; thus, 

conduction decreases and resistance increases; therefore, smaller-sized ‘as prepared’ samples 

have higher resistivity than ‘sintered’ samples [55, 56, 57]. ‘Sintered’ samples have higher 

density, which means lower porosity. In comparison, ‘as-prepared’ ferrites have higher porosity 

and lower density; higher porosity means a higher number of vacancies and more scattering 

centers and pores for charge carriers, which leads to higher resistivity of ‘as prepared’ ferrites 

[58]. The ‘as prepared’ sample with composition x=0.5, shows the highest resistivity, as visible 

from the plot, and shows the smallest crystallite size, i.e., 36nm, as calculated from Scherrer’s 

formula, which matches the explanation provided in the literature.  
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                                             a                                                                  b 

Fig. 3.19a: Plots of log resistivity vs. 1/T*1000 during heating for ‘sintered’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites and Fig. 3.19b: Plots of log resistivity vs. 1/T*1000 during 

cooling for ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

3.5.2 Magnetisation study (Vibrating sample magnetometer) 

The DC magnetization study of all the ‘as-prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 ferrites 

with x value ranging from 0.0-0.6 was carried out on a vibrating sample magnetometer at 300 

K and 60 K at a magnetic field of -30000 Oe to 30000 Oe. Fig. 3.20 & 3.21 depict the hysteresis 

loop of ‘as prepared’ ferrite at RT and 60K, respectively, whereas Fig. 3.22 & 3.23 represent 

the hysteresis loop of ‘sintered’ ferrite at RT and 60K. The data evaluated from this hysteresis 

loop is depicted in Table 3.14. The plots depict a sigmoidal curve confirming the soft 

ferrimagnetic nature of the samples. A comparative study of the ‘as prepared’ and ‘sintered’ 

ferrites has been carried out. The RT studies of the M-H hysteresis loop showed a particular 

trend in Ms, Mr, and Hc parameters, which were found from the data obtained by VSM. In the 

Ni0.6-xCo0.4ZnxFe2O4, where x = 0.0 to 0.6, the Ms values increased from 56 emu/g to 76 emu/g 

for x = 0.3 and then decreased to 55 emu/g for x=0.6. This variation in trend due to increased 

Zn dopant has been explained further and is related to cation distribution in A and B sites. The 

values for Ms were very well matched with the reported data [59]. Saturation magnetization 
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showed an increase in Ms value from x=0.0 to x=0.3, after which a decreasing trend was 

obtained till x=0.6. This behaviour of increase followed by decrease can be very well explained 

by two models, depending upon the type of arrangement of Zn ion in the B site, i.e., by a 

collinear or a non-collinear arrangement. The increase in Ms values is explained by Neel’s two 

sub-lattice models or collinear arrangement. In contrast, the decrease is described by the three 

sublattice models, the Yafet-Kittel model, or the non-collinear arrangement. Spinels with 

inverse structure have the divalent metal ion in the octahedral site, while the trivalent ion is 

equally distributed in both the tetrahedral and the octahedral sites. Therefore, Ni and Co will 

occupy the octahedral site while Fe3+ will be shared between both sites. The reports of such 

distribution are indicated in the literature [60]. The net magnetization is given by the difference 

between the magnetic moment of the B site and that of the A site. As the dopant is introduced 

in the ferrite, the Zn ion occupies the tetrahedral site [61]. The replacement of the Ni2+ ion by 

Zn2+ pushes the trivalent Fe3+ ion from the tetrahedral site to the octahedral site; this, in turn, 

changes the magnetization value of the system. Fe3+ has a magnetic moment of 5BM, while that 

of Zn2+ is 0 BM.  As the Zn content increases, Fe with a higher magnetic moment moves to the 

B site, thus increasing the B site's magnetic moment while decreasing the A site's magnetic 

moment. Therefore, with increased Zn content, magnetization increases according to Neel’s 

collinear model due to increased superexchange interactions between ions of A and B sites. 

However, it is observed from Table 3.14 that after x=0.3, the Ms value shows a continuous 

decrease. With the increase in the content of Zn2+, Neel’s two-sublattice model does not hold 

well; instead, the Yafet-Kittel model of non-linear arrangement explains the decreasing 

behaviour. Above x=0.3, the zinc content increases to such an extent that the A- B super-

exchange interaction decreases due to a decrease in the magnetic moment of the A site, and 

instead, the intra-sub lattice, i.e., the interaction between the B-B lattice dominates. This 

strengthened B-B interaction leads to spin canting, which decreases magnetization. In the case 

of ‘sintered’ samples, the same trend was seen, i.e., the Ms value initially increases with an 

increase in zinc content, and further decrease is observed, which is explained by the two-sub 

lattice model and three-sub lattice model, respectively. The Ms values obtained for ‘sintered’ 

samples were found to be slightly higher than those of ‘as prepared’ ferrite samples, at RT. The 

lower values of ‘as prepared’ ferries can be attributed to spin canting which is because of 

antiferromagnetic exchange interactions. 
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Fig. 3.20 The plot of magnetic moment v/s magnetic field of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites measured at RT 

 

Fig. 3.21: The plot of magnetic moment v/s magnetic field of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites measured at 60K 
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Fig. 3.22. The plot of magnetic moment v/s magnetic field of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites measured at RT 

 

Fig. 3.23 The plot of magnetic moment v/s magnetic field of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites measured at 60K 
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Fig.3.22 & 3.23 depict the MH studies carried out at RT and 60K for ‘sintered’ ferrite samples. 

As expected, the Ms values obtained for the ‘as prepared’ and ‘sintered’ ferrite performed at 60 

K were higher than those of RT because at lower temperatures, there are fewer thermal 

fluctuations on magnetic ions. Mr values and Hc values decreased with an increase in zinc 

content in the samples. 

The M-T studies or the temperature-dependent studies were carried out in the temperature range 

of 60K to 350K at a constant field of 250, 500, and 1000Oe for both the ‘as prepared ' and 

‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. The zero-field cooled 

magnetisation (ZFC) and field cooled magnetisation (FC) studies for all the ferrites were carried 

out and the plots of the same are represented in Fig: 3.24 and Fig: 3.25. In the case of ZFC 

analysis, the sample was first cooled to 60 K. Here, the field applied is zero; when the sample 

attains 60K, the field is applied, and heating is initiated from 60K to 350 K.  The FC studies 

were measured during the heating cycle. The material was first cooled to 60K in the presence 

of a field, and the applied field measurements were done during the heating process. Fig. 3.24 

represents the plot of magnetization versus temperature for ‘as-prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites whereas Fig. 3.25 represents the magnetization versus 

temperature curve for ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

at a constant field of 250, 500 and1000Oe. As mentioned above, the plots show two curves. The 

lower curve represents the ZFC, while the upper represents the FC.  In the case of the ZFC curve 

for ‘as prepared’ ferrite, it was observed that initially, the magnetization increases to attain a 

maximum value and shows a broad maximum. This broad maximum results from wide particle 

distribution within the samples and dipole-dipole interactions [62-64]. Further, as the 

temperature increases, a decrease in the curve is seen; this maximum that is attained is referred 

to as blocking temperature (TB) [Table 3.11]; the blocking temperature is the temperature where 

the thermal energy overcomes the anisotropy in the domain which aligns the magnetic spins in 

the direction of the applied field and hence a high magnetization is obtained at that temperature. 

At temperature below Tb, we see that the value of magnetization is low i.e., is near 60 K; this 

can be explained by the fact that during the cooling process, when no magnetic field is applied, 

the magnetic moments in the domain align along the easy axis which is expected but magnetic 

anisotropic energy curtain the alignment along the easy axis hence explains the lower values at 

60K [62]. Above TB, we see that the magnetization decreases monotonically with an increase in 
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temperature, but only for a few samples.  In the case of the FC curve, the curve shows a 

continuous decrease as expected for single-domain nanoparticles [62,63,64]. At low 

temperatures, the FC curve shows the highest magnetization, indicating long-range magnetic 

ordered particles with high anisotropy [65,66]. It is observed that the magnetisation curve 

decreases rapidly with temperature for samples containing higher zinc content, which can be 

attributed to weak interactions between particles due to surface layer disorder [67]. Another 

factor determined from the ZFC-FC curve is the irreversible temperature (Tirr), which is defined 

as the temperature at which the ZFC and FC curves meet. But in our studies, we noticed that 

not all the ZFC and Fc curves meet at 350K This can be due to a fraction of molecules that are 

still magnetically blocked. The large size and magnetic interaction between these larger 

particles lead to such behaviour. Blocking temperature was seen to decrease with an increase in 

the applied field. TB value was found to be lowest at 1000 Oe, while at 250 Oe, the ferrite sample 

showed the highest TB value. TB also varied with dopant content. It can be seen from Table 3.14 

that, as the zinc content increased, the value of TB also increased. Except for the sample with 

the highest zinc content (x=0.6), where TB decreased or showed the lowest value as compared 

to all the other ferrite samples.  The large gap between the ZFC and FC curves for lower zinc 

content samples can be explained by the large anisotropy, due to which high energy is required 

for the spins to flip and align according to the applied field [67].  

The magnetisation studies as a function of temperature for ‘sintered’ ferrite samples were also 

measured in variable fields, 1000, 500, and 250Oe, with an increasing temperature from 60K to 

350 K. The FC and ZFC curves showed a similar trend to ‘as prepared’ ferrites. The blocking 

temperature for most of the samples was not gained as it lay beyond 350K, and the irreversible 

temperature could not be determined. The ample space between the ZFC and FC curves 

indicates a large particle size distribution in the ferrite samples. 
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Table: 3.14: Ms, Hc, Mr, and TB obtained from the MH and MT plots of ‘as prepared’ and 

‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at RT, 60 K and a 

constant field of 250, 500 and 1000Oe 

X  0.0  0.1  0.2  0.3  0.4  0.5  0.6  

Ms  

(emu/g)  

RT  ‘As prepared’  56  63  66  76  71  58  55  

‘sintered’  59  73  80  87  87  81  67  

60K  ‘As prepared’  60  73  82  99  110  103  111  

‘sintered’  59  81  95  107  127  135  126  

Hc  

(Oe)  

RT  

  

‘As prepared’  687  397  236  205  100  54  35  

‘sintered’  502  299  234  192  123  42  51  

60K  ‘As prepared’  5506  4164  2322  1753  1318  800  492  

‘sintered’  1993  1607  943  756  536  329  469  

Mr  

(emu/g)  

RT  ‘As prepared’  21  34  13  14  7  4  2  

‘sintered’  17  15  14  11  6  3  4  

60K  ‘As prepared’  27  36  52  58  54  52  45  

‘sintered’  28  24  29  37  43  50  39  

TB  

(Oe)  

  

250  ‘As prepared’  -  300  345  350  -  -  245  

‘sintered’  -   -  - -   -  -  - 

500  ‘As prepared’  -  243  304  348  349  348  211  

‘sintered’   -  -  -  -  -  321 261  

1000  ‘As prepared’  348  193  239  324  329  346  160  

‘sintered’   -  - -  -  332  282  171 
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Fig. 3.24 MT plots (FC and ZFC curves) of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites at 1000,500 &250 Oe. 
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Fig. 3.25: MT plots (FC and ZFC curves) of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites at 1000,500 &250 Oe. 
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3.5.3 AC Susceptibility  

The AC susceptibility measurements of the ‘as prepared’ as well as the ‘sintered’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites have been carried out from room 

temperature to 850 K. Curie temperature and domain structure are evaluated from the obtained 

data. Fig. 3.26 represents the susceptibility plots of ‘as-prepared’ ferrites, while Table 3.15 

summarises the Tc values. From the AC susceptibility curves, it can be seen that, as the 

temperature rises, susceptibility increases linearly with the formation of a peak or the Hopkinson 

peak at elevated temperatures. Further, as the Tc is approached, there is a steady decrease in the 

susceptibility, confirming a pure phase formation as only a single Curie temperature is obtained 

[68-70]. Like in XRD, AC susceptibility is another technique to confirm phase purity. The plot 

indicates a peak-like formation in the samples, especially in the case of the samples with the 

composition x=0.0 and x=0.1. Such peak behaviour suggests the presence of single-domain 

characteristics of particles [68,69]. The peak seen in the case of ferrite sample with composition 

x=0.0 is quite pronounced and is not visible as zinc concentration increases, finally leading to a 

superparamagnetic curve for sample x=0.6. Thus, it is inferred that, addition of zinc into the 

ferrite system leads to superparamagnetic particles [71]. The presence of Hopkinson’s peak with 

an increase in thermal energy and the increase at the peak is an engaging process of thermo-

magnetic randomization and magnetic alignment due to boundary wall domain expansion [72]. 

After the susceptibility reaches its highest, the alignment in the magnetic ordering is broken, 

leading to a fall in the susceptibility, giving the Curie temperature. This is where the 

ferrimagnetic materials behave like a paramagnetic one, called the Curie temperature [73]. It is 

seen that as the zinc content increases, the size of the material also decreases in the ‘as prepared’ 

and ‘sintered’ state, with some variation [75]. As the size from bulk to nanomaterials changes, 

the particle's nature also changes from multi-domain to a single domain and superparamagnetic, 

which also alters the Tc [74]. The Ni-rich samples show peaking behavior, which reduces with 

zinc content, thus indicating the superparamagnetic nature of samples with higher zinc content 

[71]. In the case of the ‘as prepared’ ferrites showcased in Fig. 3.26, it is clear that the Tc 

decreases with the increase in dopant concentration, which is a non-magnetic zinc. Several 

factors affect the decrease in the trend, like the occupation of the metal cations in the octahedral 

and tetrahedral sites, which in turn depends on the synthesis route, size of the particles, etc. [76]. 
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It has been reported that Curie temperatures depend on the occupation and interaction of all the 

metal ions in the lattices [77]. Several interactions can occur, like A-A, B-B, and A-B 

interactions. The interaction seen with higher intensity is the A-B interaction as given by Neel’s 

two-sublattice model.  The magnetic superexchange interactions between A-B ions of Fe3+-O-

Fe3+ can explain the decline in Tc with increased zinc content. It is known that all the zinc ions 

occupy the tetrahedral site, while Fe3+ can be present at the tetrahedral (A site) and octahedral 

(B site) sites. Introducing Zn2+ ions into the system forces the Fe3+ into the B site, thus increasing 

the zinc content in the A site, decreasing the Fe3+ content in the A site, and increasing it in the 

B site.  The larger zinc ions will increase the distance between the A and B sites, as indicated 

by the increased lattice constant values from XRD, reducing the A-B interactions. Hence, less 

energy will be required to destroy the alignment of spins, so the Curie temperature is lowered 

with doping with Zn2+ ions. [78]. Table 3.15 shows the Curie temperature for ‘as prepared’ and 

‘sintered’ ferrites. It was noticed that Tc decreases with zinc content for both series. This is 

attributed to the size of the particles. As the size decreases, the Curie temperature declines. 

However, in the case of ‘sintered’ ferrites, the sizes vary, and the Curie temperature 

continuously declines. The ‘as prepared’ ferrites and the ‘sintered’ ferrites showed a similar 

trend with zinc content. 

Fig. 3.27 illustrates the plots of ac susceptibility studies of ‘sintered’ ferrite samples. It can be 

noted that the ‘sintered’ ferrite shows a lower Curie temperature than the ‘as prepared’ ferrite. 

As mentioned above, this trend can be correlated to the lattice constant. The lattice constant of 

‘sintered’ ferrite is higher than that of ‘as prepared’ ferrite. A higher lattice constant means more 

distance between the A and B sites, reducing their interaction and requiring lower energy to 

break the magnetic alignment. Thus, the lowering of Tc is accountable. The samples with 

composition x=0.4, 0.5, and 0.6 show a slow increase in susceptibility with temperature and 

further falls to zero at Tc with a tailing effect; therefore, we can conclude the presence of some 

superparamagnetic single domain fraction of particles [79]. Meanwhile, the samples with 

composition x=0.0 to 0.3 show a peak with significant susceptibility, from which we can 

conclude the fraction of multidomain particles within homogeneous particles [80]. 
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Table 3.15: Tc of ‘as prepared’ and ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4(x=0.0, 0.1, 0.2, 0.3, 0.4,0.5, 

0.6) ferrites 

 

 

 

 

 

 

 

 

 

Fig. 3.26 AC susceptibility plots of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrite 

x Tc (K) 

As-Prepared 

Tc (K) 

Sintered 

0.0 825 812 

0.1 781 762 

0.2 724 718 

0.3 707 684 

0.4 585 581 

0.5 489 513 

0.6 482 452 
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Fig. 3.27 AC susceptibility plots of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

3.5.4 Dielectric study 

The dielectric properties in the ferrites are governed by various factors that affect the 

performance of the samples. Cation distribution, stoichiometry of the samples, sample density, 

sample size, method of synthesis, and temperatures at which samples were treated are some of 

the few factors affecting the properties. The dielectric study of all the ‘as-prepared’ and 

‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrite samples was carried out. 

Ferrites synthesized were studied concerning frequency at a variable temperature and a fixed 

frequency. The plots of dielectric constant versus log frequency and dielectric loss versus log 

frequency are represented in Fig.3.28a and b, respectively, for ‘as prepared’ ferrite, and Fig. 

3.31 and Fig. 3.32 represent the ‘sintered’ ferrite samples, respectively. The plots for the 

temperature-dependent study are plotted as dielectric constant versus temperature and dielectric 

loss versus temperature at fixed frequencies of 1 kHz and 1MHz. The plots are illustrated in 

Fig. 3.29(a-c) & Fig. 3.30(c-d) for ‘as prepared ferrite and Fig. 3.33 (a-d) for ‘sintered’ ferrite. 
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3.5.4.1 Dielectric constant versus frequency 

In The frequency variation plots, the dielectric constant was observed to decrease continuously 

with an increase in frequency; this is the typical trend of ferrite materials. At lower frequencies, 

the dielectric constant was high, and as the frequency increases, the dielectric constant starts to 

decrease and further becomes independent of frequency. The initial drop is rapid, followed by 

a gradual decrease, and further beyond 10 kHz, the dielectric constant becomes independent of 

frequency. After analyzing the dielectric constant, it is observed that sample with composition 

x=0.1 shows an unbelievably significant value as compared to other samples. The conduction 

mechanism in ferrites is explained by two models: Koop’s phenomenological theory and 

Maxwell-Wagner's principle [81-83]. According to Koop’s theory, the higher value of the 

dielectric constant at lower frequencies is due to grain boundaries with high resistance. 

Maxwell- Wagner’s theory explains grain boundary polarisation due to material defects. 

Therefore, these two theories were utilized to describe the trend observed in the samples.  

During the synthesis process or sintering of the sample, defects in the samples occur, which 

results in polarisation; therefore, we observe that at lower frequencies, the dielectric constant is 

dominated by ionic and interfacial polarisations, whereas in the higher frequency region, the 

dielectric constant is impacted by electronic and dipolar polarisation [84]. According to Koop’s 

theory, ferrites contain highly conducting grains compared to poorly performing or insulating 

grain boundaries. When the external fields are applied, the charge carriers hop towards the grain 

boundary, and accumulation occurs due to the grain boundary's weakly conducting nature. This 

results in high interfacial polarization, resulting in a high value of dielectric constant at lower 

frequency in the samples. At high-frequency regions, the interfacial charges cannot match up 

with the fast-oscillating external field. Due to such lag, the dielectric constant decreases, or in 

other words, when the external field overpowers the hopping frequency of electrons, there is a 

reversal in the motion of electrons; hence, the polarisation decreases, and so does the dielectric 

constant [85]. The conduction mechanism in ferrites can result from the hopping of electrons or 

the movement of holes. The conduction mechanism and dielectric properties have a close 

relationship. The exchange of electrons between ions of the same elements having different 

oxidation states results in the displacement of charges and causes polarization. The dielectric 

constant depends on the number of Fe2+ and Fe3+ ions present in the samples; the sample x=0.1 
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shows an exceptionally high dielectric constant, which can be attributed to a smaller grain size. 

Smaller grain sizes result in more grains and larger grain boundaries. These grain boundaries 

result in scattering, accounting for a high dielectric constant. A larger surface area of material 

leads to larger surface polarization, which certainly tallies with the surface area obtained for 

sample x=0.1 from BET data. The surface area obtained for x=0.1 is 128m2/g, which is 

relatively high compared to the other samples in the series [86]. The lowest dielectric constant 

was observed for the sample with x=0.3. 

The dielectric loss vs log frequency plots for ‘as prepared’ ferrite samples is illustrated in Fig. 

3.28 b. It showcases a high dielectric loss at a lower frequency for all the samples. This 

enormous loss significantly drops as the frequency rises. This phenomenon agrees with Koop’s 

phenomenological principle [87]. Various factors can affect the dielectric loss, such as 

magnetostriction anisotropy, microstructure alteration, imperfection in the lattice, and 

stoichiometric Fe2+ content. Due to the lower applied frequency, the electron hopping frequency 

between the ions Fe2+ and Fe3+ is more significant at low frequencies. This makes it easier for 

the dipoles to align parallel to the direction of the field, which enhances the loss factor. A sharp 

drop is observed at higher frequencies due to a lag in polarisation, and interfacial polarisation 

leads to the adoption of a resistive layer. A slight hump in the plot is observed in the case of the 

ferrite sample with compositions x=0.2, 0.4, and 0.6. These resonance peaks are typical to spinel 

ferrites. The peak observed is referred to as the Debye relaxation peak. The relaxation occurs 

when the hopping of electrons between the Fe2+ and Fe3+ becomes equal to the applied 

frequency field, and the phenomenon is known as ferrimagnetic resonance [88].  

3.5.4.2 Dielectric properties versus temperature 

Fig. 3.29 (a,b) and Fig 3.30 (a, b) represents the temperature-dependent dielectric constant plots 

of ‘as prepared’ ferrite for fixed frequencies, 1 kHz and 1 MHz, respectively. Two regions are 

observed in the plots due to low and high temperatures. It can be observed that the dielectric 

constant is almost independent of temperature at low temperatures. The temperature is very low 

and insufficient to activate the charge carriers. After which, a rapid increase in the dielectric 

constant is observed. The variation in dielectric constant can be explained by the formation of 

Fe2+ ions, which are formed due to unsaturated oxygen and cation vacancies. 
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                                        a                                                                      b 

Fig. 3.28 a: The plot of Dielectric Constant vs. Log Frequency at RT for ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites and Fig. 3.28b: The plot of Dielectric Loss vs. Log 

Frequency at RT for ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

The presence of Fe in two different valence states causes the hopping of electrons between the 

Fe ions. The Fe in the 2+ state acts like p-type carriers, which releases electrons, while Fe in the 

3+ valence state helps neutralize electrons, being the n-type carrier. Thus, this gives rise to 

orientational polarisation and the trend [89]. Iron (Fe3+/Fe2+), Cobalt (Co3+/Co2+), and Nickel 

(Ni3+/Ni2+) ions in the octahedral site increases the dielectric constant and loss significantly. 

The polarization in such materials is similar to the conduction process wherein the hopping of 

electrons between holes and electrons gives rise to dielectric polarisation in ferrites [90,91]. 

Comparing the two frequencies, it is observed that the 1MHz frequency gives a lower dielectric 

constant than the 1kHz frequency. All four types of polarisations, interfacial, dipolar, ionic, and 

electronic, contribute towards the dielectric constant at low frequency. The onset of the 

dielectric constant shifts to a higher temperature in the case of a 1 MHz frequency plot. This 

rapid increase for the lower 1 kHz frequency is mainly due to interfacial and dipolar 

polarisation. The lower values of the dielectric constant are due to the contribution of ionic and 

electronic polarization [92]. 
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The dielectric loss concerning temperature at 1 kHz and 1 MHz frequencies shows a similar 

pattern to that of the dielectric constant. The dielectric loss can be explained as a lag polarisation 

caused when the field is applied. It can be seen from Fig.3.29 b and 3.30 b that dielectric losses 

are lower for the high frequency of 1MHz for all the ferrite materials. It can be seen that the 

dielectric loss is minimum or independent up to 500K, after which an increase in loss is observed 

with a hump or peak-like behaviour in the case of a 1kHz frequency plot. Similar behaviour is 

observed for samples at higher frequencies. This is due to thermal energy at higher temperatures 

boosting the charge carriers, which results in better hopping of electrons, increasing the 

polarisation, and thus increasing the losses. The sudden increase in loss with an increase in 

temperature is attributed to conduction losses [89].  The dielectric loss behaviour can be 

compared with resistivity as both have an inverse relationship, which means the sample 

possessing the highest resistivity will maintain the lowest dielectric loss, which again very well 

matches in the present study, ferrite sample with the composition x=0.3 shows the highest 

resistivity with the lowest dielectric loss. Thus, high resistivity and low dielectric loss materials 

can be used in power applications at high frequencies. 

  

a                                                                         b 

Fig. 3.29 a: The plot of Dielectric Constant vs. Temperature for ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1 kHz, and Fig. 3.29 b: The plot of Dielectric Loss vs 

Temperature for ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1 kHz 
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a                                                                           b  

Fig. 3.30a: The plot of Dielectric Constant vs. Temperature for ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1MHz, and Fig. 3.30 b: The plot of Dielectric Loss vs. 

Temperature for ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1MHz 

3.5.4.3 Dielectric properties of ‘sintered’ ferrites 

The dielectric constant represents the energy stored during the imaginary part of the dielectric 

constant, which represents the energy loss. It is known from the literature that the dielectric 

properties or polarisation are highly influenced by the method of preparation, homogeneity, 

cation distribution, grain size, density, porosity, and also the sintering temperature [93]. A 

comparative study between ‘as prepared’ and ‘sintered’ dielectric properties is discussed to 

understand how sintering influences the properties. Figs. 3.31 and 3.32 illustrate the frequency 

dependence of the dielectric constant and dielectric loss in the samples. It is observed that the 

trend seen in the figure is similar to that of the ‘as prepared’ ferrite, i.e., with an increase in 

frequency, the dielectric constant decreases and is saturated, which is a normal trend expected 

for ferrites. This trend arises from interfacial polarisation in the Maxwell-Wagner model and 

agrees with Koop’s phenomenological principle [94, 95, 96]. The dielectric constant of 

‘sintered’ ferrite is found to be lower than that of ‘as prepared’ ferrite due to better crystal 

formation and increased sintering density. 

Dielectric loss is a delay in polarisation or when polarisation lags or does not match the applied 

external field, caused by impurities or homogeneous materials. Therefore, it is noted that ferrite 
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samples sintered at 1000 °C show a very low dielectric loss as compared to the ‘as prepared’ 

samples calcined at 500 °C, as sintered samples are structurally perfect and homogenous. The 

decrease in dielectric loss with an increase in frequency follows the Maxwell-Wagner interfacial 

model [97]. Low dielectric losses mean high resistivity; the ferrite sample with composition x 

=0.4 possesses the lowest dielectric loss and shows the highest resistivity, which can be 

observed from Fig. 3.18 and 3.19. 

 

 a                                                                            b 

Fig. 3.31 a: The plot of Dielectric Constant vs. Log Frequency of ‘sintered’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

Fig. 3.32 b: The plot of Dielectric Loss vs. Log Frequency of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0-0.6) ferrites 

3.5.4.4 Dielectric properties concerning temperature of ‘sintered’ ferrites 

The dielectric constant and dielectric loss studies of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) 

ferrites conducted at frequencies of 1 kHz and 1 MHz at increasing temperatures are illustrated 

in Fig. 3.33 (a-b) and 3.34 (a-b), respectively. This trend follows a similar trend observed in ‘as 

prepared’ ferrites. The dielectric constant at lower temperatures is independent of temperature 

and almost remains the same until a specific temperature, after which an increase in the 

dielectric value is seen. This trend is the same for both frequencies. The sample shows lower 
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dielectric constant at 1MHz frequency than at 1kHz frequency. Dielectric constant mainly 

contributes to 4 types of polarisations, out of which dipolar and interfacial polarisation play a 

significant role at lower frequencies and are dependent on temperature. The dipolar polarisation 

decreases with temperature while interfacial polarisation increases; hence, interfacial 

polarisation dominates, increasing the dielectric constant. In the case of higher frequency, ionic 

and electronic polarisation are associated; therefore, a rapid increase in dielectric constant is 

observed at lower frequencies and a slow increase at higher frequencies [98, 99]. The onset of 

the dielectric constant decreases with a decrease in zinc content. Cobalt zinc ferrite shows the 

highest dielectric constant at both frequencies. Dielectric constant and resistivity shows opposite 

trends. Cobalt zinc, which has the highest dielectric constant, should show the lowest resistivity, 

which follows the trend in the present study. The cooling curves of resistivity illustrate the same. 

This implies that the conduction mechanism governs dielectric behaviour. Lower resistivity 

suggests ease of flow of charge carriers, which results in space charge polarization, thus 

increasing the dielectric constant. In comparison, higher resistivity obstructs the piling up of 

space charge carriers, resulting in lower dielectric constant values. Higher zinc content shows a 

higher dielectric constant; sample x=0.6, where zinc is in a higher ratio, shows a higher value. 

During sintering at higher temperatures, the chances of zinc evaporation are high. Due to the 

loss, the tendency to form Fe2+ ions increases. The increase in zinc content, which prudentially 

occupies the tetrahedral site, pushes the Fe present in the tetrahedral site to the octahedral site, 

with more ions of Fe3+ and Fe2+ in the octahedral site. The hopping of electrons between ions 

increases, thus increasing the dielectric constant. 

The dielectric constant and dielectric loss at 1 kHz and 1 MHz were lower than those of the ‘as 

prepared’ samples. This points out the formation of structurally perfect crystals through 

sintering.  
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a                                                                     b 

Fig. 3.33a: The plot of Dielectric Constant vs. Temperature for ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0-0.6) ferrites at 1 kHz and Fig. 3.33b: The plot of Dielectric Loss vs Temperature for 

‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1 kHz 

  

a                                                                       b 

Fig. 3.34 a: The plot of Dielectric Constant vs. Temperature for ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0-0.6) ferrites at 1MHz and Fig. 3.34 b: Dielectric Loss vs Temperature for ‘sintered’ 

Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites at 1MHz 
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3.5.5 Initial Permeability Study 

The initial permeability and Tan δ studies for all the ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6) ferrites have been performed at RT at variable frequencies, whose 

schematics are portrayed in Fig. 3.35 a& band initial permeability vs. temperature plots for all 

the samples is illustrated in Fig. 3.36a. Initial permeability strongly depends on domain wall 

motion and spin. These two factors play a significant role at specific frequencies, i.e., the 

domain wall motion is substantial at lower frequencies. In comparison, at higher frequencies, 

the spin rotation is more dominant [84,100,101,102]. The figure shows that all the samples 

exhibit an identical pattern where the permeability slightly increases at a lower frequency and 

remains constant for the entire frequency range except for sample x=0.6, where an increase is 

seen at a higher frequency. It is observed that there is an initial increase in permeability at a 

lower frequency up to a particular frequency; this phenomenon is observed when there is a weak 

magnetic field present, which leads to the unpinning of the domain wall. As the frequency 

increases, the permeability of the samples become independent. This region is called the zone 

of utility [103].  

Initial permeability is influenced by microstructural parameters like stoichiometry, 

composition, impurity concentration, crystallite size, saturation magnetization, and anisotropy 

values, which determine the initial permeability of the samples. It is seen that with an increase 

in Zn content in the samples, the permeability increases except for sample x=0.5, which shows 

a lower value than x=0.4. This can be attributed to increased bulk density and reduced grain 

size. Also, reduced magnetocrystalline anisotropy constant may be caused by reduced stress and 

a decreased crystal anisotropy [84]. With the increase in Zn content, permeability is seen to 

increase, and so is the crystallite size and saturation magnetization, and anisotropy is found to 

decrease. All these factors very well explain the trend in permeability of the samples [104]. A 

sample with high zinc content has no constraint on domain wall motion compared to other 

samples in the series and, therefore, can be considered for higher-frequency applications. The 

loss tangent vs. log frequency is depicted in Fig. 3.35b, which results from the difference in 

domain wall motion and applied magnetic field. It is observed from the plot that at lower 

frequencies, the loss is high, and as the frequency increases, it lowers and becomes constant. 

There is no proper trend obtained with an increase in zinc content.  
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We have also attempted to study temperature-dependent plots of initial permeability vs 

temperature (K) carried out from RT to 550 °C. Table 3.16 represents the Tc obtained from 

temperature studies of initial permeability compared with Tc obtained from AC susceptibility 

studies of the ‘sintered’ samples. The plots indicate an increase in permeability with an increase 

in temperature, showing a peak and then a sudden drop at Tc, as seen in AC susceptibility 

studies. This technique also provides the Tc values comparable to those obtained from AC 

susceptibility. Sharp fall at Tc also includes information on the presence of a multi-domain type 

domain structure. Sharp fall at Tc also complements the XRD data, which tells about the single-

phase formation of the ferrite samples. It is seen that the Tc value decreases as the Zn content in 

the samples increases. As the zinc concentration increases, zinc ions prefer the tetrahedral (A) 

site, which pushes the Fe ions to move to the B site, replacing Ni ions. The lattice parameter 

also increases, leading to an increased distance between the A and B sites, meaning that the 

energy required to break the magnetic interactions is low. Thus, the Tc values decrease as Zn 

concentration increases. Fig. 3.36 b represents a Tan δ vs. Temperature plot of the ‘sintered’ 

Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites. As the temperature is increased, the loss is seen to 

remain constant at the beginning with an abrupt rise, and again shows a steady increase. The 

initial plateau seen with an increase in temperature reduces with an increase in zinc content. For 

the sample with composition x = 0.0, the plateau is seen almost for entire temperature while x 

= 0.6 sample shows highest losses. The sudden rise in the temperature is at same temperature 

as the fall in initial permeability plot. 
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Fig. 3.35a: The plot of Initial permeability vs Log Frequency of ‘sintered’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 

Fig. 3.35 b: The plot of Tan δ vs Log Frequency of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Fig. 3.36a: The plot of Initial Permeability vs Temperature of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 

Fig. 3.36b: The plot of Tan δ vs Temperature of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Table 3.16: The Curie Temperature (Tc) of ‘sintered’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites evaluated from AC susceptibility and Initial permeability studies 

 

Composition 

(x) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Tc (K)  

AC 

Susceptibility 

812 762 718 684 581 513 452 

Tc (K) 

Initial 

Permeability 

817 760 730 715 594 494 480 
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3.6 Applications of Ferrites 

3.6.1 Gas Sensing applications of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

In this section, the gas sensing studies of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites have been discussed. The ‘as prepared’ ferrites were utilized to prepare 

a thick film resistor for the application. The gas sensing set-up unit is discussed in detail in 

Chapter 2. Under this application, we have studied the response of gases at variable 

temperatures to select the best-suited temperature for studies such as the percentage response of 

gases towards different compositions, the response at variable concentrations of test gases, the 

reproducibility studies, etc. Two types of gases were chosen for the application study: oxidizing 

and reducing gases (Cl2, NOX, NH3, LPG). Optimization was conducted at RT, 50, 100, 150, 

and 200°C.   

Nowadays, gas sensors have been an essential topic of talk in the town due to their ability to 

detect gases at minimum ppm levels and stop unwanted disasters. Metal oxide semiconductor 

sensors have been proven to work at RT and higher temperatures, producing reproducibility, 

sensitivity, and quick response and recovery [105]. The sensor's activity depends on material 

properties like surface area, which directly depends on the size of the ferrite, which can be tuned 

accordingly by the synthesis method used for the synthesis of the materials. Doping the 

materials with other ions also leads to more significant activity of the compounds [106-108]. 

The smaller the size, the greater the sensor response size. Particles are poor conductors due to 

fewer charge carriers, which are activated as they come in contact with the test gases and show 

greater conductance [109]. 

3.6.2 Selection of optimum temperature for gas sensing studies 

Temperature-dependent sensor response of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites is represented in Fig. 3.17. The optimum temperature for each gas was 

selected by testing the gases at different temperatures. The optimum temperature for NOX 

sensing was selected by subjecting the mid-sample x=0.3 to various temperatures. Sensing was 

performed at five different temperatures, ranging from room temperature to 200°C, with a 

difference of 50°C between each. Tests were conducted by taking 100 ppm of test gas each 
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time. Results showed that the best response was observed at room temperature, with a response 

of 51%. The response percentage decreased as the temperature increased [110], but the recovery 

time was found to decrease.  

The response to recovery time was prolonged at 50°C, with a response of 18%. At 100°C, the 

response was 10%, while the sample showed very low response at 150 °C and 200°C. Hence, 

further studies concerning composition were conducted at 100°C. The Cl2 gas is an obnoxious, 

known gas among a few naturally occurring toxic gases. Its detection is a concern, so we have 

also chosen it for our present study. 100 ppm of this gas was taken to detect its response 

percentage at variable temperatures using the x=0.3 sensor. At RT, a response of 20% was 

detected, and the response subsequently dropped at 50 °C and 100°C to 5 % and 4%, 

respectively; at 150 °C and 200°C, the obtained response was relatively low. The recovery at RT 

was quite faster; recovery time is the time required by the sensor to get its initial state [111]. 

Since the recovery was quick at RT, the remaining compositions were analysed at RT. Our 

sensors also detected some other gases, such as NH3 and LPG.  

The ferrite sensor showed a response of 31% for NH3 gas at RT, but the recovery was extended 

or slow. The response was reduced to 10% at 50°C, and the recovery was delayed, while at 

100°C, a quick recovery was seen with a low response of 8 %. The response was negligible at 

150 and 200°C; therefore, the temperature selected for sensing the NH3 gas was 100°C. The 

commercially used LPG gas was used to study the sensing property of the sensors, and the ferrite 

sample with composition x=0.3 was used to optimise the temperature. At RT, a very low 

response of 5% was seen to be observed with an increase in temperature, i.e., at 50°C, the 

response was 30%, while the highest response obtained was at 100°C which was 67% with 

quick recovery with further increase in temperature, i.e., at 150°C the response dropped to 18% 

and finally at 200°C, the response was negligible. Therefore, the gas sensing studies of LPG 

were conducted at 100°C. Fig. 3.38 represents the excellent sensor's response towards NOx, 

NH3, and Cl2 at RT, but with prolonged recovery rates. 
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Fig. 3.37: Temperature dependent sensor response of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites  

A B 

C 

Fig. 3.38: The plot of % response vs time of Ni0.6-xCo0.4ZnxFe2O4 (x= 0.3) ferritefor A:NOx, 

B:NH3, and C:Cl2 at RT. 
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3.6.3 % Response at variable x concentration  

All the compositions sensed the NOx gas using 100 ppm of test gas at 100°C and is represented 

using a bar graph in Fig. 3.39. It was observed that with an increase in zinc content, the sensor 

response decreased from x=0.0 to x=0.6, and further, a decrease in response was observed. 

Though the response percentage was not so profound. The ferrite sample with composition 

x=0.0 was found to have the highest % response out of all the samples. To further study the 

variation in concentration of test gas in ppm, Test samples at various ppm levels (20, 50, 75, 

100, 150, 200) were injected to study their effect, which resulted in an increase in the % response 

with the rise in concentration. A reproducibility study for x=0.4 was conducted to check the 

efficiency of the sensor. The sample showed excellent reliability after three continuous purges.  

For the Cl2 response, room temperature was selected as it gave a quick and higher response for 

the x=0.3 sample. Fig. 3.40 A represents the % responses for variable compositions, and it is 

observed from Fig. 3.40 B that sample x=0.5 showcased a good percentage of detection of Cl2 

gas at RT. The percentage response obtained for the same was 63%, while the rest of the 

composition showed a response below 50%. Further studies on a variation in gas concentration 

were performed, where it was observed that, unlike the previous case in NOX, here, as the ppm 

of gas concentration increased, the response % decreased. This results from saturation of the 

sensor with an increase in gas content.   

 

Fig. 3.39: The plot of % Response vs. composition of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites towards NOx gas 
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A                                                               B 

Fig. 3.40 A: The plot of % Response vs. Compositions of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites for Cl2 gas. B:  The plot of % Response vs. Time of 

‘as prepared’’ Ni0.6-xCo0.4ZnxFe2O4 (x = 0.5) ferrites for Cl2 gas at RT  

LPG and NH3 gases were selected as the test gases for the reducing gas studies. A temperature 

optimisation study for LPG suggests that 100°C gave the best % response for 100 ppm test gas. 

At RT temperature, the %response was 5%, and as the temperature increased to 50°C, it showed 

30% response; as the temperature went beyond 100°C, the response was found to decrease, i.e., 

18% at 150°C, and at 200°C, it was 10%.  The selected temperature for the study was 100°C, 

using which the % response for all the samples in the series was conducted and is depicted in 

Fig. 3.41 (A-E). As the zinc content in the sample increased, the % response also increased upto 

x=0.3 and then decreased with higher zinc content. This arises due to the particle sizes of the 

samples. Various ppm of the test gases were purged into the sample, from which we understood 

that with an increase in the gas volume, the % response increased, but with further increase, 

saturation was established, due to which the % response was reduced. Reproducibility studies 

were also studied for sample with composition x=0.6, and we could get the reproducibility 

maximum times.  
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A B 

C 

 D E 

Fig. 3.41: A: The plot of resistance vs. Time for sample x=0.3, B: Plot of % Response vs. 

Time for sample x=0.3, C: % Response vs. Composition for LPG, D: % Response vs. 

Increasing concentration in gas, x=0.0, E: Plot of % Response vs. Time to test the 

reproducibility studies of sample x=0.6. 
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Fig. 3.42 showcases % response vs. composition (x) for NH3 gas at 100°C using 100 ppm of 

test gas; during the optimization study of temperature, it was noted that the highest % response 

was obtained for RT, but the recovery rate was longer; with further increase in temperature, the 

response decreased at 50 °C and also had a more prolonged recovery rate while at the higher 

temperatures, the recovery was quick therefore 100 °C was chosen as the temperature to study 

the samples. Unlike LPG, the reducing gases couldn’t be sensed more than 50%  by the ‘as 

prepared’ ferrite sample. 

 

Fig. 3.42: The plot of % response vs. composition (x) of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites for NH3 gas at 100 °C using 100 ppm of test gas. 

3.6.4 Gas Sensing Mechanism 

Metal oxide gas sensors are temperature-dependent and can be categorized into two categories: 

the first category involves the sensors showing surface conductance and working in the low to 

moderate temperature range. In contrast, the second category of materials is the one that follows 

the bulk effect and work above 700 °C [112]. Sensing is a surface adsorption-desorption 

phenomenon [113]. The interplay of gas molecules in contact with the sensor causes changes in 

the materials, thereby increasing or decreasing the resistance [114]. The variation in resistance 

or sensitivity of sensing is greatly affected by the grain size, surface area, oxygen adsorption, 

and lattice defects. Apart from this, the type of semiconductor (n-type or p-type), composition, 

type of gas (oxidizing or reducing), and gas concentration are also responsible for the response 
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[ 115-116]. Oxygen adsorption on the surface of the material and its interaction with the gas 

molecules lead to changes in the resistance, which is an essential step in the process of gas 

sensing [117]. 

When the sensor material is exposed to air, the oxygen molecules get adsorbed on its surface, 

forming ionized oxygen molecules. The chemisorbed oxygen molecules are formed by trapping 

electrons from the conduction band of the ferrite material which is represented as follows: 

O2 (gas) → O2 (ads)                                                                                                                    (1) 

O2 (ads)+e-
 → O2

-
(ads)                          (~25-150oC)                                                     (2) 

O2
-
(ads) +e-

   → 2O- 
(ads)                  ( > 150-300  

oC)                               (3) 

O- 
(ads)) +e- 

 → O2-
(ads)                    (> 300oc)                                          (4) 

The chemisorbed oxygen (Eq. 2-4) will behave like surface receptors, and increases surface 

resistivity. 

3.6.5 Working Principle of Metal Oxide Sensors 

The semiconductor sensors are quite sensitive to various gases in the air. The alteration in 

conductivity or resistance when adsorbed on the surface is essentially because of two main 

factors:electron trapping and band bending. When sensor material is exposed to air, O2 is 

adsorbed on the surface and electrons from the conduction band are trapped at the sensor's 

surface, forming ions. The negative charge is thus trapped in the O2 species, which causes 

upward bending where the depleted layer is smaller than the size of the grains. 

Consequently, when exposed to reducing gases, the electrons in the O2 species are freed and the 

bent band is reversed, increasing the conductivity or decreasing resistivity [118]. 

R + Os-→RO + e- 

When the gas sensor is exposed to reducing gas, it gets oxidized by O-, and the electron captured 

by the oxygen species is released back to the bulk material. The O- species reduces along with 

the thickness of space charge layer. This in turn reduces the Schottky barrier, making electrons 

to conduct through the grains. When exposed to reducing gases the barrier becomes smaller 

easing the conduction of electrons. Similarly, when oxidizing gases are sensed the Schottky 
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barrier increases making the ionic charges higher than oxygen reducing its resistivity. When 

material are p-type semiconductors, when exposed to reducing gases, the resistance increases 

and for oxidizing gases, it decreases while for n-type it is vice-versa. 

3.7 Electrochemical Application 

3.7.1 Electrochemical studies of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites 

The study of electrochemical properties of ferrite for their application in supercapacitors has 

been broadly examined for the increasing demand for electronic and electric storage devices. 

Ferrite materials have high power density, longer life, and durability, rendering them 

appropriate for applications [119-121]. Key factors such as size, surface area, composition, 

calcination temperature, and preparation method are essential in deciding on a good 

supercapacitor [122]. Supercapacitors may be grouped into two types based on the charge 

storage mechanism: 1. Electric double-layer supercapacitor (EDLC), and 2. Pseudocapacitors. 

In EDLC, the capacitance results from charge separation at the interface between the electrode 

and electrolyte. In contrast, in the case of pseudocapacitors, the faradaic reaction occurring at 

the interface leads to pseudocapacitance. The materials used for the capacitance study include 

carbon black, conducting polymer, and active metal oxide [123,124]. 

Cyclic voltammetry study helped obtain information on sample oxidation and reduction. The 

energy storage capability of ‘as prepared’ samples x=0-0.6 was determined by subjecting the 

samples to cyclic voltammetry analysis, which was done using a three-electrode system in the 

potential range of 0- 0.5V in 3M KOH electrolyte. Further details are provided in Chapter 2. 

The CV plots of the calcined Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites are 

illustrated in Fig. 3.44, and the corresponding specific capacitance values are summarized in 

Table 3.17. The Variation in specific capacitance is also studied at variable scan rates (3, 5, 10, 

20, 30, 50, and 80 mV). Apart from the electrode material, charge storage properties depend on 

the hydrated ionic radius, conductivity, and electrolyte ion mobility. The electrolyte ionic radius 

is an essential factor in the ion transfer process. [125] K+ ions possess suitable ionic radii,  
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mobility, and conductivity. Also, OH- has small ionic radii and helps the ion transfer process; 

thus, KOH was selected as the electrolyte solution.  

The plots show a well-developed cyclic voltammogram; the oxidation and reduction peaks 

appeared in all the samples, indicating stable and reversible redox reactions, hence confirming 

the pseudocapacitive behavior of the samples [126]. These findings imply that the ferrite 

samples show a Faradaic-type mechanism [127]. The following response can express the 

reversible redox reaction occurring in the electrochemical process [128]: 

MFe2O4 + H2O+ OH- ↔ MOOH +2FeOOH +e- 

MO + OH ↔ MOOH + e- 

 Fig. 3.43 represents the plot of specific capacitance versus scan rate of ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites and Fig. 3.44 depicts voltamograms 

of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites. the specific 

capacitance calculated from the plots are tabulated in Table 3.13. 

 

It is seen from Fig. 3.44 that as the scan rate increases, the surface area also increases. From the 

plotted voltammogram, one can note that as the scan rate increases, the peaks shift; the oxidation 

peak shift towards the anodic potential, while the reduction peak shifts towards the cathodic 

potential. The electrochemical polarisation may be responsible for the change in peak position 

observed at different scan rates [129]. Lower scan rates showed higher capacitance values, and 

similar observations were made in many ferrites [130-131]. Under the condition of reduced scan 

rate, the OH- ions are effectively utilized at the inner and outer surface due to sufficient time 

available to access the surface area of the electrode. While during higher scan rates, the time 

available to the electrolyte to diffuse and access the active centers present at the electrode 

interface is less, here only the outer active sites participate in the Faradaic redox reaction. In 

contrast, the inner active sites are inaccessible [132]. More considerable ohmic resistance at a 

high scan rate could also add up to a lower capacitance value at a higher scan rate [133]. 
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Fig. 3.43: The plot of specific capacitance versus scan rate of ‘as prepared’ Ni0.6-

xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 

 

Fig. 3.44b displays the galvanic charge/ discharge plots of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at a current density of 1A g-1 and The Nyquist plot of 

Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) was obtained from electrochemical 

impedance spectroscopic studies (EIS). Fig. 3.44c shows the plot, and all the samples show a 

similar pattern. the data on capacitance obtained from galvanic charge-discharge analysis are 

displayed in Table 3.17 along with the solution resistance value from the Nyquist plot. The 

solution resistance may be due to the intrinsic resistance of the active matter, ionic resistance of 

the solution, interfacial resistance, or contact resistance, and is quite low in our case, indicating 

good potential of the material in supercapacitor activity. 
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Table 3.17: Specific capacitance of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites at variable scan rate and current density of 1A/g, and Rs 

 

Scan rate 

(mV/s) 

Csp (F/g) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

3  41.1 77.9 78.9  44.3 60.6  47.8 78.0 

5  30.6 74.6 73.3  40.1 56.3  49.9 77.2 

10  29.0 69.0 66.7  37.0 51.8  46.7 73.1 

20  28.9 59.9 59.0  35.2 46.2  41.1 65.5 

30  28.1 52.4 53.0  34.4 41.4  42.1 60.6 

50  27.6 43.4 43.3  32.6 34.6  39.9 54.0 

80  26.3 38.4 27.6  29.8 41.5  40.3 51.1 

 

Specific 

capacitance@ 

Current 

density: 1A/g 

61 42 20 22 38 20 23 

Rs 1.00538 0.69664 0.929 0.87695 0.8096 0.73279 0.85726 
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Fig. 3.44a: CV Plots of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites 
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Fig. 3.44 b: The galvanic charge/discharge plots of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 

 
Fig. 3.44 c: The Nyquist plot of ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites 
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3.8 Antibacterial Application 

Owing to the escalating resistance of pathogens to available drugs, the role of antibacterial 

agents has become increasingly vital. The antibacterial study of all the Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites was done to study the potential of the sample as a 

potent antibacterial agent. Staphylococcus aureus, a gram-positive bacterium, was used to 

investigate the sample's antibacterial activity. A comprehensive description of the procedure is 

provided in Chapter 2. Fig. 3.45 represents a graph showing the effect of two different 

concentrations of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites on the 

percentage survival of Staphylococcus aureus. Fig. 3.46 and 3.47 show the 500 and 1000 µg/mL 

survival percentages for all the ‘as prepared’ samples with the best dosage loading for better 

antibacterial activity by varying the dosage mass to the solvent. The samples show promising 

results for the ferrites against this human pathogen. The survival percentages of the samples 

were assessed about the control, which is considered 100%. At 500 µg/mL, sample x=0.0 

showed the best results, with a survival percentage of 10%, followed by x=0.4 with a 30% 

survival rate. Significant findings were obtained when studies were conducted at 1000 µg/mL. 

Sample x=0.4 showed excellent results with no bacterium survival at all, and sample x=0.0 

showed a 3% survival percentage. Antibacterial results of the compounds were in the order: 

x=0.0>0.4>0.6>0.3>0.1>0.2>0.5 for 500µg/mL, whereas for 1000µg/mL the order was 

x=0.4>0.0>0.6>0.3>0.2>0.1>0.5.  From the data, it is noted that as the ferrite dosage increases, 

the antibacterial activity increases; therefore, 1000µg/mL gave impressive results for the 

samples under the study against the gram-positive pathogen. S. aureus is known to cause wound 

infection, causing complications [134]. The gram-positive bacteria contain a thick layer of 

peptidoglycan, which is 20-80nm [135], with no outer membrane like in gram-negative bacteria, 

which protects it from toxins, chemicals, antibiotics, and degrading enzymes, and therefore are 

resistant and cause the spread of diseases. The ferrite nanoparticle produces pits and gaps, 

causing the fragmentation of the bacteria's cell membrane [136]. Various reports give 

hypotheses on the antibacterial activity of the material on pathogens: i) generation of reactive 

oxygen species, ii) release of all metal ions into the bacteria alters the protein structure by 

forming bonds with the sulfhydryl groups, and iii) binding of nanomaterial on the bacterial 

surface, in turn, destroying the bacterial cell [137,138]. The positively charged metal cations 

get attracted to the negatively charged surface of the bacteria, thus accumulating at the surface 
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and entering the cells by producing pores in the wall or the membrane and leaking out the 

intracellular content of the bacteria, resulting in the breaking of the cell membrane [139].  Lima 

et al. [140] showed that size plays a significant role in influencing the cytotoxicity and 

calcination temperature. The smaller the calcination temperature, the smaller the size, and the 

greater the cytotoxicity. In the present study, sample with composition x=0.4 showed the best 

results, with the smallest size compared to all the samples. 

 

 

Fig. 3.45: Graph showing the effect of two different concentrations of Ni0.6-xCo0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites on percentage survival of Staphylococcus aureus.  
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Fig. 3.46: Antibacterial activity of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites and control at (Conc: 1000 µg/mL) on percentage survival of Staphylococcus aureus. 
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Fig. 3.47: Antibacterial activity of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites and control (Conc: 500 µg/mL) on percentage survival of Staphylococcus aureus. 
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3.9 Summary 

The precursor-combustion methodology was used to synthesize Ni0.6-xCo0.4ZnxFe2O4 (x =0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. The precursor Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) obtained was hexahydrazine fumarate ligand bound to metal 

ions. The synthesized yellow-coloured precursor complex was characterized to determine its 

stoichiometric proportions. The C, H, N analysis, hydrazine estimation, TG-DTG-DTA, IR, 

total mass loss, and isothermal mass loss were done, and the precursor was found to have exact 

stoichiometry. Soon, the precursor was ignited to obtain the as-burnt product, which was 

calcinated at 500 °C for five hours. The ‘as-prepared’ ferrite was pre-sintered at 800 °C for five 

hours before sintering it with a final temperature of 1000 °C for 10h, which was selected by 

optimizing multiple times the time of sintering and temperature of sintering combinations.  The 

‘as-prepared’ and ‘sintered’ ferrites were then characterized by multiple techniques for phase 

purity and morphology, and their solid-state properties were also studied. The X-ray diffraction 

studies revealed a single phase in the ‘as prepared’ and ‘sintered’ ferrite samples. The lattice 

constant, crystallite size, and porosities were determined using the XRD data. The sharp, intense 

peaks were seen in the case of ‘sintered’ ferrites, while the peaks were broad and shorter in case 

of ‘as-prepared’ ferrites. The SEM morphological studies showed agglomerated images due to 

magnetic interactions in ‘as prepared’ and ‘sintered’ ferrites. The EDS studies carried out 

alongside SEM showed the elements present in the samples in the proper proportions. The TEM 

images showed the shape of the particles, which were cubic in nature. The SAED patterns 

showed a bright concentric circle, indicating the crystalline nature of samples. The BET 

technique was employed to determine the surface area, which showed the highest surface area 

of 39 m2/g for sample x = 0.5. The Raman analysis showed the five Raman active modes. The 

A1g (1) peak diminished as the zinc content increased and became visible in the ‘sintered’ ferrite 

samples. The XPS spectra showed a full scan spectrum wherein all the elements were present 

per the composition. The deconvoluted spectra confirmed the exact valence state of the metal 

ions. 

A comparative study of ‘as prepared’ and ‘sintered’ ferrites was done based on their solid-state 

properties. The electrical resistivity, magnetic properties (using VSM and AC susceptibility), 

RT and high-temperature dielectric studies, and initial permeability were studied. The resistivity 
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studies confirmed the semiconducting behaviour of the samples as the resistivity decreased with 

an elevation in temperature; as the zinc content increased, the resistivity showed a decrease. 

Dielectric studies carried out at RT showed a usual trend for dielectric constant and dielectric 

loss and higher temperature studies in both ‘as prepared’ and ‘sintered’ samples. The dielectric 

and resistivity studies show an inverse trend, which can be seen clearly for sample x = 0.1. The 

initial permeability studies of ‘sintered’ toroids showed promising results, and the TC was 

estimated for the samples, which were in relatively good accordance with results obtained from 

AC susceptibility. The magnetic study conducted using the VSM instrument deduced many 

parameters. The magnetization vs. magnetic field performance was found out via hysteresis 

loop; it was revealed that the sample material had a soft ferrimagnetic nature in ‘as prepared’ 

and sintered ferrites. The magnetization increased with zinc content, followed by a decrease. 

Similar results were obtained for studies at 60K but with a broader hysteresis loop the FC and 

ZFC performance of ‘as prepared’ and ‘sintered’ samples at 250, 500, and 1000Oe. The 

blocking temperature for the same was also recorded. It was observed that TB lowered with a 

rise in the field under study. The AC susceptibility technique estimated the Curie temperature 

for both ‘as prepared’ and ‘sintered’ ferrite. The ‘as prepared’ ferrite had a higher Tc than the 

sintered ferrite. 

The various applications of the ‘as prepared’ ferrite were performed to see its performance in 

different fields. The ‘as prepared’ Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 

was subjected to gas sensing applications. Two oxidizing and two reducing gases were used as 

the test gas to study all the samples. The optimization to select the appropriate temperature was 

conducted singly for each gas. The variable temperatures selected for optimization were RT, 

50, 100,150, and 200 °C. The temperature chosen for the study of NOx was 100 °C, although 

at RT the response% was relatively high, but recovery was slow. The NOx gas gave a low 

response %. The temperature to study Cl2 was room temperature. The sample x=0.5 showed the 

best results with a response% of 63%. 100 °C was chosen as the temperature for the study of all 

the samples for LPG gas, and sample x=0.3 showed excellent results with 67% response. A 

reproducibility study of the sample was also conducted to ensure its reproducibility. With the 

increase in concentration, the response % also increased. NH3 gas was studied at 100°C, the 

response% was low and below 50%. The electrochemical performance of the samples to study 

their capacitance properties was studied using cyclic voltammetry using a three-electrode 
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system. The sample was drop-cast on Ni foam, which worked as the working electrode. The 

electrolyte used was a 3M KOH solution. The study was carried out at variable scan rates. It 

was observed that as the scan rate decreased, the specific capacitance increased. Sample x=0.2 

showed the best results with 78.9 F/g specific capacitance at a three-mV scan rate.  

To test the material for its potential as an anti-bacterial agent, the gram-positive pathogen S. 

aureus was selected. Two different concentrations of dosages (500µg/mL and 1000µg/mL) 

were studied. 1000µg/mL showed better results than 500µg/mL, with sample x=0.4 and x=0.0 

showing promising results. 
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4.1 Introduction 

The properties of ferrites highly depend on the nature of the synthesis techniques, and their 

structure and sizes can be modified accordingly. The combustion method is a technique that 

involves a self-sustained exothermic redox reaction between the fuel and the oxidizer. Upon 

heating, the fuel-oxidizer mixture undergoes rapid combustion, generating sufficient heat to 

decompose the precursor, yielding ferrite nanoparticles. According to the literature, various 

fuels such as glycine, urea, tartaric acid, and so on have been utilized for synthesizing many 

ferrite nanoparticles. Amongst them, hexamine, a nitrogen-rich compound, stands out as an 

effective fuel, producing porous ferrite nanomaterials. 

Mn-Zn-Ni ferrite is extensively used due to its ability to incorporate the beneficial magnetic 

properties of manganese, zinc, and nickel, resulting in materials with excellent performance. 

Mn-Zn ferrites in particular have been employed in high-frequency applications owing to their 

high magnetic permeability and low core losses. The addition of nickel enhances electrical 

resistivity, magnetic properties, and thermal stability, thereby reducing eddy current losses and 

improving the overall performance. Therefore, this makes these compounds are suitable for 

various EMI suppressors, power electronics materials, and microwave absorbers. 

4.2 Optimization study of Ni0.3Mn0.4Zn0.3Fe2O4 ferrites  

The detailed procedure of optimization is discussed in Chapter 2. The optimization was carried 

out using the mid-composition Ni0.3Mn0.4Zn0.3Fe2O4 ferrite, where ten different oxidizer: fuel 

ratios were optimized to select the best oxidizer: fuel ratio. The metal nitrates serve as oxidizers, 

whereas hexamine was selected as the fuel for further study. Table 4.1 represents the various 

ratios selected to study the Ni0.3Mn0.4 Zn0.3Fe2O4 ferrite. 

The combustion synthesis technique is a high-temperature procedure that may lead to the 

formation of impurity phases. Therefore, the main objective of the optimization is to obtain pure 

ferrite compounds with fine particle sizes and no impurity. Optimization studies help select the 

appropriate oxidizer: fuel ratio based on various characterization techniques.  

 



                                                A comparative study of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 … 

170 
 

Table 4.1:  Metal nitrate: fuel ratio, Lattice constants, Average crystallite size, Saturation 

magnetization, Coercivity, Remanence, and Curie temperature.  

Sa

mpl

e 

No. 

Metal: 

Fuel  

ratio 

Lattice 

constant 

(Å) 

Averag

e 

crystalli

te size 

(nm) 

Saturation 

magnetizati

on 

(Ms)emu/g 

Coercivi

ty 

(Hc) 

 

Remanenc

e 

(Mr) 

Curie 

Tempera

ture 

(K) 

1 (1:0.25) 8.395 4 13.06 3.92 0.049 647 

2 (1:0.375) 8.398 4 22.40 8.050 0.350 613 

3 (1:0.50) 8.398 12 24.47 13.99 0.600 677 

4 (1:0.625) 8.401 10 25.24 47.50 0.278 755 

5 (1:0.75) 8.402 22 53.02 35.44 3.482 822 

6 (1:0.875) 8.395 29 58.10 43.65 2.565 839 

7 (1:1) 8.399 32 61.46 40.37 2.776 818 

8 (1:1.125) 8.397 33 57.72 45.06 3.650 805 

9 (1:1.25) 8.396 31 69.71 42.75 3.790 780 

10 (1:1.375) 8.401 26 59.02 62.40 3.750 797 

 

The selected ratio for further synthesis was (1:0625) based on the characterization analysis 

performed. The initial step was to investigate its phase purity, which was done using powder X-

ray diffraction, from which it was observed that the ratio (1:0.625) showed monophasic with 

characteristic spinel peaks. In contrast, the fuel-deficient ratio showed a more amorphous nature 

in the powder XRD peaks, while fuel-efficient peaks had a slight impurity phase. The crystallite 

size was found to be around 10 nm, which is quite suitable for various applications.  Table 4.1 

shows a discontinuity in the lattice constant with an increase in fuel, but it does not increase 

with increasing crystallite size. Infrared spectroscopy revealed the two major spinel ferrite peaks 
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in the 400-600 cm-1 range. Magnetic studies were performed to determine the magnetic 

parameters, which further helped to decide the metal: fuel ratio. The saturation magnetization 

obtained for all the samples was between 13-69 emu/g. The crystallite size and Ms showed a 

close relationship between them. The highest Ms value of 69 emu/g was obtained for the sample 

(1:1.25) ratio. Higher fuel content showed higher Ms values. Ni0.3Mn0.4Zn0.3Fe2O4, synthesized 

by the citrate method by [1], showed a Ms value of 53 emu/g. In our present study, by varying 

the fuel content, we can obtain variable sizes and Ms values; thus, optimization helps in deciding 

the size and various parameters for synthesizing the ferrite series. Curie temperature was 

determined from AC susceptibility studies. The sample showed a single-domain nature with Tc 

at 755 K for the selected ratio. Dielectric constant and dielectric loss studies showed a moderate 

result for the ratio (1:0.625). Resistivity studies were performed at 498 K for the ratio (1:0.625), 

which confirmed the semiconducting nature of the ferrite. Though higher fuel ratios also 

observed high resistivity, but had greater particle size and slight impurities in samples, hence 

the oxidizer: fuel ratio of 1:0.625 was chosen for synthesizing the ferrite series.  

 

 

Fig. 4.1: The powder XRD patterns of Ni0.3Mn0.4Zn0.3Fe2O4 at different metal nitrate: fuel 

ratios 
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Fig. 4.2: Plot of lattice constant and crystallite size as a function of metal nitrate: fuel ratio. 

 
Fig. 4.3a: IR spectra of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite with different metal nitrate: fuel ratios 

 (1-5). 
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Fig. 4.3b: IR spectra of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite with different metal nitrate: fuel ratios (6-

10) 

 
Fig. 4.4: The plot of magnetic moment versus magnetic field of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite 

with different metal: fuel ratios. 



                                                A comparative study of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 … 

174 
 

 

 

Fig. 4.5: The plot of normalized AC susceptibility as a function of temperature of 

Ni0.3Mn0.4Zn0.3Fe2O4 ferrite with different metal: fuel ratios.  

 
Fig. 4.6: The plot of saturation magnetization and Curie temperature as a function of 

temperature of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite with different metal: fuel ratios.  
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Fig. 4.7: a: plot of dielectric constant versus log frequency and, b: dielectric loss versus log 

frequency for Ni0.3Mn0.4Zn0.3Fe2O4 ferrite samples with different metal: fuel ratios. 
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Fig. 4.8: The plot of log resistivity v/s 1/T * 1000 of Ni0.3Mn0.4Zn0.3Fe2O4 ferrite from (a) 1-5 

samples and b: 6-10 samples with different metal nitrate: fuel ratio. 
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4.3 Synthesis of Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

via combustion method using hexamine as the fuel 

The detailed procedure for the synthesis of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites via the combustion method using hexamine as the fuel is given in Chapter 2. The 

details of the optimization study using various techniques to select suitable metal nitrate, such 

as fuel ratio, are mentioned in section 4.2. Multiple methods have been used to characterize the 

‘as prepared’ and ‘sintered’ ferrites, and the effect of zinc substitution is studied in this chapter.  

4.4 Characterization of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x= 

0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

4.4.1 Powder X-ray Diffraction Studies  

The powder X-ray diffraction analysis of zinc-doped Ni-Mn ferrite, viz. Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites was performed to determine the phase purity of the 

samples. Fig. 4.9 depicts the powder XRD patterns of all the ‘as prepared’ ferrite samples. The 

calculated parameters, such as lattice constant, X-ray density, porosity, and crystallite size, are 

calculated from the data tabulated in Table 4.2. The powder XRD patterns in Fig. 4.9 show a 

peak with broad FWHM having small intensities, indicating smaller crystallite sizes. Six well-

defined peaks have been observed with (h k l) values (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 

and (4 4 0). Lattice constants calculated from the data were found to increase linearly as the 

zinc content in the samples increases, and are according to Vegard’s law. According to this law, 

at a constant temperature, the lattice constant of a crystal has a linear relationship with the 

concentration. In this case, zinc ions having ionic radii of 0.84Å are getting replaced by smaller 

ionic radii of  Ni2+ and Fe3+ ions having ionic radii of 0.64 Å and 0.67 Å, respectively[5,6]. Due 

to doping, the more significant ions in the system, the lattice parameters increase [7]. The 

crystallite size was found in the nano range of 8-13 nm.  

The X-ray diffractogram shown in Fig. 4.11 was utilized to determine the optimum final 

sintering time, temperature, and duration. It was observed from the figure that the powder XRD 

patterns for the sample sintered at 1100 °C for 10 h were the only ones showing a cubic spinel 

phase structure, while the other three samples were seen to have the formation of a partial 
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secondary phase. Consequently, 1100 °C for 10 h was chosen as the final sintering temperature 

for the further preparation of the compound. 

 

Fig. 4.9: The powder XRD patterns of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites 

 

Fig. 4.10: The 311 peaks of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites 
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Fig. 4.11: Powder X-ray diffraction pattern of Ni0.3Mn0.4 Zn0.3Fe2O4 ferrite at different sintering 

temperatures: 1000 °C for 10 h, 1050 °C for 5 h, 1050 °C for 10 h, and 1100 °C for 10 h. 

 

 

Fig. 4.12: The powder XRD patterns of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites 
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Table 4.2: Lattice constant (a), Unit cell (V), the crystallite size (D), x-ray density (dx), bulk 

density (dm), and porosity % (P) of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites  

x a (Å) V (Å) D (nm) dx 

(g/cm3) 

Dm 

(g/cm3) 

P (%) 

0.0 8.353 8.387 583 589 15 59 5.341 5.399 2.393 3.465 55.1 35.8 

0.1 8.367 8.395 585 590 10 60 5.295 5.242 2.149 3.472 59.4 33.7 

0.2 8.370 8.407 586 594 8 54 5.305 5.235 2.126 3.475 59.9 33.6 

0.3 8.380 8.420 588 597 11 56 5.301 5.226 2.174 3.432 58.9 35.2 

0.4 8.403 8.428 593 599 13 59 5.098 5.576 2.205 3.478 56.7 33.3 

0.5 8.414 8.441 595 601 13 54 5.267 5.217 2.347 3.471 55.4 33.4 

0.6 8.423 8.458 597 605 12 33 5.265 5.185 2.450 3.519 53.4 32.1 

 

In case of sintered ferrite, sharp peaks were obtained compared to ‘as prepared’ ferrite, as seen 

from Fig. 4.12; FWHM was narrow, leading to a higher crystallite size of the ferrite samples. 

The porosity was lower than that of the ‘as prepared’ ferrite analogues due to their increased 

density. Sintering of the ferrites leads to merging of the grains, thus increasing the crystallite 

size and density while lowering the porosity. The lattice constant increased with zinc content 

and shows a similar trend to that of the ‘as prepared’ ferrites. The lattice constant values were 

higher in the case of ‘sintered’ ferrites, which is also attributed to a larger crystallite size. With 

a rise in temperature, the cation distribution is stable, leading to an increase in lattice constants. 

The zinc and manganese ions are highly stable and prefer to occupy a tetrahedral site. Their 

radius is higher than the radius of a tetrahedral site. In the ‘as prepared’ ferrites, as the size of 
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the nanoparticles is very small, disorder is created, leading to a lowering of electrostatic energy, 

which results in Zn2+ and Mn2+ ions occupying the octahedral site and pushing the Fe3+ into the 

tetrahedral site. Therefore, the contraction in the A site will be more than the expansion of the 

octahedral B site. 

4.4.2 Chemical Analysis  

Chemical analysis is a fundamental characterization technique to confirm the presence of 

elements in their stoichiometric ratios. The primary step in characterizing any sample is to prove 

its stoichiometry and carry forward with further characterization. In our research work, chemical 

analysis was carried out using the ICP-AES instrument. Table 4.3 presents the theoretical and 

experimentally obtained percentages of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites. The close agreement between these percentages confirms the 

stoichiometric accuracy of the synthesized compounds. 

Table 4.3: Theoretical and experimental percentages of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x= 

0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 

 

 

Compos

ition 

Ni2+ (%) Mn2+ (%) Zn2+ (%) Fe3+ (%) 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

Theore

tical 

Experim

ental 

0.0 15.12 14.50 9.40 9.30 - - 47.90 47.17 

0.1 12.50 12.20 9.40 10.0 2.80 1.58 47.82 47.30 

0.2 10.02 10.30 9.37 9.40 5.58 4.70 47.68 47.70 

0.3 7.49 6.80 9.34 9.87 8.41 7.42 47.50 46.74 

0.4 4.98 5.05 9.32 9.54 11.10 11.3 47.40 48.00 

0.5 2.48 1.92 9.29 9.50 13.80 14.20 47.20 48.10 

0.6 - - 9.27 10.00 16.50 17.10 47.10 47.17 
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4.4.3 Infrared spectroscopy  

The infrared spectroscopy (IR) study was conducted of all the ‘as prepared’ and ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0. 5, 0.6) ferrites. Fig. 4.13 represents the IR spectra 

of ‘as prepared’ ferrites, while Fig. 4.14 represents the IR spectra of the ‘sintered’ ferrites. The 

infrared spectrum for spinel ferrites with point group Fd3m usually shows four bands belonging 

to T1u symmetry. The IR spectral data has been tabulated in Table 4.4. 

Figure 4.13 shows two prominent absorption bands in the frequency absorption range of ~ 400-

600 cm-1. These bands are characteristic of spinel ferrites and confirm the phase purity of the 

ferrite samples. The absorption band at a higher frequency, represented as ν1, roughly obtained 

at ~ 600 cm-1, is due to the stretching of the metal-oxygen bond, where the metal is present at a 

tetrahedral site. The second band, ν2, is caused by the metal-oxygen stretching vibration at the 

octahedral site. The absorption bands were observed in the range of ~ 412-579cm-1 in the ‘as 

prepared’ spectra. While in the case of ‘sintered’ samples, the IR frequency absorption band 

was in the range of ~ 412- 598 cm-1. It is observed that with an increase in zinc concentration, 

the ν1 shows a slight shift towards lower frequency values.  

The sintered ferrite ν1 band shows a decrease in values with an increase in zinc content or as 

nickel content is decreased. From the literature, it is known that nickel ions prefer to occupy an 

octahedral site [8], while zinc prefers a tetrahedral site because of its ability to form sp3 covalent 

hybrid orbitals [9]. As the zinc content increases, the nickel content simultaneously decreases, 

making Fe3+ ions move into an octahedral site, which are present in the tetrahedral site initially, 

making space for the incoming Zn2+ ions. The increase in zinc content in the A-site increases 

the radius of the site; hence, there is a decrease in IR frequency. In the case of the ν2 band, there 

was no significant decrease in the values, but a lowering trend was seen. During sintering, there 

are chances of volatilization of Zn2+ ions, leading to the formation of Fe2+ ions in the system. 

The occurrence of Fe2+ ions leads to deformation in the lattice, which is attributed to the Jahn-

Teller effect. Therefore, in the case of sintered IR spectra, there is the presence of shoulder 

peaks indicating an excess of Fe2+ ions. 
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Fig. 4.13: IR spectra of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites 

 

 
Fig. 4.14: IR spectra of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites 
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Table 4.4: IR data of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 

0.4, 0.5,0.6) ferrites 

 

x ᶹ1 ᶹ2 ᶹ1 ᶹ2 

‘as prepared’ ‘sintered’ 

0.0 579 415 598 430 

0.1 575 423 596 415 

0.2 579 412 581 413 

0.3 563 398 579 415 

0.4 579 397 573 415 

0.5 579 464 568 412 

0.6 579 415 562 412 

 

4.4.4 Morphological Studies  

4.4.4.1 High Resolution Transmission Electron Microscopy (HR-TEM)  

The HR-TEM analysis of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites is depicted in Fig. 4.15 (x= 0.0- 0.6) along with their SAED patterns and histogram. The 

HR-TEM images showed agglomerated particles due to the particle’s very fine, highly magnetic 

nature [10-12]. The particles exhibited irregular shapes and were difficult to distinguish as the 

size of the particles was relatively small, as indicated by the histogram. The histogram depicts 

the average particle size as 4-15 nm and can be correlated to the size obtained from powder 

XRD data. The Selected Area Electron Diffraction (SAED) patterns showed discontinuous 

concentric rings or bright spots, confirming the semi-crystalline nature of the samples. The 

particle size was evaluated from the histogram, and the size was comparable to powder XRD 

data. The nature of the material was semi-crystalline, as illustrated by the SAED pattern.  
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Fig. 4.15 HRTEM images, SAED pattern and histogram of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 
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4.4.4.2 Scanning Electron Microscopy (SEM)  

Surface morphology is a critical aspect of surface characterization. The SEM-EDX analysis 

revealed significant information regarding the same as presented in Fig. 4.16. SEM images 

revealed spherical to cuboidal morphology accompanied by noticeable agglomeration, which is 

attributed to the strong magnetic nature of the samples. As the zinc content increased, the 

agglomeration was minimized; therefore, the samples with high nickel content appeared bigger 

as compared to those with higher zinc content [13-15]. EDX analysis helps determine and 

confirm the presence of all the constituent elements in the ferrite samples in exact proportions. 

No impurity peaks were observed, indicating the purity of the synthesized materials. The peak 

that was obtained at 2.0- 2.5 eV is of Au, which was used as a coating material before analysis. 

Thus, apart from a peak of gold, no other material peaks were observed other than the elements 

present in the ferrite system. Additionally, the EDX images show that as the nickel content 

decreases, the intensity of the peak decreases, while for zinc, the peak intensity increases. 

 

 

 
Fig. 4.16 a:   SEM images of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 
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Fig. 4.16 b: EDX images of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 
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4.4.5 Surface area studies (BET Analysis)  

The BET surface area studies were performed using the multipoint BET measurement system 

for all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites. Fig. 4.17 showcases the N2 

adsorption-desorption isotherm plotted for all the ‘as prepared’ samples ranging from x= 0.0-

0.6. The surface areas of the samples x=0.0 to x=0.6 were 80, 128, 99, 72, 65, 58, 56 m2/g, 

respectively. Considering the IUPAC nomenclature, the isotherms in Fig. 4.17 can be classified 

under Type IV isotherms with H3 hysteresis loop [16,17], indicating mesoporous structures 

having slit-like pores.  

.   

   

 

Fig. 4.17: The N2 isotherm of ‘as prepared’Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites 
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The Type IV isotherm results from adsorption on mesoporous solids that proceed via multilayer 

adsorption, and the H3 type hysteresis suggests the presence of aggregates (assemblages) of 

platelike particles forming slit-like pores. The initial increase in surface area observed from x= 

0.0 to x= 0.1 suggested enhanced N2 adsorption at lower zinc content. However, there was a 

continuous decrease in surface area with further increase in Zn ion concentration. The highest 

surface area obtained was 128.640 m2/g for the ferrite sample x= 0.1, whereas the lowest surface 

area value was 56.671 m2/g calculated for the compound having the highest Zn content, i.e., 

x=0.6. The surface area and crystallite size have an inverse relationship, which can also be seen 

from the obtained results. As the zinc content increases, the crystallite size increases, and the 

surface area declines, as confirmed by the crystallite size obtained from powder XRD pattern 

and the surface area obtained from BET surface area analysis. 

4.4.6 Raman Spectroscopy  

One of the essential tools for characterization of the samples is the Raman spectroscopy 

technique, which is sensitive to minute structural disorder while being non-destructive in nature. 

As a surface technique, it provides insights into the structural properties of the compounds by 

determining vibrational modes in the molecules; hence, it is also known as vibrational 

spectroscopy. The Raman analysis was conducted at room temperature (RT), and the results of 

the ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 

have been depicted in Fig. 4.18 and Fig. 4.19 respectively, and the obtained Raman shift values 

for ‘as prepared’ ferrites are tabulated in Table 4.5.   

The Raman analysis reveals three active Raman modes mainly (A1g+Eg+T2g). ‘A’ refers to one-

dimensional representation, ‘E’ a two-dimensional representation, and ‘T’ for three-

dimensional representation, and the subscript ‘g’ represents the symmetry concerning the 

inversion center. It is known in spinel ferrites that the bands observed in the spectral region 

above 600 cm-1 are said to arise from vibrations at the tetrahedral (A) site, while the bands in 

the lower region than 600 cm-1 are from the octahedral (B) site [18]. The band observed at high 

frequency corresponds to A1g, mainly due to the symmetric stretching of oxygen atoms at the 

tetrahedral site.  
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The lower frequency band below 600 cm-1 is Eg, due to symmetric bending between M-O bonds, 

and T2g, due to asymmetric stretching and asymmetric bending vibration between M-O bonds. 

[19]. In the present study, the Eg mode was observed in the 273-310 cm-1 range, the T2g mode 

was obtained at 455-612 cm-1, and the A1g in the spectral range of 667-673 cm-1. The Raman 

spectra also reveal that the A1g (1) peak intensity decreases as the zinc content increases, while 

the peak intensity of the A1g (2) peak shows a corresponding increase. 

 

Fig. 4.18: Raman spectra of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites 

The Raman analysis performed at RT of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5,0.6) ferrites is depicted in Fig. 4.19, and the corresponding values of the peaks are 

tabulated in Table 4.6. The A1g modes appeared at frequency values beyond 600 cm-1 within the 

spectral range 605-681 cm-1. These prominent peaks indicate the formation of single-phase 

(monophasic) samples. A noticeable shoulder peak around 600 cm⁻¹ was observed, and as the 

zinc content is increased, the peak representing Fe-O stretching, i.e., A1g(1) stretching, slowly 

diminishes. The force constant greatly causes a red shift or a blue shift. In the case of A1g (1) 

peak, the Raman shift value is highest for a sample containing no Zn2+ ions, which can be 

explained by the fact that Fe3+ is equally distributed in octahedral and tetrahedral sites since 

there is no zinc. Therefore, the small size of Fe3+ ions and O2- ions will have a high bond strength 
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among them, thus resulting in a high force constant in the tetrahedral site. Hence, with 

progressive zinc substitution, Fe³⁺ ions are slowly displaced towards the octahedral sites, which 

leads to a reduction in the force constant and hence a corresponding shift to lower Raman 

frequencies.  

 

Fig. 4.19: Raman spectra of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites 

Table 4.5: Raman active modes of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites   

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Eg 273 295 310 309 295 309 274 

T2g 459 455 463 465 460 460 460 

A1g(2) 588 591 599 - - -         - 

A1g(1) 667 673 668 - - -         - 
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Table 4.6: Raman active modes of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5,0.6) ferrites 

X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Eg 344 324 330 332 288 288 290 

T2g 498 480 481 481 493 495 500 

A1g (2) 605 607 607 609 605 607         607 

A1g (1) 687 688 681 - - -         - 

 

4.4.7 X-Ray Photoelectron Spectroscopy  

XPS is a sophisticated surface-sensitive technique used to determine the presence of all the 

elements in the system in their respective chemical state within a material. In this study, XPS 

was utilized to analyze the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites. The full scan XPS spectrum of the elements is presented in Fig. 4.20, which shows the 

presence of Ni, Mn, Zn, Fe, and O in all the ferrites without any additional peaks, thereby 

indicating the formation of a pure phase. A minor peak is seen for carbon (C) in the spectrum, 

which must have come from deposited carbon during sample preparation for XPS analysis. XPS 

works on the principle that the binding energy of the core electron ejected is characteristic of 

the specific element.  

The photoelectron peaks of Ni 2p, Mn 2p, Zn 2p, Fe 2p, and O 1s, along with their satellite 

peak, confirmed the Ni, Mn, and Zn to be in their respective 2+ oxidation state, while Fe was in 

the 3+ oxidation state. The full scan spectra ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites has been shown in Fig. 4.20. The resolved (deconvoluted) spectra of 

individual elements are depicted in Fig. 4.21-Fig. 4.25 for all the Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 

0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites and corresponding peak values are tabulated in Table 4.7- 

4.10. 
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Fig. 4.20: Full scan spectra of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites  

The XPS spectra of Mn 2+ in Ni0.6-xZnxMn0.4Fe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

are depicted in Fig. 4.21 and their corresponding binding energies are tabulated in Table 4.7. 

The core level emission peaks are observed at ~642 eV, which corresponds to Mn2+ 2p3/2, and 

the second peak is observed at ~ 653 eV, which is due to Mn2+ 2p1/2. The presence of a satellite 

peak confirms the valence state of Mn to be 2+ [20,21]. Literature reports show the satellite 

peak ~ 4.5 eV higher than the central peak. We observed the satellite peak ~ 2.3- 4 eV higher 

than the main Mn2+ 2p3/2 peak. With an increase in zinc, the difference between the two peaks 

decreased. 

The deconvoluted spectra of Zn2+ for all the Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) are represented in Fig. 4.22, whose corresponding values of binding energy are tabulated 

in Table 4.8.  The fitted Zn2+ spectra show two distinct peaks corresponding to Zn 2p3/2 at 

~1021eV and Zn 2p1/2 at ~1044eV. The difference in the two peaks representing the spin-orbit 

splitting energy is ~ 23eV in all the recorded samples and agrees with the reported data [22]. 

The presence of two signals in the spectra confirms the 2+ oxidation state of Zn in the samples 

[23, 24]. 
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Fig. 4.21: The deconvoluted XPS spectra of Mn for all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Table 4.7: Binding energies of Mn2+2p3/2 and 2p1/2 along with their satellite peaks. 

 

 

The resolved spectra of O1s for Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) are 

depicted in Fig. 4.23 with data in Table 4.8. It is revealed that the O1s peak is split into two 

peaks, one at ~529eV, while the other at 531eV. The ferrite samples x= 0.3 and x= 0.5 also 

show a further splitting of the 531 peak. The peak at ~529eV is of oxygen in the lattice, while 

the shoulder peak is due to surface adsorbed oxygen or defects in the ferrite oxide. 

       

Table 4.8: Binding energies of Zn2+ 2p3/2, 2p1/2, and O1s 

 

 x Binding energy (eV) 

Zn2+ 2p3/2 Zn2+ 2p1/2 O 1s O1s 

0.0 - - 529.5 531.0 

0.1 1021.2 1044.4 529.7 531.1 

0.2 1021.0 1044.2 529.5 531.1 

0.3 1021.2 1044.2 529.8 531.1 

0.4 1021.4 1044.3 529.6 531.1 

0.5 1021.1 1044.4 529.4 531.4 

0.6 1021.0 1044.1 529.4 531.1 

 

x Binding energy (eV) 

Mn2+ 2p3/2 Mn2+ 2p3/2 (Sat. peak) Mn2+ 2p1/2 

0.0 641.5 645.0 653.0 

0.1 641.8 645.3 653.4 

0.2 641.7 644.6 653.5 

0.3 641.8 644.5 654.0 

0.4 641.9 645.3 653.4 

0.5 641.8 644.1 653.7 

0.6 641.8 644.3 653.4 
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Fig. 4.22: The deconvoluted XPS spectra of Zn 2p for all the ‘as-prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Fig. 4.23: The deconvoluted XPS spectra of O 1s for all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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Table 4.9: Binding energies of Ni2+2p3/2 and Ni2+ 2p1/2 along with their satellite peak  

 

 

The fitted spectra of Ni2+ for all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites are illustrated in Fig. 4.24, and binding energies of the deconvoluted peaks are 

given in Table 4.9. The two spin-orbit peak was observed at ~855 eV and ~872eV corresponding 

to Ni 2p 3/2 and Ni 2p1/2 respectively alongside the prominent peaks corresponding satellite peaks 

were also observed at ~861eV and ~879eV these shake up like peaks helps determine the 

valence state if Ni in the samples and confirms it to be in 2+ state [25,26]. The Ni 2p3/2 peak 

appears at 855eV, but in a few samples it is observed at ~854 eV. Although the value is a little 

lower than expected, it is still present in the spinel structure, which is confirmed by the peak 

shape; the peak Ni 2p3/2 does not show any shoulder peak. And the possibility of having NiO is 

also ruled out as its value comes much lower [27].  

 x Binding energy (eV) 

Ni2+ 2p3/2 

 

Sat. peak 

Ni2+ 2p3/2 

Ni2+ 2p1/2 

 

Sat. peak 

Ni2+ 2p1/2 

 

0.0 855.0 861.1 872.6 879.4 

0.1 855.2 861.4 872.8 - 

0.2 854.7 861.1 - 879 

0.3 854.7 860.7 - - 

0.4 854.8 861.1 872.6 879.4 

0.5 854.7 - - - 

0.6 - - - - 
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Fig. 4.24: The deconvoluted XPS spectra of Ni 2p for all the ‘asprepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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The XPS analysis of Fe 2p for all the Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites is evaluated from the deconvoluted spectrum represented in Fig. 4.25. Tougaard’s 

background subtraction for the Fe 2p was considered. The Fe 2p exhibited two prominent peaks, 

including Fe 2p3/2 and Fe 2p1/2 ~13eV apart due to spin-orbit coupling [28]. The first peak was 

further resolved into a multi-component peak. The peak appeared at ~710 eV, corresponding to 

Fe at the octahedral site, while the peak at ~713 eV corresponds to Fe at the tetrahedral site. The 

peak obtained alongside this main peak is the shake-up-like satellite peak at ~718 eV. This peak, 

8 eV higher than the main peak, confirms Fe in a 3+ valence state. The 2p1/2 peak appears at 

~724 eV due to Fe present in the cathedral site, while the split peak appears at ~726 eV, which 

is due to Fe in the tetrahedral site. The satellite peak at ~732 eV is also present alongside the 

main peak [29-31]. No peaks were obtained at binding energies of 708 eV and 709 eV, ruling 

out the occurrence of Fe in the 2+ oxidation state. 

 

Table 4.10: Binding energies of Fe3+2p3/2 and 2p1/2 along with their satellite peaks 

 

 

 

 

 

 

 

   
 x 

Binding energy (eV)  
Fe3+ 2p3/2 
(Octahedral) 

Fe3+ 2p3/2 

(Tetrahedral) 
Sat. 
peak 
Fe3+ 
2p3/2 

 

Fe3+ 2p1/2 

(Octahedral) 
Fe3+ 2p1/2 

(Tetrahedral) 
Sat.. peak 
Fe3+ 2p1/2 

 

0.0 709.9 712.0 718.4 724.4 727.0 732.8 
0.1 710.3 712.5 718.0 724.0 727.0 732.9 
0.2 710.2 712.1 718.1 724.5 724.5 732.5 
0.3 709.9 712.8 718.5 724.2 724.3 733.2 
0.4 710.0 713.6 718.2 724.5 727 732.9 
0.5 710.5 712.6 718.3 724.2 726.8 733.5 
0.6 710.4 712.4 718.1 725.2 725.2 732.9 
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Fig. 4.25: The deconvoluted XPS spectra of Fe 2p for all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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4.5 Solid-state properties of ‘as prepared’ and ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. 

4.5.1 DC Electrical Resistivity  

4.5.1.1 DC Electrical Resistivity of ‘as prepared’ and ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. 

The DC resistivity studies for ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites were conducted in the range of RT-500 °C during heating as well as 

cooling, and the plots are illustrated in Fig. 4 .26a and Fig. 4.26 b. The plots of log resistivity 

vs. 1/T*1000 (K-1) showcase the electrical resistivity behavior concerning temperature, which 

depicts the semiconducting nature of the samples. It was observed that the resistivity decreases 

with increasing temperature following Arrhenius-type behavior. Due to the rise in temperature, 

the collision between ions increases; thus, the conductance and resistance decrease. The 

measured resistivity values obtained are of the order 103–105ohm cm. The resistivity of a sample 

is influenced by several factors such as synthesis technique, composition, size, shape, 

distribution of ions, etc., all of which can change material’s behaviour [32,33,34]. 

The Verwey model [35] explains the electrical conductivity of ferrites, according to which the 

electron hopping is involved between the same metal having different valence states. The 

structure of spinels is such that the anion, i.e., oxygen, forms a closed pack lattice, while the 

metal occupies the tetrahedral [A] site and octahedral sites [B]. The metals present in tetrahedral 

and octahedral sites are secluded from each other. The distance between the cations in the A 

site is larger than the B-B distances.  Thus, electron hopping is favorable between metal ions of 

mixed valence at the B-sites, allowing electrical conductivity.  

Hence, the hopping between Fe2+ and Fe3+ occurs in the octahedral B site and is responsible for 

conduction [36, 37]. Apart from electron jump, conductivity is also influenced by particle size, 

grains, and grain boundaries, the dopant metal, and its concentration [38, 39].   Fig. 4.26a depicts 

the plot of log resistivity vs. 1/T for ‘as prepared’ ferrites showing a continuous drop in 

resistivity with increased temperature. This indicates the semiconductor behavior of the 

samples. The sample x=0.6 shows a slightly different approach; resistivity at the beginning is 
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lower, and with an increase in temperature, it increases slightly, reaches a maximum, and then 

starts decreasing. Such a trend can be due to the presence of pores in the loosely agglomerated 

sample, which leads to trapped moisture [40, 41]. The continuous increase in temperature leads 

to evaporation of the moisture, after which a decline is noticed. At RT, the resistivity was found 

to be lower due to protonic conductivity because of the moisture in the samples, as reported by 

others [42, 43]. This kind of observation has been reported in the literature for Fe2O3 material 

having high moisture [44]. Furthermore, an increase in temperature results in a linear resistivity 

plot exhibiting a negative temperature coefficient of resistance behavior [45]. The effect of Zn 

concentration on the DC resistivity of the ‘as prepared’ ferrites did not show a consistent trend. 

Thus, one can conclude that in ‘as prepared’ ferrites, the particle size, porosity, and entrapped 

moisture predominantly influence the resistivity rather than Zn content alone. 

 

Fig 4.26a: Plots of log resistivity vs. 1/T during heating and cooling for ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

In the case of ‘sintered’ ferrites, a semiconducting trend is observed similar to that of the 

prepared, as shown in 4.26 b (sintered) for heating and cooling analysis. Verwey’s hopping 

mechanism can explain the resistivity in ferrites. According to this mechanism, an electron hop 

occurs between the same elements having variable oxidation states. The electron jumps from 

the A site to the B site, or the electron hops between the B sites. The probability of B-B 

interaction is much higher due to the shorter distance between the elements at the B-site. 
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According to the literature, Ni2+ ions prefer the octahedral site, while Fe3+ ions are present in 

both tetrahedral (A) and octahedral (B) sites. Mn2+ ions are usually found in the tetrahedral site, 

but can also be at the octahedral site, while Zn2+ strongly prefers the tetrahedral location. As 

zinc is doped into the system, it occupies the tetrahedral site, which ultimately pushes the Fe3+ 

ions into the octahedral site. As more and more Fe3+ is shifted to the B site, the hopping of 

electrons becomes more accessible and probable. Thus, conductivity increases, reducing the 

resistivity [46, 47]. In the case of the ‘as prepared’ ferrites of the cooling curve at approximately 

546K, it is observed that the value of resistivity decreased from x= 0.0 to x= 0.1 and further 

increased for sample x= 0.2, after which a continuous decrease was obtained till x=0.6.  Mn-Zn 

ferrite has the lowest resistivity in the series, consistent with previously reported trends in the 

literature [48].  

In the case of the sintered heating curve at RT, the resistivity value is higher than that of the ‘as 

prepared’ ferrites. Generally, the observed trend in sintered ferrite is that the resistivity value 

for sintered ferrite is lower than that of ‘as prepared’ ferrites, i.e., the particle sizes are smaller, 

and the resistivity is higher. Other than grain size, other factors contribute to the higher value 

of sintered samples. As the sintering process is done at high temperatures, the amorphous, semi-

amorphous compound changes to a highly crystalline compound, which leads to improved 

structures and fewer imperfections. However, when the cooling curves of sintered ferrite were 

compared with ‘as prepared’ ferrite samples, it was observed that ‘sintered’ samples showed 

lower resistivity values, which corresponded with the grain size trend.  

The compositional variation of resistivity with zinc substitution indicates a decreasing trend in 

the case of sintered ferrite. This observation is explained based on the distribution of cations in 

the octahedral and tetrahedral sites. The iron in ferrite samples is present as Fe3+, while Mn is 

2+. During the sintering of the sample, due to the volatile nature of Zn2+ ions, there is the 

possibility of introducing Mn3+ ions, creating an imbalance of charge in the system. To maintain 

such a charge imbalance, Fe3+ ions are converted to Fe2+, resulting in increased conductivity 

due to increased hopping of electrons between Mn2+ and Mn3+ and Fe2+ and Fe3+. During 

sintering, the grains come together to form one whole mass, which reduces the total surface 

energy of the system. Thus, sintering affects the grain size, and therefore, it increases. And the 

resistivity is often lower [46, 47]. But in our case, the sintered ferrite shows a higher resistivity 
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value than the ‘as prepared’. This trend suggests that the lower resistivity values at RT for 

‘sintered’ ferrites are due to a factor other than grain size. Thus, sintering leads to structural 

improvement and fewer imperfections. Therefore, one can suggest that improved structure is 

responsible for increased resistivity [48]. However, as the temperature increases, the usual trend 

for both ‘as prepared’ and ‘sintered’ samples is observed. At higher heating temperatures, the 

‘sintered’ ferrites show lower resistivity values than the ‘as prepared’ ferrites, which is 

attributed to enhanced microstructure and reduced grain boundary resistance.  

This means that grain size is responsible at higher temperatures, i.e., the ‘as prepared’ ferrites 

have a smaller grain size; therefore, the grain boundaries will be more significant. These grain 

boundaries are insulating in nature and hence act as scattering centers, increasing the resistance 

towards the flow of electrons [49]. 

 

Fig 4.26b: Plots of log resistivity vs. 1/T during heating and cooling for ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
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4.5.2 AC Susceptibility studies 

The AC susceptibility measurements of the ‘as prepared’ as well as the ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites have been carried out from room 

temperature to 850 K. Temperature-dependent AC susceptibility measurements were performed 

to obtain information on their domain structure and Curie temperature. The plots of ac 

susceptibility v/s temperature for ‘as prepared’ and ‘sintered’ ferrites in Kelvin are depicted in 

Fig. 4.27a and Fig. 4.27b, respectively. It is observed from figures that the material shows a 

domain structure with a steady increase in susceptibility with an increase in temperature, 

whereas, in the case of sintered samples, a multi-domain type of particles is observed with 

negligible single domain particles, which might be due to increased grain sizes and improved 

magnetic interactions resulting from the sintering process.  

In both ‘as prepared’ and ‘sintered’ ferrite samples, it is seen that with an increase in thermal 

energy, the spin gets randomized more quickly until a point after which the sample completely 

loses its magnetization and becomes demagnetized. This point is called Curie temperature; it is 

at which the orderly arrangement of magnetic moments of the magnetic domain is destroyed, 

the magnetic domain collapses, and the average magnetic moment becomes zero. At the Curie 

temperature, there is a gradual fall in susceptibility values in the case of ‘as prepared’ samples, 

whereas a sharp fall is observed for sintered samples [50].  

The Curie temperature was determined from AC susceptibility measurements, and the values 

are summarized in Table 4.11. The values of Tc greatly depend on the metal ions present and 

the occupation of those ions at different sites; this, in turn, relies on the synthesis technique 

utilized, the temperature at which calcination occurred, and the size of the particles [51]. It can 

be observed from the Fig.4.27a and Fig. 4.27b that both ‘as prepared’ and ‘sintered’ ferrites 

samples show a similar trend, i.e., with an increase in zinc content, the Tc values decrease up to 

x= 0.5, and for a sample containing x= 0.6, which Manganese zinc ferrite the Tc again increased, 

except for as-prepared x=0.3 sample which shows a sudden increase disrupting the trend.  

The Curie temperature values obtained for the ‘as prepared’ ferrites are higher than those 

obtained for their ‘sintered’ analogues. This trend can be correlated to the lattice parameter, and 

it is known that it has an inverse relation to the Curie temperature.  
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The doping of zinc ions having higher ionic radii increases the lattice parameter in the series 

and the interatomic distance between the magnetic ions on the A and B lattice, decreasing the 

super-exchange interactions, thus decreasing Tc. Besides, the decrease in Curie temperature 

with zinc substitution is clearly seen in the ‘sintered’ samples persistent with the expected 

behavior depending on their structural and magnetic interactions.  

 

Fig.4.27 a: AC susceptibility plots of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites 
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Fig. 4.27 b: AC susceptibility plots of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

Table 4.11: ‘Tc’ of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6)ferrites 

x Tc (K)  

‘As-Prepared’  

Tc (K) 

‘Sintered’ 

0.0 860 755 

0.1 826 702 

0.2 810 650 

0.3 820 618 

0.4 802 598 

0.5 789 624 

0.6 822 729 
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4.5.3 Magnetisation studies (Vibrating Sample Magnetometer) 

The DC magnetisation study was carried out via VSM to study the magnetic properties of ‘as 

prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites was 

conducted at 60 K and room temperature (RT) in the field from -30,0000 to 30,000 Oe. 

Similarly, magnetic properties as a function of temperature were also employed from 60 K to 

350K at a constant magnetic field. The chosen magnetic fields for the study were 250 Oe, 500 

Oe, and 1000 Oe. The hysteresis loop for the synthesized ‘as prepared’Ni0.6-xMn0.4ZnxFe2O4 

ferrites at 300 K and at 60 K is shown in Fig. 4.28a and Fig. 4.28b, respectively, while Fig. 

4.29a and Fig. 4.29b represent the sigmoidal curves for sintered ferrite at 300K and 60K. This 

technique was helpful in obtaining various parameters such as the saturation magnetization, 

coercivity, and remanent magnetization of the ferrites. All the parameter values are tabulated in 

Table 4.12. 

 

Fig. 4.28 a: The plot of magnetization versus magnetic field of ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at 300 K 
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Fig. 4.28 b: The plot of magnetization versus magnetic field of ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at 60 K  

The hysteresis loops show narrow sigmoidal curves indicating soft ferrimagnetic materials. Fig. 

4.28 a for the ‘as prepared’ ferrites measured at 300 K shows that saturation magnetisation has 

yet to reach the maximum applied field of 30,000Oe. The magnetic field required to attain 

magnetisation depends on the nanoparticle size. The sample calcined at 500 °C and measured 

at RT exhibited relatively lower saturation magnetization values ranging from 9-19 emu/g and 

lower coercivity values, thus validating the soft magnetic nature and nanoscale particle effects.  

A decrease in the crystallite size normally leads to a smaller saturation magnetization attributed 

to the surface effects. As per the core-shell model, the nanosized particles lead to the canting of 

spins or non-collinearity of magnetic moments at the surface, hence reducing the overall 

magnetization [52]. As reported by many authors, the presence of Fe2+ ions in the octahedral 

site in the samples also reduces the saturation magnetisation [53].  

However, in the present study, the presence of Fe2+ ions is ruled out, as confirmed by XPS 

analysis, which indicates it exists in a 3+ oxidation state.  In the case of ‘as prepared’ samples 

in the MH study at RT, the saturation magnetisation increases with zinc up to the sample with 

composition x= 0.3, except x=0.2, where there is a drop in Ms. After x= 0.3, with further 
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increase in Zn2+ ions substitution, there is a continuous decrease in saturation magnetisation. In 

comparison to the ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

studied at RT, a similar trend was observed, i.e., the saturation magnetization increased up to a 

sample composition of x= 0.2, and further a decrease was obtained till x= 0.6. 

Fig.4.28 b and Fig. 4.29 b show the magnetisation curves versus magnetic field for Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites studied at 60K. The ‘as prepared’ 

ferrite studied at 60 K showed higher magnetisation values compared to RT studies. It is 

observed that with an increase in Zn2+ concentration, the Ms value increased up to sample x= 

0.5 and further decreased. Sintered Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrite samples analyzed at 60 K. The Ms increased to sample x= 0.4, and a decreasing trend was 

observed with an increase in Zn2+ concentration; the Ms values observed in this case were also 

higher than those of ‘sintered’ samples studied at RT. 

The increase in saturation magnetization with an increase in zinc content up to a certain zinc 

composition, this characteristic feature of magnetization can be explained by Neel’s two-

sublattices collinear model, according to which magnetization is given as Ms =MB-MA. This 

trend depends on the amount of zinc doped in the sample and the fraction of zinc ions present 

at the site or cation distribution. The exchange interaction between ions in the octahedral and 

tetrahedral sites also plays a major role. The magnetic moments are antiferromagnetically 

coupled between the ions in the tetrahedral site and the octahedral site via the oxygen atom. The 

zinc prefers the tetrahedral A site while the Ni2+ ions prefer to occupy the octahedral sites. The 

manganese and iron ions do not have specific site preferences and can occupy both tetrahedral 

and octahedral sites within the spinel structure. However, manganese ions tend to occupy the 

octahedral sites mainly at higher concentrations or depending on the synthesis route.  

In the present study, the Ni2+ ions occupy the octahedral site as the Zn2+ ions are introduced; 

they occupy the tetrahedral site as expected, which pushes the Fe3+ in the tetrahedral site to 

move to the octahedral B-site, making space for Zn2+ ions, thus leading to magnetic dilution due 

to non-magnetic zinc ions. The shifting of Fe3+ ions into the octahedral site increases the 

magnetic moment in the B site while the magnetic moment of the A site decreases. Therefore, 

we see the increasing trend of saturation magnetisation with an increase in zinc content in the 

samples. As the concentration of Zn2+ ions is increased in the A-site, it causes the B lattice to 
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split into B1 and B2, causing spin canting, i.e., the spins are no longer ferromagnetically coupled 

but instead bend at an angle to each other; this phenomenon is explained by the Yafet-Kittel 

model [53-55]. 

Coercivity (Hc) was measured from the sigmoidal curve of ‘as prepared’ and ‘sintered’Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites for samples studied at RT and 60K. 

The obtained results are tabulated in Table 4.12. Hc depends on several factors such as 

anisotropy constant, average grain size, and domain wall energy [56]. Zinc ferrite has 

comparably lower coercivity than nickel ferrite. The observed decrease in coercivity with 

increased zinc content in the samples up to x= 0.5 can be due to increased grain size of the 

particles as zinc content increases. Grain size and coercivity have an inverse relationship; larger 

grains assist easier domain wall motion, thus reducing coercive fields. Hence, the coercivity of 

the ‘as prepared’ ferrites was higher than their ‘sintered’ analogues for both 300 K and the 60K 

study. This behavior can be due to the presence of pores in the ‘as-prepared’ ferrite samples. 

The presence of pores causes demagnetisation of the field and curtails the free movement of 

domain walls.  

Thus, the applied magnetic field is reduced. Lower porosity in samples leads to lower coercivity, 

as a higher field will be required to push the domain wall. [56-58,] The smaller the size, the 

higher the coercivity; hence, for ‘sintered’ samples, the size increases on sintering. Thus, the 

coercivity becomes smaller than that of the ‘as prepared’ ferrites. The sintered samples have a 

higher size and, therefore, lower porosity; the number of domain walls present is more; 

therefore, the phase lag between the applied field and domain rotation increases. As a 

consequence of this, the magnetisation or the demagnetisation process requires more energy; 

therefore, ‘sintered’ samples have lower coercivity [59-61].   
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Fig. 4.29a: The plot of magnetization versus magnetic field of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at 300 K  

 

 

Fig.4.29b:  The plot of magnetization versus magnetic field of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at 60 K  
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The zero-field cooled (ZFC) and field cooled (FC) studies were performed from 60 K to 350 K 

temperature range for all the ‘as prepared’ as well as ‘sintered’ ferrite at different fields, i.e., 

250, 500, and 1000 Oe. Fig.4.30 (x= 0.0-0.6) is depicted for ‘as prepared’ ferrite, while Fig. 

4.31 (x=0.0-0.6) is for the ‘sintered’ ferrites at variable fields. The M-T curves show a change 

in magnetism as the zinc content is increased. It is observed that with an increase in zinc content, 

the magnetism changes from ferrimagnetic to superparamagnetic in nature. During ZFC 

measurements, the nanoparticles were initially cooled to 60 K. Here, no magnetic field was 

applied. The measurements were done during the heating process in the applied magnetic field. 

While in the case of FC, the cooling was done up to 60K in the applied field, the measurements 

were done in the presence of the applied field during heating, i.e., from 60K to 350K.  

The FC curves for all the samples showed a continuous drop. The decline in magnetization was 

seen for all the magnetic fields. It is observed that at 60K, the magnetization is the highest. The 

high magnetization is achieved due to the following reason. In the FC study, the samples are 

cooled to 60 K in the presence of a magnetic field. The magnetic moment present in each particle 

tends to align in the direction of the magnetic field, resulting in high magnetization. At 60 K, 

the magnetic moments are frozen, and an anisotropic energy barrier alters the flipping of these 

moments. During the warming cycle, the temperature increases, thus randomizing the spins and 

disturbing the aligned spins; therefore, the magnetization decreases along with magnetic 

anisotropy [62-64]. The ZFC curve shows a different trend compared to the FC curve. Here, as 

the temperature increases, the magnetic spins get charged due to thermal agitation and align 

along the magnetic field. Therefore, one sees an increase in the curve. The maxima reached in 

the ZFC curve and is called as the blocking temperature (TB). TB is the temperature at which the 

energy barrier due to magnetic anisotropy is overcome by thermal energy. This is the 

temperature above which the ferrimagnetic substances start behaving in a superparamagnetic 

manner. Below the blocking temperature, the material is in a ferrimagnetic state. Where the 

magnetic moments are aligned in the easy axis of direction and the magnetic anisotropy energy 

barriers are high, not allowing the change in the easy axis of magnetization. As the temperature 

increases, the magnetic spins get aligned in the direction of the field, and thus the magnetic 

moment increases. Beyond TB, the material exists as superparamagnetic as the energy barrier is 

overcome by the thermal energy [65-67]. Table 4.12 tabulates the values of blocking 

temperature. From which it is observed that in all the ‘as prepared’ samples, with an increase in 
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zinc concentration, the TB decreases; moreover, as the applied field increases, the TB values 

decrease and are attributed to decreases in the magnetocrystalline anisotropy constant. The ‘as 

prepared’ sample had widely distributed particles, which were confirmed from the broad 

maxima attained at TB [68]. MT studies can also be used to determine the irreversible 

temperature (Tirr). Tirr is the temperature at which the ZFC and FC curves meet. It was observed 

that the ZFC and FC curves did not meet at 350K and remained separated. This was due to 

larger particles present in the samples and can also be seen from uneven-sized particle 

distribution and agglomerated particles as seen from SEM and TEM images [69]. As reported, 

with an increase in non-magnetic zinc content, the Tirr decreased. This can be explained by the 

fact that as anisotropy decreased, the ability to flip the spin and align them to the applied field 

reduced with zinc content. [68-70]. The MT studies were also conducted for all the ‘sintered’ 

Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. The ZFC and FC curves were 

obtained in the temperature range of 350 -60 K, just like the ‘as prepared’ ferrite, at three 

different fields. The plots of the same are represented in Fig. 4.30 (x= 0.0- 0.6) while the 

magnetization parameters are tabulated in Table 4.12. From the figures, it is observed that as 

the zinc content increases, the ferrimagnetic behavior changes from superparamagnetic to 

paramagnetic in nature. Also, with the increase in the field, the splitting between ZFC and FC 

is reduced.   
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Fig. 4.30: Zero field cooled and field cooled curves of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at the fields of 1000,500 and 250 Oe 
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Fig. 4.31: Zero field cooled and field cooled curves of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-

0.6) ferrites at the fields of 1000,500 and 250 Oe 
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Table 4.12: Ms, Hc, Mr, and TB of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at 300 K, 60K, 250, 500, 1000Oe 

 x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Ms 

(emu/g) 

RT ‘As prepared’ 9 17 15 19 18 17 13 

‘sintered’ 60 68 82 72 70 42 6.7 

60K ‘As prepared’ 20 19 22 31 37 39 29 

‘sintered’ 64 88 103 111 116 94 35 

Hc 

(Oe) 

RT 
 

‘As prepared’ 69 58 47 29 33 36 80 

‘sintered’ 35 19 17 11 6 7 104 

60K ‘As prepared’ 232 249 183 141 89 83 131 

‘sintered’ 40 34 34 20 12 13 90 

Mr 

(emu/g) 

RT ‘As prepared’ 0.6 1.1 0.7 0.8 0.5 0.7 1.3 

‘sintered’ 1.8 1.1 1.35 0.8 0.5 0.3 0.7 

60K ‘As prepared’ 3.3 2.8 2.3 3 2.4 2.4 3 

‘sintered’ 3.5 3.3 2.4 1.8 1.1 1.5 1.2 

TB 

(Oe) 
 

250 ‘As prepared’ - 311 271 120 96 90 87 

‘sintered’ 297 199 - 219 120 - - 

500 ‘As prepared’ 290 233 128 101 82 73 64 

‘sintered’ - 137 - 120 - - - 

1000 ‘As prepared’ 150 110 94 73 62 - - 

‘sintered’ - - - - - - - 
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4.5.4 Dielectric study  

4.5.4.1 Dielectric study with respect to frequency of ‘as prepared’ and 

‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites were analyzed for their dielectric 

properties. The dielectric constant and dielectric loss as a function of frequency were evaluated 

for both ‘as prepared’ and ‘sintered’ ferrites, which are represented in Fig. 4.32(a, b) and Fig. 

4.33 (a, b), respectively. From the observation, it is seen that the dielectric constant decreases 

with an increase in frequency. The decrease was swift and sharp at lower frequencies, and as 

the frequency increased, the dielectric constant lowered and became constant, independent of 

frequency. This is a typical trend of spinel ferrite. Maxwell Wagner's two-layer model explains 

the trend based on space charge polarization. According to Maxwell and Wagner's model, the 

ferrites contain conducting grains and are well separated from other grains through a grain 

boundary, which is resistive or insulating in nature. These charges build up at the grain boundary 

in the applied field, leading to space charge polarization. Thus, a high dielectric constant is 

observed. This charge accumulation occurs when space charge carrier moves through the 

resistive boundary; therefore, it takes a while for them to arrange in parallel alignment to the 

applied field. If the frequency of reversal increases during this process, then the space charges 

won’t be able to accumulate; instead, there will be a reversal in their movement due to lag in 

the field, thus the dielectric constant decreases as frequency increases [73,74]. The dielectric 

loss is a structural property and depends on the composition, its stoichiometry, and sintering 

temperatures [75]. The dielectric loss studies, when conducted on as-prepared and sintered 

samples, revealed a similar behaviour, i.e., with an increase in frequency, the dielectric loss 

decreases with little initial increase in the beginning. This initial increase leads to peak 

formation, which is usually observed when the hopping frequency of electrons is equal to the 

applied field [76]. The peak is only observed in the case of ‘as prepared’ ferrite. Like the 

dielectric constant, the dielectric loss is observed to be higher at lower frequencies; this trend is 

explained by Koop’s model. As seen in the case of the dielectric constant, the charges move 

through insulating grain boundaries, the energy required for the hopping of electrons is also 

high, and thus, the energy losses also increase [77].  
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With an increase in zinc content, there was no proper trend observed. But the sample x=0.2 

showed the highest dielectric constant with the lowest dielectric loss. Whereas, x=0.4 showed 

the highest dielectric constant in the case of sintered ferrite. It is observed that the dielectric 

constant and dielectric loss for sintered ferrite were lower than those of ‘as prepared’ ferrite. 

   

a                                                                 b 

Fig 4.32 a: Dielectric constant vs. Log frequency of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0-0.6) ferrites and Fig 4.32 b: Dielectric loss vs. Log frequency of ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites  

   

a                                                          b 

Fig 4.33 a: Dielectric constant vs. Log frequency of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) 

ferrites and Fig 4.33 b: Dielectric loss vs. Log frequency of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0-0.6) ferrites  
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4.5.4.2 Dielectric study with respect to temperature of ‘as prepared’ and 

‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

The dielectric studies were performed with respect to temperature for both ‘as prepared’ and 

‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at constant 

frequencies of 1kHz and 1MHz. The plot of dielectric constant and dielectric loss at 1kHz and 

1MHz frequencies is represented in Fig.4.34 (a, b) and Fig.4.34 (c,d)for as-prepared ferrite. 

While for sintered ferrite, Fig.4.35 (a,b) represents a constant frequency of 1kHz, and Fig. 4.35 

(c,d) is for a 1MHz frequency.  

The plots show that at lower temperatures, the dielectric constant remains unchanged and is 

almost constant. With a further increase in temperature, the dielectric constant increases and 

reaches a maximum. It is seen that the onset of increase decreases with an increase in zinc 

content in the case of 1kHz frequency. In the case of dielectric loss, a similar trend was seen, 

i.e., with an increase in temperature, the loss increases. But in this case, a hump was seen in 

almost all the samples for 1kHz frequency, while in the case of 1MHz frequency, slight humps 

were observed. The dielectric constant was seen to increase with zinc content in the case of 

1kHz frequency with x=0.3, showing anomalous behaviour and being out of trend. But in the 

case of 1MHz, the trend seems to have reversed and is improper. 

 

a                                                                     b 

Fig. 4.34 a: Dielectric constant vs. Temperature at 1kHz for ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0-0.6) ferrites 

and Fig. 4.34 b: Dielectric loss vs. Temperature at 1kHz for ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0-0.6) ferrites 
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c                                                                   d   

Fig. 4.34c: Dielectric constant vs. Temperature at 1MHz for ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites and Fig. 4.34d: Dielectric loss vs. Temperature at 1MHz 

for ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

    

a                                                               b 

Fig. 4.35 a: Dielectric constant vs. temperature at 1kHz for ‘sintered’ ferrite Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites and Fig. 4.35 b: Dielectric loss vs. temperature at 1kHz 

for ‘sintered’ ferrite Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites 
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c                                                                   d 

Fig. 4.35 c: Dielectric constant vs. Temperature at 1MHz ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0-0.6) ferrites and Fig. 4.35 d: dielectric loss vs Temperature at 1MHz ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0-0.6) ferrites 

 

4.5.5 Initial permeability  

4.5.5.1 Variation of initial permeability and permeability loss vs. frequency 

for sintered Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 
The initial permeability of all ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites has been measured at RT in the frequency range of 20 Hz- 10MHz and is represented in 

Fig. 4.36 a, b. Also, temperature-based studies were performed from RT to 550 °C, whose plots 

are plotted in Fig. 4.37a, b. The variation of permeability at various frequencies is referred to as 

permeability dispersion. It was found that the initial permeability of the samples was affected 

by their grain size and porosity [78,79]. The ferrite material has grains separated by grain 

boundaries. The grain boundaries are a barrier to domain wall motion. Samples with larger grain 

sizes have thinner grain boundaries or fewer grain boundaries, subsequently having higher 

initial permeability. Two magnetization processes, domain wall motion and spin resonance, are 

responsible for the initial permeability of ferrites. It can be represented by the following 

equation μi = 1 + χw + χspin, where μi, χw, and χspin are initial permeability, domain wall 
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susceptibility, and rotational susceptibility, respectively [80-83]. The domain wall motion 

participates at a lower frequency and is responsible for the initial permeability in that region. 

While spin rotation contributes to the higher frequency region, which results in higher 

permeability [84-86]. 

Fig. 4.36 represents the plots of initial permeability vs log frequency. From the plot, a rise in 

permeability is observed at lower frequencies up to a specific frequency (300Hz). This rise is 

attributed to displacement in domain walls, and with further increase in frequency, it is 

independent until, finally, at a much higher frequency, there is again a rise observed in 

permeability due to resonance at a higher frequency. This resonance frequency is the frequency 

at which the sample can be used in the devices. The region where the permeability is constant 

is the region utilized in the devices. 1 MHz is attributed to the spin resonance in the internal 

anisotropy field. The composition variation of the samples shows an increasing trend in 

permeability up to x=0.4 and further decreases. This trend is in perfect alignment with saturation 

magnetization values. This explanation is supported by the following relation,  𝜇𝜇𝑖𝑖
𝑀𝑀𝑀𝑀2.𝐷𝐷
�𝐾𝐾𝑖𝑖

 where 

Ms is saturation magnetization, D is the crystallite size, Ki is anisotropic constant [87]. 

According to the relation, the initial permeability increased with zinc, and the anisotropic 

constant decreased.  The increase in permeability with zinc content up to x=0.4 shows the 

relation between permeability saturation magnetization and size and anisotropy constant, and 

that permeability depends on all the factors. Sample x=0.4 exhibited the highest initial 

permeability and can be accounted for lower small size and less saturation magnetization. For 

sample x=0.0, the initial permeability is the lowest and is constant throughout, independent of 

frequency. For samples x=0.1-0.5, the samples show constant permeability.  Samples x=0.4, 

0.3, and x=0.2 show a slight decreasing trend with an increased frequency. This is attributed to 

the difference in the applied field and displacement of the domain wall [88]. These samples 

exhibited a further increase in frequency to 10MHz and increased permeability. With the 

increase in zinc content, the onset of resonance decreased, as clearly observed from x=0.0 to 

x=0.4. 

Tan𝛿𝛿 or loss tangent vs. log frequency is depicted in Fig.4.36b. From the plots, it is clear that 

at lower frequencies, the loss tangent is higher, while with an increase in frequency, it drops 

and almost becomes constant. The loss tangent is a result of the lag in domain wall motion and 
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the applied magnetic field. The imperfections in the crystal lattice are the major cause of the lag 

[88].  

 
Fig. 4.36 a: Initial permeability vs Log frequency of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

 
Fig. 4.36 b: Tan δ vs Log frequency of sintered Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites 
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4.5.5.2 Variation of initial permeability and permeability loss with 

temperature for ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites 
The temperature-dependent initial permeability studies were done for all the ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. The plot of initial permeability vs. 

temperature is depicted in Fig. 4.37a, while Fig. 4.37b shows the Tan𝛿𝛿 vs. temperature plot. 

For a temperature study, with an increase in temperature, permeability increases. A peak is 

observed just before a sharp fall in permeability at Tc. This is when ferrimagnetic materials lose 

their property and become paramagnetic. As the alignment of spins is destroyed at a very high 

temperature, the sample spins cannot maintain their order. The temperature-dependent study 

allows us to determine the domain structure from the plot and the Curie temperature. The plots 

designate the single-domain type of structure, and the Tc decreases with increased zinc content.  

This trend is similar to those obtained in AC susceptibility studies. The increase in permeability 

is more tremendous with lower zinc content samples, and the sharp fall at Tc indicated the 

presence of monophase in the ferrites and homogeneity in samples, which is supported by XRD 

data as well [87,89]. The samples show the presence of a peak or Hopkinson’s peak in almost 

all the samples except x=0.5 and x=0.6. Such peaks indicate a lowering of magneto-crystalline 

anisotropy with temperature [90,91]. Hopkinson’s peaks are also a significant indication of 

single-domain particle nature [92]. The values of Curie temperature were evaluated by drawing 

a tangent of the decreasing curve and extrapolating it towards the temperature axis, giving us 

the Tc. The trend adopted by the Tc from the initial permeability plot very well matched the 

trend of AC susceptibility. The Tc was seen to decrease from x=0.0 to x=0.4 and further increase 

as the zinc content increased. The values evaluated are tabulated in the Table. 4.13 The Tc values 

are seen to decrease as the Zinc content increases due to the fact that zinc prefers to go in the 

tetrahedral site, while Fe from the tetrahedral site gets pushed towards the octahedral site; thus, 

the interaction between the tetrahedral and octahedral sites increases, also seen in the lattice 

parameter values. Leading to a drop in Tc. Mn Zn ferrite had the lowest saturation magnetization 

and crystallite size, resulting in the lowest initial permeability according to the Globus model 

[93]. Coercivity was inversely proportional to initial permeability, indicating that higher 
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coercivity values resulted in lower permeability values. Anisotropy also played a significant 

role in permeability measurements. 

 

Fig. 4.37 a: Initial permeability vs Temperature of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 
0.2, 0.3, 0.4, 0.5, 0.6) ferrites.  

 

Fig. 4.37 b: Tan δ vs Temperature of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites. 
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The temperature-dependent loss tangent in Fig.4.37b shows that with an increase in 

temperature, the loss tangent remains almost constant after a point. There is an increase in the 

loss for each sample at a specific temperature. It is seen that this point, where there is a sharp 

increase in a loss at a particular temperature, is similar to the temperature that shows a fall in 

initial permeability just before Curie's temperature. The third part of the plot shows a gradual 

increase in loss with a further temperature rise; this indicates a change in slope, and the point at 

which the linear increase starts is similar to the Curie temperature that is obtained and is caused 

by the damping effect of domain walls [94,95]. It was also observed that the loss decreased with 

increased zinc content in samples. 

 

Table 4.13: The Curie temperature (Tc) of ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites evaluated from AC susceptibility and Initial permeability studies and 

Anisotropy constant. 

 

Composition 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

AC 

Susceptibility 

755 702 650 618 598 624 729 

Initial 

Permeability 

789 747 667 606 523 582 729 

Ki*103 2.1 1.3 1.4 0.8 0.4 0.2 0.7 

 

 

 

 

 

 



                                                A comparative study of ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 … 

230 
 

4.6 Gas Sensing Application 

4.6.1 Gas Sensing application of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 

0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites 

Gas sensors are increasingly in demand due to their ability to detect dangerous gases.  Numerous 

gases are polluting and can be toxic and harmful to human life.  Therefore, detecting them and 

monitoring the levels of gases in the environment is very essential. The semiconductor gas 

sensors are highly sensitive, selective, and stable, making them necessary and valuable [96]. A 

suitable sensor can both act as a receptor and a transducer. The first step in this study is sensing 

the desired gas in the system by adsorption or surface chemical reaction. After the gas is 

identified, the sensor translates this interaction into a measurable signal, which can be detected 

as a change in electrical properties like resistance or capacitance.  

Industries are a significant source of polluting gases such as NOx, NH3, H2S, Cl2, and CO2; 

monitoring these gases is necessary [97]. The current study attempts to determine the ability of 

the synthesized ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x= 0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites as 

a gas sensor material. The study is done using two oxidizing gases and two reducing gases: Cl2, 

NOx, NH3, and LPG. These gases have been studied at different temperatures to select the most 

promising ones: RT, 50oC, 100oC, 150oC, and 200oC. Furthermore, the selected temperature 

was chosen to study in depth for concentration and reproducibility, which has been discussed 

further. The detailed setup procedure, thick film preparation, and sensing have been discussed 

in chapter 2.  

 

4.6.2 Selection of optimum temperature for gas sensing studies:   

The optimum temperature selection was done by subjecting each gas at different temperatures 

using the Ni0.3Zn0.3Mn0.4Fe2O4 ferrite sample using 100 ppm of gas, and the plot of which is 

depicted in Fig. 4.38. NOx was first studied, and it was observed that at RT, the response was 

small, about 8%, and as the temperature increased from 50 to 100 °C, the response also increased 

from around 15% for 50 °C to 20% for 100 °C. Beyond 100 oC, the response dropped to below 

5%. Therefore, the temperature of 100 oC was chosen to be studied for this series from x=0.0 to 

x=0.6. In the case of chlorine gas, the RT response was below 15%, while for 50 °C, the response 

was relatively high, but the recovery was a bit slower; the response was close to 60%. At 100 
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°C, the response again lowered to around 20%, while the response started reducing further for 

higher temperatures. NH3 sensing was performed similarly to the other two and gave good 

results, showing a good response. At RT and 50 °C, the response was 50% and 52%, but the 

recovery rate was slow, while as the temperature increased to 100 °C, the response reduced to 

40%, and with a further increase in temperature, more decrease was observed. Therefore, 100 

°C was selected as the temperature for further study. LPG gas, which is commercially available, 

was directly used to study the gas-sensing properties of the material. The results were 

profoundly good as the sensor detected the gas at RT with a good response and quick recovery. 

At RT, the highest response of ~40% was observed with quick recovery; with an increase in 

temperature, the response started decreasing; for 50 °C, it was~ 30%, and for 100 °C, it was 

~25%. At 150 °C, the response obtained was~5%, while at 200 °C, it was very low, i.e., below 

5%. Therefore, further detailed studies were done at RT. 

 

4.6.3 % Response at variable x concentration  

NOx gas was purged over all the ‘as prepared’ samples Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5,0.6) ferrites at 100 °C. It was observed that sample x= 0.3 showed the highest 

response and quick recovery of 20.6%, whereas all the other samples showed poor results below 

20%. Since the sample x=0.3 showed the highest response, we studied the sample with respect 

to variable gas concentration levels. It was found that with an increase in gas (in ppm), 20, 50, 

75, 200, 150, the response also increased. 

Chlorine gas was sensed at 50 oC for all the as-prepared compositions. The highest response 

was obtained for x=0.3 of 61.5%, followed by x=0.6 with 60% response. X=0.0 showed 54% 

response, x=0.1 with 25%, x=0.2 with 20% gas response, x=0.4 and x=0.5 showed 38 % and 

22% respectively. All these responses were for 100 ppm of gas. When different concentrations 

of gases were purged separately, each time onto the sample surface. The response was seen to 

increase respectively.  Also, reproducibility was obtained up to 4 times.  100 °C temperature 

was selected for NH3 gas sensing, and the results were excellent. 31% of the gas response was 

obtained for sample x=0.0. 28.8% for sample x=0.1, sample x=0.2 showed 35% of response. 

48% of the response was obtained for x=0.3, and so it is seen that as the zinc content is 

increasing, the response is also increasing up to x=0.3. For example, for x= 0.4, the response 
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reduced to 25% while x= 0.5 showed a response of 38% and finally, x= 0.6, the response 

percentage was 14.9%. sample x= 0.3 was further studies w.r.t to different ppm of test gas (20, 

50, 75, 100,150) it was noted that as the concentration level increased the response increased 

except for 150ppm concentration where there was slight decrease and can be assumed due to 

saturation effect and the responses is as follows respectively: 9.2 %, 21%, 38.9%, 48.7% and 

43%. When LPG gas was studied for composition, the following results were obtained for 

sample x=0.0. A quick response of 76% was obtained, while x=0.1 showed 70% results. sample 

x=0.2 75%, x=0.3 gave 66.5% response, x=0.4 showed 48% of results, 58% response for x=0.5 

while x=0.6 showed 22%. Overall, all the as-prepared samples at RT showed the best LPG 

sensing outcome. Reproducibility was checked for the samples x=0.4 and x=0.6, and the sensor 

was found to be reproducible. When sample x= 0.0 was subjected to different ppm levels of gas, 

it was noted that as the amount of gas increased, the response % also increased.    

 
Fig. 4.38: Gas sensing study of ‘as prepared’ Ni0.3Mn0.4Zn0.3Fe2O4 ferrite at variable 

temperatures against oxidizing and reducing gases   
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A 

 

 
                                        B                                                             C 

Fig. 4.39 A: % Response vs. composition of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0-0.6) 

ferrite at RT for LPG gas, B: % Response vs. Time for sample x=0.0 at RT for LPG gas, C: Plot 

of resistance vs. Time for sample x=0.0 at RT for LPG gas 
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a 

 
                                                                                b 

Fig. 4.40 a: The reproducibility plot of sample x=0.4, b:The reproducibility plot of sample 

x=0.6 

Various parameters play an important role in determining the criteria for a suitable sensor. Pore 

structures are mainly of three kinds: open, closed, and internal pores [97]. This pore can further 

be classified as micropores with a pore size of 2 nm, mesopores with a 2-200 nm pore size, and 

macropores with a 200 nm diameter. Pore influences the sensing properties like sensitivity [98]. 

In our study, BET determined the pore structure in our ferrites to be mesoporous in nature, thus 

showing improved sensitivity towards LPG gas at RT. Open pores show faster gas adsorption 
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on the surface, resulting in quicker reaction and more rapid response. Reports available in the 

literature showed excellent results when samples had an open-pore nanostructure with high 

porosity and an increased number of pores [99,100]. Crystallite sizes, particle sizes, or grain 

sizes are also valuable in selecting excellent material as a sensor. The sample size of less than 

100nm proves a good candidate for the same. The smaller the size, the higher the strength and 

hardness, and the better is the material [101]. The effect of grain size was investigated by [102] 

for different ferrite materials, and it was concluded that small grain sizes had a larger surface 

area. In comparison, larger grains had a smaller surface area. Therefore, samples with larger 

surfaces and smaller sizes were efficient gas sensors. In our study, all the ‘as prepared’ samples 

had sizes smaller than 100 nm, confirming their nano nature and small crystallite size, which 

was found from powder XRD data, SEM, and TEM studies. Another criterion that influences 

gas sensing is dopant concentration. Satyanarayan et al. [103] studied the effect of Pd, Co, and 

Mn-doped nickel ferrite. They observed improved sensitivity, selectivity, good response, and 

lower operating temperature. Other reports on Pd-substituted ferrites also show similar results 

[104,105]. The manganese-substituted Ni-Co ferrite showed excellent sensitivity when studied 

under variable temperature ranges [106]. In the current study, we discussed the reducing gas at 

RT, from which it is observed that doping zinc reduced the % response when 100ppm of gas 

was purged with samples with increasing zinc concentration. The presence of acidic and basic 

sites is also responsible for good sensor response, and hence, the CO2-TPD and NH3-TPD 

studies were carried out. The CO2-TPD and NH3-TPD profiles are presented in Fig. 4.40c and 

4.40d, which clearly show that these ferrites possess weak and strong basic sites as well as weak 

and strong acidic sites. In both cases, the intensity of acidic and basic sites decreases from x=0.0 

to x=0.3 and then increases for x=0.6. It is also observed that the intensity of strong acidic and 

basic sites is higher at high temperatures. The total acidity of the materials corresponding to 

NH3-TPD profiles of the materials x=0.0,0.3,0.6 are 0.261, 0.202, and 0.212 mmol, respectively, 

and the total basicity of the materials corresponding to CO2-TPD profiles of the materials 

x=0.0,0.3,0.6 are 0.160, 0.112, and 0.130 mmol, respectively. 

Operating temperature is also an essential factor that gives maximum response, and it depends 

on the type of gas, ferrite composition, catalyst, or additives added [107]. In the case of LPG 

gas, the ferrites under study showed excellent results at RT. Meanwhile, for other gases, higher 

temperatures were preferable. As the temperature increases, samples show an increasingly 
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incredible response. This response of gas depends on the interaction of the gas sample. The gas 

molecules cannot interact with surface-adsorbed oxygen at low temperatures due to a lack of 

thermal energy. Therefore, the sensitivity is lowered. When the thermal energy is increased, 

there is enough energy to overcome the surface reaction's activation energy barrier and oxygen 

formation at higher temperatures [108]. With further increments in temperature, the exothermic 

adsorption of gas becomes harder and reduces sensitivity. Therefore, initially, we optimized 

each gas to find the optimum temperature at which it would provide the highest %response; 

hence, optimizing is the key to better results. [109, 110] In the case of LPG gas, the recovery 

was fast at RT, but for other gases at RT, the recovery time was longer; recovery time is required 

for the response to fall back to the original value once the test gas is removed [111,112]. Hence, 

higher temperatures were selected for gases other than LPG. 

 
Fig.4.40c: CO2-TPD profile of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.3,0.6) ferrites 
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Fig.4.40 d: NH3-TPD profile of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.3,0.6) ferrites 

 

4.6.4 The gas sensing mechanism for reducing gases  

Resistance changes are observed when reducing gases interact with the test gas.  When oxygen 

is adsorbed from the air onto the sensor's surface, it extracts the electron from the bulk, which 

ionizes it to O¯ and O2¯. O is predominantly present at temperatures of 100-500 °C. When 

reducing gases come in contact with the sensor material, the trapped electron is released back 

to the conduction band, increasing its conductivity and resistance. The change in resistance is 

proportional to the gas present [113]. The changes in capacitance or resistance are due to 

chemisorbed oxygen species like OH¯, O¯, and O2¯[114, 115]. The semiconductor gas sensor 

adopts the following mechanism when oxygen is adsorbed and ionized from the air. [116,117]. 

𝑂𝑂2𝑔𝑔𝑔𝑔𝑔𝑔 ⇔ 𝑂𝑂2𝑎𝑎𝑎𝑎, 

𝑂𝑂2𝑎𝑎𝑎𝑎 +𝑒𝑒− ⇔ 2𝑂𝑂−𝑎𝑎𝑎𝑎 

𝑂𝑂−𝑎𝑎𝑎𝑎 − +𝑒𝑒− ⇔ 𝑂𝑂𝑎𝑎𝑎𝑎 2−. 

The reducing gas is adsorbed on the sensor material as [101,102] 

𝑅𝑅⇔ 𝑅𝑅𝑅𝑅𝑅𝑅 

The adsorbed gas and oxygen species then interact by following the equation. 
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𝑅𝑅𝑎𝑎𝑎𝑎 +𝑂𝑂𝑎𝑎𝑎𝑎 − ⇔ 𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 +𝑒𝑒−, 

𝑅𝑅𝑎𝑎𝑎𝑎 +𝑂𝑂𝑎𝑎𝑎𝑎 2− ⇔ 𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 +2𝑒𝑒− 

Lastly, desorption of products results as per [118]. 

𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎 ⇔ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅s 

The sensitivity, response time, and recovery depend on the type of gas and the material under 

study. The sensitivity of a gas is higher when the amount of gas adsorbed is greater, and its 

reaction with adsorbed oxygen species is easy [117]. This may vary with different gases due to 

differences in interaction with adsorbed species. The more adsorbed oxygen species on the 

surface provide better reaction and response [119]. 

The mechanism for sensors depends on the alteration of charge carriers (electrons) upon contact 

with the gas. The kinetics of the process is given in the above equations. In our study, LPG 

showed an excellent response at room temperature. At room temperature, it is common than 

other oxyanions. Therefore, the samples act like a p-type semiconductor, where charges 

accumulate or a hole accumulation layer is formed near the surface, creating an oxyanion, while 

for an n-type semiconductor material, a depletion layer of charges is observed near the surface. 

Due to the surface adsorbed oxyanion, a change in resistance is detected. When LPG is used as 

the test gas, electrons are released once the gas and the sample surface interact. Thus, changing 

the resistance, an increase is observed for p-type material while a decrease is observed for n-

type material. The reaction, undergoing the release of electrons when in contact with LPG gas, 

can be written as  

CnH2n+2+O2-                  CnH2nO+H2O+e- 

This released charge combines with the holes since more acceptor ions are generated at the p-

type semiconductor, thus reducing the width of the hole accumulation layer and increasing the 

sample's resistance. Inversely, for an n-type semiconductor, the electrons fill the electron 

depletion layer, decreasing the resistance. 
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4.7 Electrochemical performance 

4.7.1Electrochemical performance of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites 

The electrochemical performance of all the ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6) ferrites was carried out on a cyclic voltammetry instrument. The curve of all 

the samples carried at different scan rates is depicted in Fig. 4.41b, and the corresponding 

specific capacitances are tabulated in Table 4.14. The analysis was carried out using a three-

electrode system in the potential window of 0-0.5 V in a 3M KOH electrolytic solution. The 

selected scan rates were between 3 and 80 mV. The curves indicated a cathodic and anodic peak 

in the selected potential window. The voltamogram points out the pseudocapacitive nature of 

the material [120]. It is also observed that as the scan rate decreases, the area under the curve is 

also reduced. This indicates that the current density directly relates to the scan rate. Furthermore, 

the peak shift is also observed, i.e., the anodic peak shifts towards the right side while the 

cathodic peak shifts towards the left side, increasing the scan rate from 3-80mV. 
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Fig. 4.41: Plot of specific capacitance versus scan rate of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 
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Fig. 4.42a: CV Plots of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites. 

Table 4.14: Specific capacitance of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6) ferrites at variable scan rate. 

 
Scan 
rate 

(mV/s) 

Csp (F/g) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
3 87 29 83 88 61 99 66 

5 80 24 74 61 64 77 51 

10 77 21 42 60 53 71 53 

20 74 17 33 54 48 66 45 

30 65 15 28 49 45 63 41 

50 46 13 22 45 41 61 46 

80 4.0 13.7 3.6 62 39 63 37 

 

The specific capacitance (Csp) was calculated from the area of the voltamogram for all the ‘as 

prepared’ ferrite material using the formula discussed in chapter 2. The data is tabulated in Table 

4.13, sample x= 0.5 showed the highest Csp value of 99 F/g at 3 mV scan rate, followed by 

sample x= 0.3 with specific capacitance of 88 F/g. There was no proper trend concerning zinc 

concentration doping. It is also observed that the particular capacitance decreases with an 

increase in scan rate. The high scan rate is faster; therefore, the electrolyte ions do not diffuse 

into the inner pores and structure. Only outer sites participate in the Faradaic redox reaction; 

hence, the diffusion is difficult, leading to a lowering of Csp. The active site on the inner surface 

cannot undergo the redox reaction due to the faster speed at a high scan rate, thus reducing the 

capacitance [121-122]. At high scan rates, significant Ohmic resistance results in such 

observations [122]. Whereas at a lower scan rate, the speed is slower; therefore, electrolyte 

diffusion over the entire electrode takes place, and hence, the inner and outer active sites get 

more time for the interaction with the electrolyte [123- 126] 
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Fig.  4.42b: Galvanic charge/ discharge plots of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5, 0.6) ferrites at a current density of 1A g-1 

Specific capacitance can be evaluated using another technique apart from CV, galvanic 

charge/discharge at a particular current density. This can be used to compare the specific 

capacitance from the data obtained via cyclic voltammetry, in case the curves in CV were not 

perfectly rectangular. The sample under study acts as a pseudo-capacitor; therefore, GCD is a 

better technique [127,128]. Fig. 4.42 c displays the galvanic charge/ discharge plots of as-

prepared Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at a current density of 

1A g-1 

The non-linearity in curves is obtained for all the samples, indicating Faradaic-type behaviour. 

This is attributed to the adsorption of ions and quasi-reversible redox reaction at the electrolyte 

electrode interface [129-134]. 
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Fig. 4.42 c: The Nyquist plot of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites 

The Nyquist plot of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

ferrites was obtained from electrochemical impedance spectroscopic studies (EIS). Figure 4.42 

c shows the plot, and all the samples show a similar pattern. The electrode/ electrolyte interface 

in the supercapacitors is determined from the data. The internal resistance and charge transfer 

reaction are indicated in EIS [135,136]. The figure clearly shows that the plot shows a straight 

line in the lower frequency range. But at higher frequencies, the plots usually show a semicircle. 

The higher frequency zone is related to the charge transfer resistance. As the diameter of the 

circle increases, the charge transfer resistance increases. The electrode/electrolyte redox 

reaction is related to the lower frequency straight line and indicates that the response is regulated 

via a mass transfer process. The intercept on the x-axis or Z’ corresponds to the solution 

resistance represented by (Rs). The solution resistance may be due to the intrinsic resistance of 

the active matter, ionic resistance of the solution, interfacial resistance, or contact resistance 

[137-140]. The Warburg behaviour is also displayed by the electrolyte diffusion resistance 

material that varies with frequency [137, 141,142]. All the samples show low Rs values in the 

range of 0.51-1.37Ω. Thus, a lower value of Rs implies that the electrode material is more active 
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in KOH electrolytic solution, has high potential in supercapacitor application, and possesses 

good charge transfer and better Faradaic reaction [137, 143-144]. 

Table 4.15: Specific capacitance via galvanic charge/ discharge study of ‘as prepared’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at current density of 1A g-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Composition (x) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

Current density 

(A/g) 

Specific 

Capacitance 

(F/g) 

1 A/g 26 50 147 67 46 27 39 
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4.8 Antibacterial studies 

The antibacterial studies of ‘as prepared’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) ferrites against S. aureus pathogen were conducted to study the effect of the synthesized 

material at different zinc concentrations. The protocol followed for the study is discussed in 

Chapter 2. The doses of 500µg/mL and 1000µg/mL were selected to study the effect of 

concentration on the pathogen. Figure 4.43 shows the percentage survival versus composition 

plot, which is self-explanatory and shows the antibacterial activity by varying the doses. The 

study shows promising results against the ferrites. The results obtained for the samples were 

compared with the control, which was considered 100% and are represented in Figs. 4.44 and 

4.45 for 500 and 1000 µg/mL dosages. At 500µg/mL, sample x=0.5 showed the best results 

with a minimum survival percentage of 44%, followed by x=0.2 with a survival percentage of 

51%. Regarding the 1000µg/mL dose, the results were excellent for specific samples and 

relatively better than those at 500µg/mL. The sample x=0.5 showed the best results with a 

survival percentage close to 0%, while the sample x=0.1 showed the best results with a survival 

percentage of 32%. The antibacterial results of the compounds were in the order: 

x=0.5>0.1>0.2>0.6>0.3>0.0>0.4 for 500µg/mL g/mL, whereas for 1000µg/mL, the order was 

x=0.5>0.1>0.2>0.6>0.3>0.0>0.4. From the data, it is revealed that the higher the concentration 

of the dose, the better the antibacterial activity of the compounds. The antibacterial activity of 

gram-positive Staphylococcus aureus results from ferrite material's ability to produce gaps and 

pits in the bacterium's membrane, causing it to disrupt and fragment, as reported in the literature 

[145,146]. The gram-positive S. aureus bacteria comprise a thick peptidoglycan layer, a 

polymer made of sugars and amino acids, which is approximately 20-80 nm in the outer cell 

wall and does not possess an outer membrane. The gram-positive bacterium's peptidoglycan 

layer may also include teichoic and lipoteichoic acids and complex polysaccharides, which act 

as chelating agents and are sometimes used for adhering purposes. Thus, this peptidoglycan 

layer protects the bacteria from the effects of toxins, chemicals, etc. The high antibacterial 

activity of sample x=0.5 results from the sound dispersion of the nanoparticles in a solvent 

medium. The metals in the nanomaterial attack the cell membrane, altering the membrane's 

permeability, consequently leading to leakage of sugars and proteins and inactivation of 

respiratory chain dehydrogenases. The formation of free radical species and reactive oxygen 

also leads to irregular fragmentation of pathogens, leading to antibacterial activity. Another 
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report suggests that a change in the material's structural properties promotes the release of zinc 

ions and produces ROS, thus inhibiting the pathogen [147]. Zinc ions are said to bind to the 

membrane of the pathogen, therefore dispersing and destroying the bacterial cell membrane, 

resulting in a change in osmotic pressure, thus leaking the internal fluids of the cells [148]. The 

Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) nanoferrites obtained in the present 

study showed excellent antimicrobial inhibition properties, thus making it a good source of 

disinfectant in the contaminated water system. 

Various reports suggest that many parameters, like surface structure, porosity, grain size, 

oxygen vacancy, and degradation rate, may destroy bacterial organelles, thus inhibiting their 

growth. As reported by many authors, the most critical aspect is forming reactive oxygen species 

as free radicals when irradiated with visible or UV light. These ROS penetrate the pathogen 

cell, leading to cell mortality by interacting with the bacterial cell [149-151]. The formation of 

radical species can be explained by the following mechanism [152]: 

MFe2O4 + hv → e¯ + h+                     (1) 

e¯ + O2 → O2*¯                                  (2) 

e¯ + O2*¯   + 2H+→ H2O2                  (3) 

2e¯+ HO2*¯ + H+ → OH*+ OH¯              (4) 

According to the first step, the result is formation of an electron-hole pair. In contrast, in the last 

step, an active hydroxyl radical is formed, which results in the peroxidation of lipids and 

damages the cell.  Amorphous samples favor the formation of hydroxyl radicals. As seen from 

XRD, the size of our ‘as-prepared’ ferrites is relatively small and shows more amorphous nature 

than crystalline nature. This also depends on the method of synthesis, which is the combustion 

method and the annealing temperature. 
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Fig. 4.43: Graph showing the effect of two different concentrations of Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites on percentage survival of Staphylococcus aureus.  
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Fig. 4.44: Antibacterial activity of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites and control at (Conc: 500 µg/mL) on percentage survival of Staphylococcus aureus 
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Fig. 4.45: Antibacterial activity of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) 

ferrites and control at (Conc: 1000 µg/mL) on percentage survival of Staphylococcus aureus 
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4.9 Summary 

The Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites was synthesized via the 

combustion method using hexamine fuel for the combustion process. The ratio (1:0.625) was 

selected when optimized via various techniques. The X-ray diffraction patterns of ‘as-prepared’ 

and ‘sintered’ ferrites showed small and broad peaks, while a sharp, intense peak appeared in 

the latter. The crystallite size was 8-13nm for a’s-prepared’ ferrites, and that of ‘sintered’ ferrites 

is 33-60 nm. The lattice constant followed Vegard's law in both cases. The chemical content 

was estimated via ICP-AES, and Ni, Zn, Fe, and Mn were present in stoichiometric amounts, 

with the theoretical result. The infrared spectra of ‘as-prepared’ and ‘sintered’ ferrites illustrate 

two peaks in 400-600cm-1 range. The higher band is the ν1, while the lower is the ν2. The ν1 

lessens with the addition of zinc. With more Zn, Fe ions move from tetrahedral to octahedral, 

enlarging the tetrahedral site and reducing vibrational frequency. For the ν2 band, the change is 

minimal, but a slight downward trend is observed. The SEM images showed agglomeration with 

a spherical shape. The sample x=0.1 showed the highest surface area, 128m2/g, with minimum 

crystallite size. 

Raman studies supported the XRD data by revealing the authentic peaks of spinel ferrites. The 

A1g peaks in Raman shifted and diminished with zinc addition. The XPS spectra of each element 

were resolved, from which the prominent peaks and satellite peaks were observed at appropriate 

positions, thus confirming the valence state of the elements. 

DC resistivity showed semiconducting behaviour of ferrites; in the ‘sintered’ ferrites, the trend 

decreased with the addition of zinc. The ‘sintered’ ferrites had higher resistivity than the ‘as-

prepared’ material at RT. The magnetic saturation was lower for the ‘as-prepared’ than the’ 

sintered’ ferrites at RT and 60K studies. The coercivity was higher for ‘as-prepared’ ferrites at 

RT and 60K, while the remanence was lower. The blocking temperature is reduced with zinc 

and with an increase in the field. When the critical temperature was determined, the Tc of the 

‘sintered’ ferrite was found to be lower due to the larger size. The addition of zinc also reduced 

the Tc from x=0.0 to x=0.5 and suddenly increased it to x=0.6. The dielectric constant and 

dielectric loss for ‘as-prepared’ and ‘sintered’ ferrites at RT and varying temperatures were 

comparable to literature reports. The Initial permeability at RT slightly increased initially and 

remained constant, with a drastic increase at high frequency. The Tc was also obtained from the 

initial permeability studies conducted at varying temperature ranges.  
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For gas sensing studies, temperature optimization was conducted for each test gas using sample 

x=0.3. When LPG was studied, it gave the best response at the lowest temperature, with a 

response as high as 75%. The cyclic voltammetry studies revealed that with a lesser scan rate, 

the specific capacitance was enhanced with sample x=0.5, giving the best results. The specific 

capacitance determination via GCD studies showed similar supercapacitance behaviour. The 

Gram-positive S. aureus pathogen was used to study the antibacterial properties of the ferrites, 

wherein sample x=0.5 showed the best activity against both dosages.  
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5.1 Summary of the Thesis 

The chapter includes a thesis summary entitled ‘Synthesis, Characterisation, and Solid-State 

Properties of Substituted Ni-Co and Ni-Mn Ferrites and Their Applications’. The precursor 

combustion technique was used to synthesize zinc-doped Ni-Co ferrite series, while the zinc-

doped Ni-Mn ferrite series was produced by the combustion method using hexamine as the 

fuel. In both cases, non-magnetic zinc was incorporated as the dopant, and its impact on the 

‘as-prepared’ samples’ structural, microstructural, morphological, and solid-state properties 

was understood. In addition, the samples were also sintered at high temperatures, and their 

effect on sample properties was also included in the present study. 

Chapter 1: This chapter includes the introduction to ferrites, their origin, different types of 

ferrites, and their classification based on their properties, followed by the literature review on 

samples synthesized using the precursor-combustion method, and the literature on samples 

produced by the combustion technique. Further, a thorough literature review on Ni-Zn-Co 

ferrite, followed by literature on Ni-Zn-Mn ferrite, is discussed. A literature survey on 

applications such as gas sensing, electrochemical performance/ supercapacitance, and anti-

microbial studies has also been included. 

Chapter 2: This chapter includes the methods and preparation techniques utilized to synthesise 

the two series with different preparation techniques, namely the combustion and precursor-

combustion methods. The precursor-combustion method was used to synthesize the Zn-doped 

Ni-Co ferrite series, while the protocol followed for the Zn-doped Ni-Mn series was the 

combustion method, which is discussed in detail. The calcination, pre-sintering, and sintering 

temperature and their purpose are also discussed here. The characterization techniques, such 

as IR, TG-DTA, C, H, N, S analyser, isothermal loss, and hydrazine estimation, are discussed 

in detail. 

A brief theory about instrumental techniques used to characterize the ferrite samples is also 

discussed: XRD, IR, SEM/EDX, TEM/SAED, Raman spectroscopy, XPS, and BET. The 

solid-state properties were studied as further investigation of the ‘as-prepared’ and ‘sintered’ 

ferrites. Hence, a brief on all the techniques used, such as magnetic studies, including VSM 

and AC susceptibility, dielectric studies via LCQR meter, DC resistivity, and initial 
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permeability, is also noted. The setup and protocol followed during gas sensing, 

electrochemical, and anti-microbial studies are also reported.  

Chapter 3 includes synthesizing and characterising zinc-doped nickel cobalt ferrites and their 

application, along with a comparative study between the a’s-prepared’ and ‘sintered’ ferrites. 

The synthesis of Ni0.6Co0.4ZnxFe2O4(x=0.0-0.6) ferrites was done by the precursor combustion 

method, wherein stoichiometric precursor Ni0.6-xCo0.4ZnxFe2(C4H2O4)3.6N2H4 

(x=0.0,0.1,0.2,0.3,0.4,0.5,0.6) was synthesized in the first step. 

The precursor was characterized as soon as it was formed due to its rapid decomposition in 

moist conditions. The yellow-coloured precursor was estimated by C, H, N, S analyser for its 

C, H, N, content, while hydrazine content in the samples was verified by titrimetric hydrazine 

estimation. The weight loss data were collected from TG-DTA-DTG experimental studies, 

which gave the decomposition temperature and stepwise mass losses.  The isothermal weight 

loss was also obtained via decomposing the samples at set temperatures, which supported the 

data obtained from TG. The IR data also backed the isothermal and TG data very well. All the 

reports, when cumulated, successfully confirmed the formation of the precursor through this 

method. 

The ‘as-prepared’ Ni0.6Co0.4ZnxFe2O4(x=0.0-0.6) ferrites calcined at 500 °C was first 

characterized by XRD, revealing a slight impurity of hematite in the sample x=0.6.  The peaks 

were sharp owing to crystallinity in the materials. When a comparison was made against the 

samples sintered at 1100 °C for 10h, a noticeable change occurred in peak intensity. The 

impurity in the x=0.6 sample vanished, giving it a clear single phase. The X-ray data 

generated parameters such as lattice constant, particle size, density, and porosity. The data 

revealed that ‘sintered’ ferrite samples had greater lattice constant values with higher 

crystallite size, while the porosity was lower due to increased density. With the addition of 

zinc in the system, the lattice values increased, whereas crystallite size and porosity were 

random. the chemical analysis revealed the exact stoichiometry of the compounds. The SEM 

and TEM analysis gave the shape, size, and crystallinity of the compounds. The chemical 

analysis showed accurate experimental percentages of elemental content owing to a perfect 

stoichiometry of the compounds. The SEM images revealed nano-sized spherical images, and 

the EDX measurement done along showed the presence of the elements in appropriate 

amounts. TEM micrographs showed the exact shape at the nanocrystalline ferrites, and the 
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crystallinity of the samples was verified via SAED patterns. Both methods employed resulted 

in agglomerated particles. Inner surface morphology was determined via the BET technique, 

and the nitrogen isotherm proceeded through multilayer capillary condensation, evolving into 

a type IV isotherm for mesoporous materials. The ferrite sample x=0.5 achieved the highest 

area of 39m2/g. Further characterisation of ferrites was conducted using Raman spectroscopy. 

The spectra displaced the peaks, indicating the Raman active modes. No extra peaks were 

observed, confirming the clear and pure phase. The Raman peaks shift with changes in 

intensity with the addition of zinc content. The lattice values rise with zinc, where the 

frequency lowers, as obtained from the spectra, which very well agrees with the reported data. 

The Raman data were evaluated for both ‘as-prepared’ and ‘sintered’ ferrites, wherein 

‘sintered’ ferrite samples showed clear spectra. The XPS measurements were performed, and 

the valence states of elements present in the ferrite samples were verified. The 2+ oxidation 

states of Ni, Co, and Zn and the 3+ oxidation state of Fe were confirmed. The presence of 

satellite peaks alongside the main peaks at specific binding energies is found, which is a 

characteristic feature for recognizing the respective oxidation states. 

The solid-state properties of both ‘as-prepared’ and ‘sintered’ ferrites were also compared. 

The DC resistivity studies were conducted in temperatures between RT and 500 °C for both 

type of ferrites. The heating and cooling events showed a decrease in resistivity with elevation 

in thermal heat. At very low temperatures, the resistivity started increasing with temperature 

for a few ferrite samples, while for the most of the others it remained constant, and after a 

while, a decrease was observed till 500 °C. The cooling event showed a lower resistivity as 

the addition of zinc increased for ‘as-prepared’ and ‘sintered’ ferrites, though not all the 

samples showed a proper trend. 

The DC magnetization studies of the ‘as prepared’ and ‘sintered’ ferrites were performed on a 

VSM instrument. The M-H analysis at RT and 60K, and M-T studies at variable fields (250, 

500, 1000 Oe) in temperatures between 350-60K were conducted. The Ms increased with the 

addition of zinc, and the increase is attributed to Neel’s two-layer model, while the decrease is 

explained by the Yaket-Kittel model. The highest value of Ms was 76 emu/g for sample x=0.3 

among ‘as-prepared’ ferrite and 87emu/g for the ‘sintered’ ferrite. The increase in Ms was 

continuous till x=0.5 and decreased at x=0.6. The Ms values were found to be slightly higher 

in the case of ‘sintered’ ferrites. The coercivity and remanence performed at RT for the ‘as 
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prepared’ ferrites were larger than those of the thermally ‘sintered’ material. The M-H studies 

at 60K showcased a similar performance and trends. Their Ms values, Hc, and Mr values were 

larger than the RT studies data owing to the freezing of the spins at 60K. 

The temperature-dependent FC and ZFC studies revealed that in the case of ‘as prepared’ 

ferrites, as the field increases, the blocking temperature lowers, and with zinc addition, the 

blocking temperature increases except for sample x=0.6. In the case of ‘sintered’ ferrites, the 

determination of blocking temperature was difficult as it lay beyond 350K. 

The AC susceptibility studies of ‘as prepared’ and ‘sintered’ ferrites were carried out from RT 

to 500 °C. As the heat elevated, the susceptibility was seen to increase, forming a Hopkinson 

peak. Further, the drop in susceptibility was established until Tc. The Curie temperature (Tc) is 

the temperature up to which the sample is stable. The plots showed a single Tc proving the 

purity of the ‘as prepared’ and ‘sintered’ ferrite samples. The peak formation indicated the 

single-domain particles in the ferrite material. As the zinc content rises, this peak formation 

diminishes, concluding the superparamagnetic nature with the addition of zinc. The doping of 

zinc leads to a decline in the Tc due to the inclusion of a larger non-magnetic ion. The Tc of 

‘sintered’ ferrites was lower than that of the ‘as-prepared’ ferrites. This is explained by the 

lattice constant values, which are larger for ‘sintered’ samples; thus, the spacing between the 

ions is larger, so the Tc is smaller. 

Dielectric studies were performed at RT at variable frequencies, and studies were also 

conducted while heating the samples between RT and 500 °C at 1kHz and 1MHz. For the RT 

studies, the zinc-doped nickel cobalt ferrite showed a usual trend of increase. At lower 

frequencies, the values are quite high and remain unchanged at higher frequencies. The 

dielectric loss versus frequency plots showed a similar trend, which is a decrease with an 

increase in frequency for samples x=0.0 and x=0.3, while the rest of the samples illustrated a 

peaking behaviour. The sample x=0.1 had the highest dielectric constant as well as the loss. In 

a similar fashion, the ‘sintered’ ferrites also had the same trend, with x=0.1 having the highest 

values. With the addition of zinc, one proper trend was obtained in both cases. When samples 

were studied against temperature, the ‘as-prepared’ and ‘sintered’ ferrite samples both showed 

a constant dielectric constant for a certain temperature range. The start of the rise in dielectric 

constant varied for the samples, but was not in order of increasing zinc content. The ‘as-

prepared’ samples showed a hump like peak at 1kHz frequency, while the ‘sintered’ ferrite 
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samples did not. Also, no humps were observed for ‘as prepared’ and ‘sintered samples’ 

at1MHz frequency. The sintering of ferrites lowered the dielectric parameters compared to the 

‘as prepared’ ferrites. 

The permeability studies of Ni0.6-xCo0.4ZnxFe2O4 (x=0.0-0.6) ferrites were done on toroids. 

The permeability increased to a certain frequency, after which the permeability remained 

unchanged until a very high frequency was reached, which broke the stability, and again, a 

rise in permeability was observed. The zone in which the initial permeability remained 

constant is referred to as the zone of utility, making it commercially useful. The temperature-

based studies showed an increase and then a sharp decrease at the Curie temperature. The 

‘sintered’ toroids of ferrites measurements also served as a technique to support PXRD and 

AC susceptibility studies in proving purity in the samples, as only one Tc was observed. The 

Tc declined as the zinc was added, just as in AC susceptibility studies. The decline in Tc was 

due to a larger zinc size in the lattice, increasing the A-B interactions. 

The ‘as prepared’ ferrites were also studied for their applications, such as gas sensing, 

electrochemical performance, and antimicrobial properties. The gas sensing was performed on 

several gases: LPG, NH3, Cl2, and NOx. First, the optimum temperature was decided for each 

gas by measuring the response performance of sample x=0.3 over all the gases at RT, 50, 100, 

150, and 200 °C. The results displayed responses against all the temperatures, but their 

response and recovery time differed, which helped in selecting the best temperature. NOx 

studies were therefore conducted at 100 °C for the rest of the samples, while for chlorine, the 

temperature chosen was room temperature. The reducing gases, such as NH3 and LPG, were 

sensed at 100 °C. The highest response obtained for NOx was 8%, while for Cl2 was ~60%, 

LPG gave a good response of 65% and NH3 was around 9%. 

The CV plots of the calcined Ni0.6-xCo0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites 

are illustrated, showing electrochemical performance, and the measurements of specific 

capacitance values were done when the analysis was done at variable scan rates (3, 5, 10, 20, 

30, 50, and 80 mV). A three-electrode system was used to carry out the studies in the potential 

range of 0- 0.5V. The plots indicated a pseudocapacitive behavior with oxidation and 

reduction peaks. The peaks shifted as the scanning rate changed. The specific capacitance was 

highest for a 3mV scan rate for all the compositions. The largest specific capacitance was 

acquired for sample x=0.2 with Csp of 78.9 F/g. 
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The antibacterial effect was investigated against Staphylococcus aureus bacteria at two 

different dose concentrations (500 and 1000µg/mL). The results were compared with a 

control, which had 100% survival. For a 1000µg/mL dosage, three samples showed excellent 

results; they are given as follows: x=0.4>x=0.0> x=0.6, while at 500µg/mL, x=0.0 proved the 

best material for the efficacy, followed by x=0.4, x=0.6. The other sample did show 

antibacterial ability, but to a lesser extent.   

 

Chapter 4: Deals with zinc-doped nickel manganese series Ni0.6-xZnxMn0.4Fe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0.5,0.6) ferrites developed by redox combustion process wherein the fuel utilized 

was hexamine, the samples were calcined at 500 °C for five hours and sintered at 1100 °C. 

Several metal nitrate: fuel ratios were optimized to select the appropriate one for further 

synthesis. Several key characterizations were introduced to evaluate the most suitable ratio. 

The selected ratio was (1:0.625), using which ‘as-prepared’ ferrite samples were obtained. The 

‘as-prepared’ ferrites were characterized by PXRD, from which the nano-scale material with a 

very small size was identified. The phase obtained was pure, with six spinel peaks in the 

diffractogram. The peaks were broad with lower intensity. A clear peak of spinel was obtained 

for ‘sintered’ ferrites, except for sample x=0.6, which showed a hematite phase. The peaks 

were crystalline and highly intense, proving crystallinity in the samples. The lattice constant 

was calculated for the ‘as prepared’ and ‘sintered’ ferrites, showing a linear trend with the 

addition of zinc. The values of ‘sintered’ ferrites were higher than those of the ‘as-prepared’ 

ferrites. The 2 theta values shifted towards the lower value with zinc doping. The porosity 

decreased while the density increased. 

The chemical analysis was performed on an ICP-AES instrument, which detected the elements 

in stoichiometric amounts. The theoretically calculated percentages of elements matched 

exactly with experimental data. The infrared spectroscopy study was conducted of the ‘as 

prepared’ and ‘sintered’ Ni0.6-xZnxMn0.4Fe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites at RT. 

The plots illustrated two bands of M-O bonding belonging to the tetrahedral site and the 

octahedral site, which lay between 400- 600 cm-1. In the case of the ‘sintered’ plot, it is clearly 

demonstrated that the ᶹ1 peaks gradually shift towards the lower frequency with the addition of 

larger zinc ions.  
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The morphological features were determined by SEM-EDX, which showed that synthesized 

particles possessed predominantly spherical morphology, with sizes falling in the nanometer 

range, confirming successful formation of nanoparticles. However, significant agglomeration 

was observed, suggesting that particles tend to cluster together. This agglomeration is caused 

by high surface energy or high magnetic material. The TEM-SAED identified agglomeration 

of the nanoparticles, which affected image clarity due to extremely small particle size. The 

particles were so small that clear individual structures were difficult to distinguish. A particle 

size distribution histogram indicated sizes between 4 and 30 nm, confirming the nanoscale 

material. Additionally, SAED patterns displayed some bright spots, suggesting partial 

crystallinity within the samples. Thus, the two surface techniques contributed to identifying 

the nanoparticles and supported the data obtained from PXRD. 

The BET surface area was measured of the ‘as prepared’ ferrite samples using a multipoint 

BET system. The N2 adsorption-desorption isotherms are type IV with H3-type hysteresis 

loop, mesopore structures of the samples with slit-like pores were identified. The calculated 

surface area peaked at 128.64m2/g for x=0.1, following a drop in surface area, with the rise in 

zinc content, reaching 56.671m2/g at x=0.6. This trend suggests that Zn doping affects 

porosity and particle aggregation. The inverse relation between size and area is evident, with 

increased zinc content leading to larger crystallites as confirmed by XRD and BET analysis. 

The Raman analysis study was conducted at RT, and the results were analyzed of ‘as 

prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6) ferrites. The 

samples showed four peaks for the ‘as prepared’ ferrite samples, while clear peaks were 

shown for the ‘sintered’ samples. The A1g (1) peak is found to be highest in the sample 

without Zn due to equal distribution of Fe3+ in octahedral and tetrahedral sites. The small size 

and strong bonding of Fe3+ and O2- in tetrahedral sites result in a high force constant. With Zn 

doping, the Fe3+ ion shifts to the octahedral site, reducing the force constant and thus lowering 

the Raman shift. The photoelectron peaks of Ni 2p, Mn 2p, Zn 2p, Fe 2p, and O1s, along with 

their satellite peak, confirmed the Ni, Mn, and Zn to be in their respective 2+ oxidation state, 

while Fe was in the 3+ oxidation state.  

The DC resistivity studies for ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 

0.2, 0.3, 0.4, 0, 5, 0.6) ferrites were measured with increased temperature. The plots showed 

semiconducting behaviour during the heating and cooling sessions. The resistivity was 
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between 103–105ohm cm. The ‘as prepared’ ferrite had no proper trend with the doping of 

zinc. Thus, other factors like porosity, particle size, and entrapped moisture play a role in 

showing the resistivity trend.  The sintered also showed a similar trend with temperature 

increase. The cooling plots of the ‘sintered’ ferrites were clear and showed lower values than 

the ‘as prepared’ ferrites. This trend was related to grain size. When zinc content rose, there 

was a continuous decrease in resistivity.  

The AC susceptibility measurements of the ‘as prepared’ as well as the ‘sintered’ Ni0.6-

xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites were measured between room 

temperature and 850 K. The susceptibility rose with temperature, indicating domain 

formation, followed by a drop at the Curie temperature, where magnetic ordering vanished. A 

slow fall occurred for ‘as prepared’ ferrites, while ‘sintered’ ferrites showed a sharp decline. 

The Tc was found to decrease with zinc content up to x=0.5, then slightly increases for x=0.6, 

except for an anomaly for x=0.3. the higher Tc for the ‘as prepared’ is linked to a smaller 

lattice parameter. As zinc substitution expands the lattice, it weakens the magnetic field. 

At RT, the ‘as prepared’ ferrite samples showed unsaturation magnetization up to 30,000 Oe, 

with lower values (9-19 emu/g) because of size and spin disorder. The saturation 

magnetization increased with zinc content up to x=0.3 (with a drop at x=0.2), then further 

declined with further doping. This trend follows Neel’s two-sublattice model. The excess zinc 

causes magnetic dilution and spin canting as explained by the Yafet-Kittel model. At 60K, 

higher values of magnetization were obtained. The trend with zinc content remained constant 

but shifted to a peak at x=0.5 (as-prepared) and x=0.4 (sintered). The coercivity lowered with 

the addition of zinc content due to grain growth and reduced magnetic anisotropy. The ‘ss-

prepared’ ferrites exhibited higher coercivity than ‘sintered’ ferrites due to smaller grain size 

and higher porosity, which hinders domain wall motion. In ‘sintered’ ferrites, larger grain size 

and reduced porosity lead to lower coercivity, consistent with easier domain wall movement 

and lower magnetic field resistance. The ZFC and FC magnetization studies of the synthesized 

series were performed between 60-350K at 250, 500, and 1000Oe. In FC mode, magnetization 

decreased with rising temperature due to thermal disruption of aligned spins. The ZFC curves 

showed a peak at the blocking temperature, above which superparamagnetic behaviour 

emerged. Increasing Zn led to lower TB and reduced anisotropy. The ZFC and FC curves 

remained apart, indicating particle size variation and clustering. In ‘sintered’ ferrite samples, 
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magnetic behaviour shifted from ferrimagnetic to superparamagnetic and paramagnetic with 

more zinc. A stronger field narrowed the ZFC-FC separation. 

The dielectric behaviour was examined for both ‘as prepared’ and ‘sintered’ ferrite samples. 

The dielectric constant showed a rapid drop at low frequencies and gradually leveled off at 

higher frequencies, a pattern typical of spinel ferrites. This behaviour was explained by the 

Maxwell-Wagner model, where polarization occurs due to charge buildup at insulating grain 

boundaries. The dielectric loss followed a similar frequency-dependent trend, decreasing with 

frequency after a slight initial rise, forming a peak most noticeable in the ‘as prepared’ 

ferrites, caused by the matching of electron hopping and applied field frequency. Among all 

samples, x=0.2 (as-prepared) and x=0.4 (sintered) showed optimal dielectric performance. The 

temperature-dependent measurements of ‘as-prepared’ and ‘sintered’ ferrite samples at fixed 

frequencies of 1 kHz and 1 MHz were performed. At low temperatures, the dielectric constant 

remained nearly stable, but increased noticeably at higher temperatures. For 1 kHz, the onset 

of this rise was established sooner with higher zinc content. The dielectric loss followed a 

similar pattern, rising with temperature and showing a distinct hump at 1kHz, which was less 

prominent at 1MHz. An unusual rise in dielectric constant was measured, x=0.3 at 1 kHz, 

deviating from the general trend.  

The initial permeability of zinc-doped Ni-Mn ferrites increased at low frequency due to 

domain wall motion, remained stable over the mid-frequency range, and rose again at higher 

frequency due to magnetic resonance. The stable reason is ideal for the device applications, 

with resonance around 1MHz linked to spin rotation. The permeability increases due to Zn 

content up to x=0.4, then declines, following the trend of saturation magnetization and 

anisotropy. The sample x=0.4 showed the highest permeability. The loss tangent was high at 

low frequency and decreased with frequency, attributed to a lag in domain wall motion caused 

by lattice imperfections. 

The temperature-dependent loss tangent plot shows that the losses remain nearly constant 

initially, followed by a sharp rise at a specific temperature for each sample. This rise aligns 

with the temperature where initial permeability begins to drop, just before the Curie 

temperature. At high temperatures, a gradual increase in loss occurs, marked by a change in 

slope, indicating the onset of the Curie temperature. This behaviour is attributed to increased 
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damping of domain wall motion. Additionally, the overall loss tangent decreases with 

increasing zinc, suggesting improved magnetic stability with Zn substitution. 

The study evaluated the gas-sensing capabilities of the materials against both oxidizing gases 

(Cl2, NOx) and reducing gases (LPG, NH3). The different operating temperatures (RT, 50, 

100, 150, 200 °C) were tested to determine the optimal sensing conditions. Each gas was 

studied across the temperature range using x=0.3 composition to determine its best 

performance point. NOx: best response (20%) was seen at 100°C; performance dropped above 

this temperature. Cl2: 50°C showed the highest response (60%) but with slower recovery; 

responses declined with higher temperature. NH3: good responses at lower temperatures (RT 

and 50°C), with a peak at 100°C using x=0.3; performance dropped at higher temperatures. 

LPG: displayed the strongest sensing at room temperature, with a peak response of 40%. 

However, the response decreased with increasing temperature. Further, the gas responses were 

measured for all compositions (x=0.0 to 0.6) under their respective optimum temperature. For 

NOx at 100°C, x=0.3 showed the best response (20.6%). For Cl2 at 50°C, x=0.3 showed the 

highest response (61.5%). For NH3 at 100°C, x=0.3 was the optimal composition with a peak 

response of 48%. For LPG at RT, x=0.0 had the highest response (76%), followed by x=0.2 

and x=0.1. 

The supercapacitance activity of the synthesized ‘as prepared’ ferrites was investigated using 

cyclic voltammetry across a scanning voltage ranging from 3 to 80mV/s in a three-electrode 

system, with 3M KOH as the electrolyte and between 0 and 0.5 V. The voltammogram 

displayed distinct cathodic and anodic peaks, confirming the pseudocapacitive nature of the 

material. With the rise in scan rate, the current density also rose, and the anode peak shifted 

positively while the cathodic peak shifted negatively. A smaller scan rate resulted in reduced 

area under the curve, indicating a direct correlation between scan rate and electrochemical 

performance.  

The synthesized nanoparticles were evaluated for antibacterial efficiency against 

Staphylococcus aureus at two different concentrations: 500 and 1000µg/mL. The enhanced 

bacterial inhibition was observed at higher doses, with the x=0.5 sample exhibiting the highest 

effectiveness, nearly eliminating bacterial survival at 1000µg/mL. The antibacterial 

mechanism is linked to nanoparticle-induced membrane damage, reactive oxygen species 



                                                                                                                                            Summary & Conclusion 

270 
 

formation, and the release of zinc ions, which collectively impair bacterial function. The 

amorphous structure, fine particle size, and synthesis method contribute to this behaviour. 

These results highlight the potential of zinc-substituted ferrites, particularly x=0.5, as a strong 

antibacterial material for water purification. 

5.2 Conclusion 

Some of the salient features of ‘as prepared’ and ‘sintered’ zinc-doped Ni-Co and Ni-Mn 

ferrites are listed in this section. 

 The effect of the addition of non-magnetic zinc ions in Ni0.6Co0.4ZnxFe2O4(x=0.0-0.6) 

ferrite series 

o Rise in lattice parameter. 

o No proper trend with zinc substitution was seen in the case of resistivity, 

except that x=0.6 sintered samples showed the lowest resistivity, as per the 

reports. 

o Saturation magnetization for ‘as prepared’ ferrite samples increases up to x=0.3 

for RT measurements, while for 60K measurements, the saturation 

magnetization continuously rises, with the exception of sample x=0.5. 

o For ‘sintered’ ferrite, the saturation magnetization rises till x=0.3 for RT study, 

while at 60K, the magnetization increases up to x=0.5 and then drops for 

x=0.6. 

o Blocking temperature increases. 

o The dielectric constant and dielectric loss for the ‘as prepared’ at RT did not 

show a peculiar trend with zinc doping, while when studied with respect to 

temperature, the values decreased with zinc content, with a few samples 

showing out-of-trend behaviour, while for ‘sintered’ ferrites, when studied with 

respect to temperature at fixed frequencies, the values increased. 

o With an increase in zinc, initial permeability at RT increased with anomalous 

behaviour for sample x=0.5. The Tc dropped as the addition of zinc increased, 

just like the AC susceptibility behaviour. 

 Comparative study between the ‘as prepared’ and ‘sintered’ Ni0.6Co0.4ZnxFe2O4(x=0.0-

0.6) ferrites 



                                                                                                                                            Summary & Conclusion 

271 
 

o The lattice parameters of the ‘as prepared’ ferrites were lower than those of the 

‘sintered’ ones. 

o The porosity for ‘sintered’ ferrites was lower, while the density and crystallite 

size were higher. 

o The resistivity for ‘sintered’ ferrites at increased temperature was less than that 

of the ‘as prepared’ ferrite samples, while at lower temperatures, the resistivity 

was high. 

o The magnetic saturation was higher for ‘sintered’ ferrites in the case of RT and 

60 K studies. The coercivity and residual magnetization were lower in the case 

of ‘sintered’ ferrites. 

o The blocking temperatures (TB) for ‘as prepared’ ferrites were obtained for all 

the fields, while only the lower field TB was obtained in the case of ‘sintered’ 

ferrites. The TB was higher for ‘sintered’ ferrites in a particular field than for 

‘as prepared’ ferrites. 

o The Tc for ‘sintered’ ferrites was lower than that of the ‘as prepared’ ferrites. 

The ‘as-prepared’ ferrites showcased single-domain characteristics, while the 

plots obtained for the ‘sintered’ ferrites were of a multi-domain particle type. 

o The high values of dielectric constant and dielectric losses were obtained for 

the ‘as prepared’ ferrites at RT. When the studies were conducted at varying 

temperatures from RT to 500 °C at fixed frequencies, the values of dielectric 

constant and dielectric loss were higher in the case of ‘as prepared’ ferrites. 

 Applications of Ni0.6Co0.4ZnxFe2O4(x=0.0-0.6) ferrites 

1. Gas sensing studies showed a good response towards the gases, making it a useful 

material 

 The optimum temperature for NOx was 100 °C; sample x=0.0 was found to 

give a high response with quick recovery. 

 RT was selected to study chlorine gas; sample x=0.5 yielded the highest 

response of 63%. 

 At 100oC the LPG response were optimal, with sample x=0.3 showing great 

performance of 65%. 
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 NH3 gas at 100oC showed a response of 9% for x=0.3 which was highest in the 

entire series. 

2. Electrochemical performance of the samples yields good capacitive properties. 

 Highest supercapacitance was measured for the lowest scan rate of 3mV. 

 As the zinc content increased, the supercapacitance also increased, with a few 

exceptions in between. 

 The sample x=0.6 showed the highest Csp for all the scan rates except for 3Mv, 

where the highest was observed for x=0.2. 

 

3. Antibacterial performance of ferrite was measured against S. aureus bacterial culture. 

 At 500 µg/mL, the order of activity was as follows: 

x=0.0>0.4>0.6>0.3>0.1>0.2>0.5. 

 At 1000µg/mL, the order of activity was as follows: 

x=0.4>0.0>0.6>0.3>0.2>0.1>0.5. 

 The effect of doping large zinc ions in Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.6) ferrites. 

o Lowering of lattice parameter with lowering of zinc content, and shifting of the 

2theta value to a lower value with an increase in zinc. 

o The IR band observed at ~600 cm-1 shifted towards a lesser wavenumber with 

zinc as seen in sintered data. 

o The A1g (1) band diminished as the zinc content rose. 

o The resistivity decreased with the addition of zinc, as per the heating curves of 

sintered samples. 

o The M-H study concluded that saturation magnetization in the case of ‘as 

prepared’ and ‘sintered’ increased up to x=0.3, with further lowering, except 

x=0.2 (as-prepared) showed an anomaly. 

o In the case of the 60K M-H study, the ‘as prepared’ ferrite samples showed an 

increase till x=0.5 and then a decrease, while for the ‘sintered’ ferrite samples, 

the increase was up to x=0.4, following a decrease. 

o The blocking temperature decreased with the addition of zinc. 

o The Curie temperature decreased with zinc up to x=0.5. 
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o The dielectric curves were not in order with the doping of zinc in the case of 

the dielectric study. 

o The initial permeability increased till x=0.4, further decreased just as 

magnetization. 

o The Tc obtained from initial permeability decreased with zinc content. 

 Comparative study between the ‘as prepared’ and ‘sintered’ Ni0.6-xMn0.4ZnxFe2O4 

(x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. 

o Lattice constants, x-ray density, and crystallite size were greater for ‘sintered’ 

ferrite samples, and the porosity was smaller. 

o The intensity of peaks in the case of ‘sintered’ ferrites was high and sharp. 

o At minimum temperature, the resistivity of ‘sintered’ ferrites was higher, while 

at maximum temperature, the resistivity was lower, with some exceptions. 

o The saturation magnetization values for the RT and 60K studies were higher 

for ‘sintered’ ferrites. 

o Sharp falls at Tc were seen in ‘sintered’ ferrites susceptibility plots, indicating 

a multi-domain nature of the samples, while the plots for ‘as-prepared’ ferrites 

indicated a single-domain nature. 

o The Tc for ‘sintered’ ferrites was lower than that of ‘as prepared’ materials. 

o The dielectric constant and dielectric loss for ‘as prepared’ ferrites were higher 

than those of ‘sintered’ ferrites. 

o When the dielectric study was conducted at 1kHz, the ‘sintered’ ferrite 

samples showed higher values, while at 1MHz, the ‘as prepared’ ferrites 

showed higher values. 

 Application of Ni0.6-xMn0.4ZnxFe2O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) ferrites. 

1. The gas-sensing properties of the ferrites against oxidizing and reducing gases 

were tested. 

 The sample x=0.3 showed the best response towards NOx gas at 100oC 

with 20.6% response. 

 At 50 °C, Cl2 was detected with a high response of 61.5%. 

 NH3 was detected at optimal temperature of 100oC with response of 31% 

for sample x=0.0. 
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 LPG detection by the samples in the series showed an excellent outcome at 

RT, with the highest being 76% for sample x=0.0. 

2. Cyclic voltammetry evaluated the supercapacitance ability of the ferrites under 

study. 

 The lowest scan rate yielded the highest supercapacitance value for all the 

compositions. 

 The sample x=0.5 showed the 99F/g specific capacitance. 

 The anodic and cathodic peaks indicated the pseudocapacitive nature of the 

samples. 

 The peaks shifted as the scan rate changed, and the area under the curve 

reduced with a lower scan rate. 

3. The activity of the ferrites against the pathogen was evaluated thoroughly. 

 At 500 µg/mL, the order of activity was as follows: 

x=0.5>0.1>0.2>0.6>0.3>0.0>0.4  

 At 1000 µg/mL, the order of activity was as follows: 

x=0.5>0.1>0.2>0.6>0.3>0.0>0.4.  
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Introduction

The spinel nanoparticles are an essential class of compounds 
possessing several applications, which range from biomedi-
cal [1], antimicrobial agent [2–4], antenna core [5], catalyst/
photocatalyst [6–10], microwave absorbing materials [11], 
gas sensors [12–16], etc. Synthesis of these ferrites involves 
several methods, including some very commonly exploited 
methods such as the ceramic method [17–19], co-precipita-
tion [20–22], combustion [23, 24], citrate-precursor method 
[25], solvothermal [26, 27], hydrothermal [28, 29], sol-gel 
method [30–32], microemulsion [33], sonochemical method 
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Abstract
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6) were prepared by the combustion method using hexamine as the fuel. Zinc 
replacement in place of Ni and its effect on various structural, electric, magnetic, and dielectric properties was studied 
using several instrumental techniques. X-ray diffraction revealed a monophasic cubic spinel structure for the samples. 
Scherrer’s formula determined that the crystallite size (D) was in the nano range from 8 to 15 nm. The lattice constant 
values showed an increment with zinc content while porosity was seen to drop. The scanning electron microscopy images 
showcased agglomerated particles due to magnetic interaction between them and were found to have spherical morphol-
ogy. TEM provided the average particle size obtained from the histogram, while the SAED pattern revealed the semicrys-
talline nature of the samples. Infrared spectra showed two metal-oxygen peaks peculiar to spinel ferrite in the range of 
~ 400–600 cm− 1. Confirmation of the spinel phase was made using room temperature Raman analysis, and the change in 
Raman peaks was observed with an increase in zinc content. XPS studies revealed Ni+ 2, Mn+ 2, Zn+ 2, and Fe+ 3 to be in 
their respective valence states. A resistivity study was conducted from RT- 500 °C, which showed a decrease in resistivity 
with an increase in temperature, a typical trend of semiconduction. Dielectric studies performed at RT showed the highest 
dielectric constant with the minimum dielectric loss for sample x = 0.2, while variable temperatures studied at different 
frequencies showed x = 0.6 with the highest dielectric constant. Saturation magnetization values increased up to x = 0.4, 
which Neel’s two sublattices model explained, and a further decrease in magnetization was explained by the Yafet- Kittle 
model. AC susceptibility revealed Curie temperature up to the point where the sample behaved as ferrimagnetic material. 
The main aim and objective were to explore the suitability of synthesized materials for their applications and to study 
zinc’s influence on various properties and antibacterial activity. The antibacterial activity of the samples was investigated 
as a potential candidate against highly resistant and infectious Staphylococcus aureus, and sample x = 0.2 showed the best 
results.
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[34], polyol method [35], mechanical milling [36], spray 
pyrolysis [37] etc. Methods like solution combustion permit 
control over size, homogeneity, composition, and stoichi-
ometry, yielding high-purity quality products [38]. Ni-Mn 
ferrites have attracted researchers due to their tremendous 
properties. This soft magnetic material has excellent mag-
netic, electrical, and optical properties. These materials pos-
sess high electrical resistivity, permeability, permittivity, 
coercivity, saturation magnetization, and low power losses. 
These characteristic features make this material very use-
ful in various fields. Ni-Mn ferrites are utilized in multiple 
applications: transducers, electronic appliances, transform-
ers, and inductors. They are also valuable for biomedical 
applications and as sensors and biosensors [39, 40]. E. R. 
Kumar et al. [41] synthesized Mn-substituted nickel ferrites 
under different fuel ratios of (50%, 75%, and 100%). The 
study was based on the effect of fuel concentration on vari-
ous properties of the compounds. The structural properties 
like lattice parameter, interplanar distance, and size were 
obtained from the XRD data, and the calculated size was 
found to be well in the nanoscale region from 25 to 75 nm 
for as-prepared samples. The saturation magnetization val-
ues increased with the rise in fuel percent and sintering 
temperature. Manganese zinc ferrites have good magnetic 
and dielectric properties; their permeability and magnetiza-
tion make them technologically essential as transformers, 
recording heads, and coils. However, these ferrites possess 
low resistivity, so high eddy current losses exist at higher 
frequencies [42–45]. Nickel-zinc ferrites are known for 
low and high-frequency applications but have limitations. 
Ni-Zn ferrites have high resistivity but low permeability at 
high frequency. They can be used as inductors, transform-
ers, phase shifters, etc. [46–51]. The properties of these fer-
rites are studied individually. To overcome the limitations, 
a combination of these elements has been studied; A. A. 
Sattar et al. [52] synthesized nickel manganese zinc ferrites 
where manganese was doped into the Ni-Zn system, and 
its influence on the properties was studied. With increased 
manganese concentration, the grain size increased, increas-
ing the magnetization and permeability. They also learned 
their electrical properties, such as resistivity and thermo-
electric power. The increase in dopant enhanced resistivity, 
thus proving a suitable material for high-frequency appli-
cation. They also reported the dielectric properties, which 
agreed with other reported data. Various other authors have 
performed similar studies, obtaining comparable results as 
the manganese concentration increased [53–56].

S. Thota and co-workers [57] have studied nickel-substi-
tuted manganese zinc ferrite and their structural, vibrational, 
and electronic structure in detail. The Raman spectroscopy 
in their studies revealed the presence of Fe and Zn ions in 
the tetrahedral interstitial sites in the FCC anion lattice in 

equal fractions. The Mossbauer spectra showed that Fe+ 3 
was present in tetrahedral and octahedral interstitial sites, 
whereas Ni+ 2 was in the octahedral site. XPS also confirmed 
the Fe+ 3 ions in both sites. The X-ray diffraction technique 
helped to calculate the intensity ratio and compared it with 
the observed ratio, which provided information about cat-
ion distribution. F.A. Ahmed et al. [58] studied the nickel 
substitution on manganese zinc ferrite. The X-ray studies 
of their samples confirmed the formation of a single phase. 
They determined the resonance line width and Lande’s 
splitting factor using EPR spectroscopy. EPR revealed 
super-paramagnetism in the compounds. The saturation 
magnetization of x = 0.1 was found to be the highest. The 
SEM images of the samples revealed porous agglomerates. 
Many reports on Ni substitution in the Mn-Zn system are 
available where characterization, solid-state properties, and 
applications like sensing have been reported [46, 59, 60]. 
Our main aim is to focus on zinc-doped Ni-Mn ferrite and 
to study the effect of dopant on various properties and the 
application under study. Zinc, being non-magnetic in nature, 
alters or enhances the properties of the nanomaterials. The 
structural and magnetic properties are seen to improve with 
an increase in the content of the dopant (zinc) concentration 
[61, 62]. In the literature, very few reports are available on 
the zinc-doped series, and therefore, we aim to study the 
zinc-doped Ni-Mn ferrite series. Ferrites are known to show 
antibacterial activities; however, no reports are available in 
the literature sharing the antibacterial activity of the present 
ferrite series against Staphylococcus aureus bacteria. Staph-
ylococcus aureus is a Gram-positive, opportunistic patho-
gen known to cause nosocomial infections. Staphylococcus 
aureus is the cause of several skin infections, bacteremia, 
nosocomial pneumonia, surgical wound infections, and 
endocarditis [63]. The tendency of the bacteria to cause cross 
infections and to colonize the individual persistently makes 
it even more problematic. Unchecked usage of antibiotics 
to curb the spread of this bacteria has resulted in resistance 
to several antibiotics, particularly cephalosporins. This has 
also led to the emergence of numerous resistant varieties 
of Staphylococcus aureus, such as Methicillin-resistant 
Staphylococcus aureus (MRSA), Vancomycin intermediate 
Staphylococcus aureus (VISA), and Vancomycin-resistant 
Staphylococcus aureus (VRSA) [64]. Life-threatening dis-
eases caused by Staphylococcus aureus and its ability to 
resist many antibiotics have made it a concerning issue in 
the medical field. Consequently, an urgent need for new 
antimicrobial agents has surfaced. In the present study, we 
have used zinc-doped nickel manganese ferrite as an anti-
bacterial agent. The oxide materials can be scaled down and 
altered depending on the metals they contain, the method 
of preparation used, the crystallinity of the sample, etc., 
which changes its structural, mechanical, electrical, and 
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optical properties. The changes in the properties, especially 
size, increase the surface area of the samples, enhancing the 
interactions between the cell molecules, thus enabling bet-
ter activity. Studies on zinc oxide nanomaterials and their 
activity against various pathogens have been reported [65]. 
Zinc oxides have been reported to enter the pathogen’s cells, 
interact with the surface and nucleus, and exhibit antibac-
terial activity [66]. Various food industries have adopted 
nanomaterials as antimicrobial agents, such as oxides of 
metals like zinc and nickel, which are harmful to pathogens 
but not to human cells. This is due to the large surface area 
to volume ratio of the nanomaterials possessed [67]. Due to 
their biocompatibility with humans using nanomaterials as 
antimicrobial agents, they can be considered good candi-
dates in the field. Due to various reports on zinc activity as 
an antimicrobial agent, zinc was selected as a dopant with 
increasing concentration to study the effect of zinc at differ-
ent concentration levels. In a recent study, NiO/ZnO nano-
hybrid materials have been tested against various bacterial 
and fungal pathogens. The study tested 25% and 50% NiO/ 
ZnO ratios and pure NiO and ZnO as antimicrobial agents. 
The study was conducted via the agar-well diffusion method 
to understand and study the antibacterial activity of the 
nanohybrid. 100 µL of nanohybrid material was utilized to 
study the effect on gram-positive and gram-negative bacte-
ria and fungal pathogens by measuring its inhibition zones. 
Results showcased activity against all pathogens with good 
results for hybrid compounds compared to pure NiO or ZnO 
compounds [65]. CuO@BaO/CaO was synthesized using 
a simple co-precipitation method to study its antibacterial 
activity against gram-positive and gram-negative bacteria. 
The disk diffusion method was adopted to study the E. coli 
and S. aureus specimens. Ba/Ca doped CuO showed results 
against both pathogens at various doses. The S. aureus 
gram-positive bacteria microorganism development was 
reduced more than E. coli when exposed to a (0.5:0:3:0.2) 
ratio. Activity improved with decreased barium concentra-
tion and increased calcium concentration [68].

We are reporting here zinc-doped Ni-Mn ferrite with 
composition Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0, 0.2, 0.4, 0.6) 
for the first time. It was also observed that very little litera-
ture is available for similar ferrite series where zinc is being 
doped in Ni-Mn ferrite and whose antibacterial properties 
are studied for gram-positive bacteria via the viable count 
method. Secondly, using hexamine as fuel in the present 
combustion synthesis results in nano-range (below 20 nm) 
particles, which is relatively small compared to most of the 
literature data reported, making it a good candidate for vari-
ous applications.

Experimental Procedures

Synthesis and Characterisation

Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0, 0.2, 0.4, 0.6) zinc-doped 
nickel manganese ferrites were synthesized via the com-
bustion technique. The analytical grade nitrate salts, 
namely nickel nitrate hexahydrate (99% Thomas Baker), 
zinc nitrate hexahydrate (97% Thomas Baker), manganese 
nitrate tetrahydrate (99% SRL), and ferric nitrate nonahy-
drate (99% Thomas Baker) were taken into the beaker. They 
were kept on a hot plate for the solid to melt. Once the melt 
was obtained, it was cooled, and an appropriate amount of 
hexamine (99% Thomas Baker) as fuel was added. Further, 
heating continued until combustion occurred, yielding fer-
rite powder, which was ground for an hour and calcined at 
500°C for five hours to remove unburned carbon, if any. 
The obtained ‘as-prepared’ ferrite was again ground for 
two hours to homogenize the compound. Instrumental tech-
niques then characterized the Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0, 
0.2, 0.4, 0.6) ferrites. The phase identification study used 
a Rigaku Smart Lab X-ray diffractometer. The morphol-
ogy and elemental analysis were studied using Carl Zeiss 
SEM model no. EVO18, along with the EDX facility. The 
average particle size was confirmed by HR-TEM images, 
which were done using the FEI Tecnai G2, F30 make and 
model instrument. Shimadzu FTIR prestige-21 spectropho-
tometer was used to get IR spectra. The studies done using 
the Horiba Lab-Ram HR Evolution Raman spectrometer 
gave the active modes of samples. Surface characterization 
was performed using (XPS) X-ray photoelectron micros-
copy using model/Supplier: PHI 5000 Versa Probe II, FEI 
Inc. Electrical studies by the two-probe resistivity set-up. 
Wayne Kerr 6500P LCR meter helped in studying dielectric 
properties. Quantum design Versa Lab Vibrating Sample 
Magnetometer was utilized to measure hysteresis. AC sus-
ceptibility, ADEC Embedded Technology, and Solution Pvt. 
Ltd. evaluated Curie temperature and domain structure.

Antibacterial Study of Zn Doped Nickel Manganese 
Ferrites

A series of four Ni0.6−xZnxMn0.4Fe2O4 (where x = 0.0, 0.2, 
0.4, 0.6) were tested against gram-positive strain of Staphy-
lococcus aureus at different concentrations. An 18-hour-old 
culture of Staphylococcus aureus was inoculated in a nutrient 
broth medium supplemented with two different concentra-
tions (500 µg/mL and 1000 µg/mL) of chemical compound 
prepared in saline. Nutrient broth medium without the chem-
ical compound acted as control. The flasks were incubated 
at 37℃, 110 rpm for 18 h. After incubation, the growth of 
Staphylococcus aureus was checked by examining optical 
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Nelson Riley function F(θ) vs. lattice constant (α) was 
plotted, whose calculation was done using the following 
Eq. (2) and Eq. (3)

F (θ ) =
1

2

(
cos2θ

sinθ
+

cos2θ

θ

)
� (2)

α XRD =
λ

2

√
h2+k2+l2

sinθ
� (3)

Where ‘α’ is the lattice constant, θ is the glancing angle, 
and (h, k, l) is the miller indices. These equations measured 
the true lattice constant (α0) [70]. The Fig. 1b illustrates the 
plot of lattice parameter vs. F(θ). The true lattice constant 
was obtained by extrapolating the lattice parameter vs. F(θ) 
graph, while the average lattice constant was obtained from 
the equation, α=d

√
h2 + l2 + k2and the values of both are 

presented in Table 1. Table 1 shows little difference in the 
average and true lattice constants; average lattice constant 
values are slightly higher than the true ones. Still, both show 
the same trend with an increase in dopant content.

The lattice constant in the studied samples appears to 
increase with the increase in zinc content, which obeys 

density at 600 nm. Serial dilution of the culture broth was 
carried out using 0.85% saline, and the required dilutions 
were spread plated on nutrient agar plates. The viable count 
was thus determined, and the percentage survival of the bac-
teria in the presence of Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0, 0.2, 
0.4, 0.6) nanoparticles was calculated using the formula.

Survival (%)

Number of colonies forming

units in presence of nanoferrite

Number of colonies forming

units in absence of nanoferrite

× 100

Results and Discussions

Structural Study

X-ray Diffraction

X-ray diffractograms of all samples calcined at 500°C for 
five hours showcased the pure phase of cubic spinel struc-
ture with no extra impurity peak, which can be seen from 
Fig. 1a. Bragg’s equation helped to calculate interplanar dis-
tance. Hence, the lattice constant was also obtained. The d 
spacing was determined by the formula in Eq. (1) reported 
by [69].

nλ = 2d sin θ � (1)

Where n is an integer, λ is the wavelength, d is the interpla-
nar distance, and θ is the glancing angle.

Table 1  Lattice constant, crystallite size, X-ray density, porosity
Sample Avg. lattice

constant
(α)

True lattice 
constant 
(α0)

ρX−ray

(g/c.c.)
Porosity 
(%)

Crys-
tallite 
size
(nm)

X = 0.0 8.366 8.362 5.290 56.17 15.2
X = 0.2 8.381 8.376 5.294 59.84 8.8
X = 0.4 8.403 8.399 5.280 58.40 13.0
X = 0.6 8.423 8.426 5.260 53.50 12.3

Fig. 1  (a) X-ray diffraction patterns of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). (b) Plot of lattice constant vs. F(θ) of ‘as prepared’ 
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
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The X-ray density of the ferrite samples was calculated 
using the equation given in Eq. 8 [83]

ρ X−ray =
Z M

Na3
� (8)

where Z denotes molecules per unit cell, and its value is 8, 
M is the molecular weight, N is Avogadro’s number, which 
is 6.023 × 1023, and the lattice constant is denoted as ′ a′ . 
The obtained X-ray density of ferrites ranges from 5.260 to 
5.294 g/cm3. The X-ray density decreases with the addition 
of zinc content and is in tune with the literature report [78].

The bulk density of the cylindrical ferrite pellet was mea-
sured using the relation given below in Eq. (9).

ρ bulk =

m

π r2h
� (9)

where m is the mass of the pellet, while 𝞹r2h is the vol-
ume of the pellet. The porosity of the ferrites was calculated 
using the formula given below in Eq.  10. The pore sizes 
were reduced with an increase in zinc.

P % = (1− ρ bulk

ρ X−ray
)× 100� (10)

The porosity obtained in the present ferrite series is rela-
tively high and is found to decrease with increasing zinc 
content.

The specific surface area was calculated using the 
Eq. (11) [84]

S =
6

ρ x−ray Dcryt
� (11)

It was observed that as the grain size decreased, the surface 
area increased. This trend follows the reported data [85, 86].

The hopping lengths between tetrahedral (LA) and octa-
hedral sites (LB) have been calculated using Eq.  (12) and 
Eq. (13) [83], respectively

LA =
a
√
3

4
� (12)

LB =
a
√
2

4
� (13)

Where, ′ a′  is a lattice constant. It was observed from 
Table 2 that hopping length increases with zinc concentra-
tion and lattice constant, which suggests an increase in the 
jumping probability of ions [78].

Vegard’s law, and a similar trend is also reported in the lit-
erature [71–73]. This increase in lattice parameter with an 
increase in zinc concentration is explained based on ionic 
radii. Zn2+ ions tend to occupy tetrahedral voids, whereas 
Ni2+ ions prefer octahedral voids. Also, the ionic radii of 
zinc are 0.82 Å, and that of nickel is 0.78 Å, so when larger 
zinc ions are added by replacing smaller nickel ions, there 
is an expansion in the crystal lattice, which increases unit 
cell volume and lattice constant [74–76]. The lattice con-
stant values obtained in the present study are 8.360–8.426 
Å, which closely matches the reported value [76–78].

The crystallite size ‘D’ was measured using the Scher-
rer’s formula stated in Eq. (4) [69, 79, 80]

D =
0.9 ∗ λ

β Cos θ
� (4)

where ‘D’ is the crystallite size, λ  is the wavelength and β
is full width at half maxima of highest intensity peak.

The FWHM of the diffraction peak is a combined effect of 
instrumental and sample broadening. To subtract the instru-
mental broadening from the FWHM value, the FWHM of 
crystalline silicon standard was considered, and the correct 
value was calculated using the following Eq. 5 [79]

β corrected =
(
β 2

observed − β 2
instrumental

)1/2� (5)

where β observed  is FWHM observed for the sample, and 
β instrumental is FWHMobserved for crystalline silicon 
standard. On substituting Eq. 5 in Eq. 4, a modified Eq. 6 
is obtained, which gives the most accurate crystallite size 
value.

Dcrystallite =
kλ

βcorrectedCosθ
� (6)

The crystallite size of zinc-doped nickel-manganese fer-
rites obtained was 7–20 nm [Table 1]. The values are well 
within the nanoscale range and confirm nanoparticle forma-
tion. The crystallite size obtained for the composition with 
x = 0.4 is 13 nm, which is relatively smaller than that of a 
similar composition with a crystallite size of 26 nm [77].

The dislocation density (δ), which denoted dislocation 
lines per unit volume, is calculated using the following 
Eq. 7 [81, 82].

δ = 1
D2 � (7)

The dislocation lines were 5–12 *1015 lines/m2. The dislo-
cation density illustrated the degree of crystallinity of the 
nanoparticles.
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IR bands were seen in a range of 300–600 cm− 1, which are 
characteristic of spinel ferrites and provide the environ-
ment of oxygen coordination in tetrahedral (A site) and 
octahedral (B sites) in the ferrites [87]. The higher value 
band ν1 shows the tetrahedral metal-oxygen bond, whereas 
the lower value band ν2 is because of vibrations in metal-
oxygen at the octahedral site [86]. The band ν1 shifts to a 
lower frequency with an increment in zinc content while 
the band ν2 values increase. Many factors, such as synthesis 
conditions and chemical composition, cause the change in 
band position. The shift of the ν1 peaks suggests a structural 
change in the tetrahedral (A site) as the x value varies in the 
series [31]. So also, changes are occurring in the octahedral 
(B site), shown by the shift in wavenumber. The difference 
in metal and oxygen bond lengths in the A and B sites results 
in differences in frequency values. The tetrahedral site has 
a shorter bond length between the ions, thus leading to a 
more covalent nature than octahedral site ions. This results 
in higher frequency values for the A site and low values for 
the B site. As zinc ion prefers tetrahedral sites over iron, 
the transition is expected to happen by increasing the zinc 
content. The Fe3+ ions from the tetrahedral site are pushed 
towards the octahedral site, thereby weakening the metal-
oxygen bond in the tetrahedral sites due to large ionic radii 
and atomic weight of Zn2+ [88]. When Fe3+ enters the octa-
hedral site, it replaces the larger Ni2+ ions, which leads to 
a higher frequency value at the octahedral site. Therefore, 
with an increase in zinc content, the ν2 value increases [89, 
90].

Raman Spectroscopy

The vibrational and structural properties, as well as lattice 
effects, were investigated by Raman spectroscopy [91]. The 
Raman spectra of Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6) 
are depicted in Fig. 3 and are characteristic of spinel space 

Chemical Analysis

The elemental composition was evaluated by chemi-
cal analysis of ‘as-prepared’ Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) ferrite. The observed percentages of 
metals are displayed in Table 3, which closely matches the 
theoretically calculated percentages and confirms the for-
mation of ferrite samples.

Infrared Spectroscopy

The IR spectrum for Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) has been depicted in Fig. 2, and the data 
obtained from the same is given in Table 2. Two prominent 

Table 2  Dislocation lines, surface area, tetrahedral hopping length, octahedral hopping length, and IR data
Sample δ(Lines/m2х1015)

Dislocation lines
Surface area
(m2/g)

LA LB Wavenumber
(cm− 1)
ν1 ν2

X = 0.0 4.300 89.45 3.620 2.956 586 392
X = 0.2 12.00 151.1 3.626 2.961 575 395
X = 0.4 5.900 81.17 3.636 2.969 572 403
X = 0.6 6.600 85.13 3.705 2.979 569 406

Table 3  Theoretical and experimental percentages of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
X (%) Fe (%) Ni (%) Mn (%) Zn

Theoretical Experimental Theoretical Experimental Theoretical Experimental Theoretical Experimental
0.0 47.90 47.17 15.12 15.74 9.40 8.50 - -
0.2 47.82 47.70 10.02 10.22 9.37 8.93 5.58 4.70
0.4 47.40 48.10 4.98 4.63 9.32 9.33 11.10 11.30
0.6 47.10 47.17 - - 9.27 9.10 16.50 18.00

Fig. 2  Infrared spectra of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6)
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the higher the force constant, the higher the band appear-
ing in the Raman spectra. It is important to note that other 
authors have also obtained similar results [94]. The three 
T2g bands usually occurring in spinel ferrite are T2g (3), T2g 
(2) and T2g (1). The T2g (3) usually occurs at 500–590 cm− 1 
and is assigned to the antisymmetric bending of M-O. The 
T2g (2) is due to antisymmetric stretching of M and O and 
observed around 450–520 cm− 1. The T2g (2) band observed 
in our case is in the range of 455–460 cm− 1. The intensity 
of the T2g (2) mode decreases with zinc content, which sug-
gests that some of the Fe is still present in the A-site. These 
results indicate that the asymmetric stretching vibration is 
stronger for Ni-O than Zn-O in the A-site [92]. The T2g (1) 
is usually observed near 180–220 cm− 1 due to M-O trans-
lational motion [95]. In our case, only sample x = 0.0 and 
x = 0.6 shows a tiny peak. The peaks observed from 273 to 
309 cm− 1 are assigned to symmetric bending of oxygen with 
respective metals and are assigned as Eg. The vibrational 
motion frequencies depend on factors like bond length and 
covalency, which affect the bond strength. The vibrational 
frequencies also are dependent on reduced mass [93].

Microstructural Studies: Scanning Electron Microscopy

SEM/EDX microscopy was employed to study the micro-
structure of Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). The 
SEM micrograph in Fig. 4a showcases ferrite with irregu-
larly shaped particles with a diameter of less than 100 nm. 
Ferrite shows a tendency for cohesion or agglomeration. 
The magnetic ferrite samples show such coalescence, which 
can be due to dipole-dipole interaction between magnetic 
particles [30, 96–98]. The auto-combustion process curtails 
the particle growth in the proper orientation. The ignition 
process initially results in the formation of the porous struc-
ture due to multiple evolutions of gases during the burning 
process, which leads to nano-porous structures. The mor-
phologies of the sample upon zinc doping did not change 
significantly, but it is observed that size decreases slightly 
with zinc as zinc inhibits grain growth, as also seen from 
XRD data. The second reason could be that the soft fer-
rimagnetic nature of the samples has high magnetostatic 
interactions, which lead to increased agglomeration in the 
samples. The energy dispersion X-ray (EDX) spectra gave 
qualitative data of the ferrites seen in Fig. 4b, indicated by 
the peaks of all the desired elements, i.e., Ni, Mn, Zn, and 
Fe in the sample material.

Transmission Electron Microscopy

TEM analysis confirmed the nano-size nature of the ‘as-pre-
pared’ ferrite. The analysis of particle size was found to be 
almost similar to that calculated from XRD data. Figure 5 

group Fd3M. All the spectra indicate the formation of a spinel 
structure. The Raman vibrational mode frequencies are tab-
ulated in Table 4. The most prominent band in the spectrum 
is the A1g mode. The A1g mode is observed above 600 cm− 1 
due to the symmetric stretching of oxygen atoms along the 
metal-oxygen bond at the tetrahedral site. The peaks below 
600  cm− 1 are of symmetric bending of an oxygen atom, 
asymmetric stretching of M-O, and asymmetric bending of 
oxygen at the octahedral site, confirming the formation of 
spinel ferrite [91, 92]. As the spectra show, incorporating 
zinc into the system changes peak height and position. It 
is reported that the Raman spectra for normal spinel struc-
ture appear at 600–620 cm− 1 for ZnFe2O4 while the other 
A1g mode of inverse spinel NiFe2O4 appears around 670–
710 cm− 1 while Fe-O mode also appears at 660–700 cm− 1 
[92, 93]. In the present study, the A1g peak was observed at 
~ 675 cm− 1, denoted as A1g (1), which ascribes to the Ni-O 
bond in the tetrahedral site, while the second peak, referred 
to as A1g (2) at 588–607 cm− 1 is assigned to the Zn-O bond. 
It is visible from the data that as the zinc content increases, 
the A1g (1) band intensity decreases, which is associated with 
Ni-O, while the A1g (2) band intensity increases associated 
with Zn-O. The peaks show a shift with the increase in zinc 
content. In this case, the peak shows a blue shift, i.e., the 
shift to a higher wavenumber with an increase in zinc. The 
force constant of a bond is involved in positioning the peak; 

Table 4  Raman vibration modes of ‘as-prepared’ Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6)
Sample Eg T2g (2) A1g (2) A1g (1)
0.0 273 459 588 675
0.2 310 463 599 675
0.4 295 460 601 678
0.6 274 460 607 -

Fig. 3  Raman spectrum of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6)
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the Fe+ 3oxidation state only [99, 100], thereby ruling out 
the presence of Fe+ 2. A peak observed at around ⁓725 eV 
corresponds to 2p1/2, and a corresponding satellite peak is 
obtained around ⁓732 eV, further confirming the Fe in the 
Fe+ 3 oxidation state. The Ni spectra of XPS showcase two 
prominent peaks corresponding to Ni 2p3/2 and Ni 2p1/2, 
obtained at a binding energy of ⁓854 eV and ⁓872 eV. Apart 
from prominent peaks, other peaks at binding energies of 
⁓860  eV and ⁓878  eV are also observed [101, 102]. The 
prominent peaks have a difference in the value of ⁓17 eV, 
which proves that Ni is present in the Ni+ 2 oxidation state 
[103]. The XPS spectra of Mn show two peaks with a bind-
ing energy of ⁓641 eV and ⁓653 eV, which belong to Mn 
2p3/2 and Mn 2p1/2, respectively, proving the Mn+ 2 state. 
The satellite peak confirms the presence of no Mn+ 3 or 
Mn+ 4 states in ferrite samples [104, 105]. The satellite peak 
of Mn2+ is observed around ⁓645 eV in the ferrite series. 
The XPS spectra of zinc in the samples have been depicted 
clearly in the figures, and the peaks are seen at ⁓1022 eV 
and ⁓1044  eV for Zn+ 2, corresponding to 2p3/2 and 2p1/2, 
respectively. This proves that zinc is in a Zn+ 2 oxidation 
state and the zinc ions are at a tetrahedral site [105]. The 
XPS spectra for oxygen 1s show a precise splitting of peaks 
at ⁓529 eV and ⁓531 eV. The peak at 529 eV is of lattice 

shows the TEM micrograph of Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6), histogram plot, and SAED images. 
Although the particles are agglomerated, they are semi-uni-
form and range between 4 and 30 nm, as seen from histo-
gram plots. The aggregation is due to magnetic interaction 
and weak Van der Waals contact [46, 49, 83]. The diffraction 
ring pattern showcased in SAED images confirms the crys-
tallinity of ferrite samples.

XPS

The full scan spectrum and individual deconvoluted spectra 
of all the elements in samples x = 0.2 have been portrayed 
in Fig.  6a and b. The data obtained from XPS analysis 
for Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6) is given 
as supplementary data in Table S1 a-d, and the deconvo-
luted spectra of all the elements of remaining samples of 
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.4,0.6) are presented in Fig 
S1-S3. The XPS spectrum of Fe shows that binding energy 
around ⁓710 eV corresponds to 2p3/2. This 2p3/2 peak splits 
into two peaks, i.e., one ⁓710 eV, which confirms the pres-
ence of Fe+ 3 cations at the octahedral site, while the peak 
at ⁓713 eV corresponds to Fe+ 3 ions at the tetrahedral site. 
A satellite peak at around ⁓718 eV indicates that Fe is in 

Fig. 4  (a)SEM micrograph of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). (b)EDX plot of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6)
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Fig. 5  TEM micrograph, histogram plot, and SAED IMAGES of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
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Fig. 6  (a) The survey scan of ‘as prepared’ 
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). (b) The decon-
voluted peaks of Fe 2p, Ni 2p, Mn 2p, Zn 2p, O 1s Ni0.2Zn0.

4Mn0.4Fe2O4
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resistivity increases with a decrease in the size of particles 
[110]. In the present studies, a similar pattern is observed, 
i.e., x = 0.2 ferrite, which shows the smallest size, has the 
highest resistivity value. The resistivity values are in the 
range of 107-108Ω cm and are close to values in literature 
reports [77]. The resistivity is found to increase up to x = 0.2 
and then decrease. Adding Zn ion in x = 0.2 decreases Ni+ 2 
concentration at (B site), resulting in a decrease of hop-
ping between the same ions at that site; thus, the resistiv-
ity increases. Also, as shown in this equation, Ni+ 2+Fe+ 3◊, 
Ni+ 3 + Fe+ 2, the decrease in Ni+ 2 decreases the formation of 
Fe+ 2 and Ni+ 3 ion formation, increasing resistivity. For very 
high zinc concentrations, the Fe+ 3 converts to Fe+ 2 by fol-
lowing the reaction Fe+ 3+Mn+ 2◊Fe+ 2+Mn+ 3. The hopping 
between ions of the same element increases at the octahe-
dral (B site), ultimately lowering resistivity [111].

Dielectric Studies

Dielectric Study w.r.t Frequency

The dielectric study of Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) was conducted at RT from 20  Hz to 
1 MHz, and the plot of dielectric constant versus log fre-
quency and dielectric loss versus log of frequency are 
shown plotted in Fig. 8a and b respectively. As expected, the 
dielectric constant values lower as the frequency increases. 
The values are much higher at lower frequencies, and with 
a further rise in frequency, the value decreases rapidly and 
becomes constant. This kind of conduct is always observed 
in spinel ferrites. To understand this response, one needs 
to understand the composition of the ferrites. Ferrites are 
made up of highly conducting grains and are separated by 
grain boundaries which are insulating. The charges accumu-
late under the applied electric field, leading to space charge 
polarisation, which is explained based on Maxwell Wag-
ner’s two-layer model [75, 112]. As the applied frequency 
increases, the probability of the electrons reaching the 
boundary decreases due to the reverse motion of the elec-
trons; thus, the dielectric constant decreases. In the dielec-
tric loss versus frequency plot, a decrease was seen with the 
increase in frequency, with a peak generally observed when 
an electron hopping frequency becomes equal to the applied 
field [113, 114]. Koop’s model very well explains the higher 
values of dielectric loss at a lower frequency, which states 
that at the lower frequencies, the resistance is relatively 
high, which requires higher energy for electrons to hop at 
the grain boundary, and therefore, higher energy losses are 
observed [114].

oxygen, and the one present at ⁓531 eV is due to defects in 
the oxide or surface-adsorbed oxygen [106].

Resistivity Studies

Figure 7 represents the log resistivity versus 1/T*1000 plot 
of Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). The relation 
with which the resistivity is measured is given by Arrhenius 
equation Eq. 14 [107]

ρ = ρ Oe
−∆E

KT � (14)

Where ρ  denotes resistivity at any temperature while 
ρ Ois resistivity at absolute temperature, K and ∆E are 
Boltzmann’s constant and activation energy, respectively. 
The resistivity measurement of Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) was performed from 333 K to 773 K. 
The resistivity studies suggested that with an increment in 
temperature, resistivity decreases due to drift in mobility 
carriers. This trend observed in resistivity plots confirms 
the semiconducting nature of ferrites [17]. Verwey-Boer’s 
mechanism can explain the resistivity variation. Figure  7 
showcases two regions; in the first region, from 333 K to 
around 393 K, the resistivity increases initially and reaches 
maximum temperature. This trend can be attributed to open 
pores, loose agglomeration, and adsorbed moisture due 
to porosity in the ferrite samples [108]. Also, the higher 
resistivity at low temperatures could be because of pho-
non vibrations that disperse the charges and curtail the free 
path [109]. The total moisture evaporation also occurs in 
this region; therefore, the highest resistivity is reached. The 

Fig. 7  Plot of resistivity vs. 1/T*1000 of ‘as prepared’ 
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)

 

1 3

Page 11 of 18  23



S. Navelkar et al.

Fig. 8  (a & b) Frequency variation of dielectric constant and dielec-
tric loss of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). (c 
& Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6) at a constant frequency 
of 1  kHz. d) Dielectric constant and dielectric loss as the function 

of the temperature of ‘as prepared’. (e & f) Dielectric constant and 
dielectric loss as the function of the temperature of ‘as prepared’ 
Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6) at a constant frequency of 
100 kHz
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The dielectric loss is relatively high in the 1 kHz frequency 
compared to the 100 kHz frequency.

Magnetic Study

Vibrating Sample Magnetometer

A magnetic study of Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) was done at RT in the 30000Oe mag-
netic field. The plots of the same are shown in Fig.  9a, 
along with plotted data of saturation magnetization and 
anisotropy constant in Fig.  9b. The saturation magnetiza-
tion, remanence, coercivity, reduced remanent magnetiza-
tion, y-k angle, and anisotropy constant have been tabulated 
in Table  5. The narrow hysteresis loop indicated the soft 
ferrimagnetic nature of the samples. The saturation mag-
netization (Ms) values rise with zinc content up to x = 0.4 
and then decrease at x = 0.6 composition. This trend is also 
seen in literature reports for other ferrites [115]. Neel’s two-
sublattice model can explain this trend in the magnetization 
values [31, 116, 117]. As the zinc concentration increases, 
the zinc ion (Zn2+) prefers the tetrahedral position (A site), 
which leads to the iron (Fe3+) shifting to the (B site), i.e., 
the octahedral position, which leads to increased magneti-
zation. According to the two sublattice model, an antipar-
allel arrangement between the magnetic ions in the A-site 
and the B-site with collinear spins is present. Due to the 

Dielectric Study w.r.t Temperature

The dielectric study versus temperature at constant frequen-
cies for all the as-prepared ferrite samples ranging from 
x = 0.0 to x = 0.6 has been carried out. Two frequencies, 
1 kHz and 100 kHz, were chosen for the study. The plots of 
dielectric constant and dielectric loss versus temperature for 
1 kHz frequency and 100 kHz frequency have been show-
cased in Fig. 8c, d and e, and 8f, respectively. The dielectric 
constant at 1  kHz and 100  kHz frequencies have risen at 
elevated temperatures, whereas it is independent for lower 
temperatures. The onset of the plot is seen to decrease with 
increased zinc content; however, with an increase in the x 
value, the dielectric constant has increased. A similar trend 
is observed in the dielectric loss versus temperature studies, 
i.e., the dielectric loss increases with increased zinc con-
tent and temperature. A slight dispersion can be seen in the 
case of a 1 kHz frequency plot. The sample imperfections 
and grain boundary result in dielectric loss, which is caused 
when polarisation falls back to the applied field. The hump 
observed at ~ 340 K in both frequency plots is due to the 
relaxation effect and is caused when the rate of hopping 
between ions of the same valence state becomes equal to the 
applied frequency [114]. With increased zinc content, the 
onset of relaxation peak shifts to a higher temperature and is 
attributed to the increased rate of hopping of charge carriers. 

Table 5  Magnetic parameters for the Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
X Ms Mr R = Mr/Ms Hc Ƞ B y-kα K(x105ergs/cm3) Tc(K)
X = 0.0 8.900 0.663 0.074 82.01 0.377 39.81 0.1140 823
X = 0.2 14.00 0.334 0.023 34.20 0.583 56.93 0.0748 809
X = 0.4 18.197 0.277 0.015 19.97 0.763 67.41 0.0567 807
X = 0.6 13.605 0.520 0.038 61.76 0.577 76.69 0.1311 825

Fig. 9  (a) Plot of saturation magnetization vs. magnetic field of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6). (b) Plot of saturation 
magnetization and anisotropy constant as a function of the zinc content of ‘as prepared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
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When the porosity is decreased, a high magnetic field is 
required to initiate the domain wall, decreasing coerciv-
ity [120]. The more zinc content, the less coercivity there 
is. The data tabulated in Table 5 indicates lower coercivity 
values pointing towards the soft ferrimagnetic nature; such 
samples can be utilized in devices requiring soft ferrimag-
nets [30]. The reduced remnant magnetization [Table 5] was 
less than 0.5, suggesting uniaxial anisotropy, given by the 
Stoner-Wohlfarth model [118]. The uniaxial anisotropy is 
measured using the equation Hc= 0.64  K/Ms, where K is 
the anisotropic constant. The reduced remanent magnetiza-
tion decreased due to decreased magnetic anisotropy with 
the rise in zinc content. The magnetic moment was mea-
sured using Eq. 15 [106], Where Ms and Mw are saturation 
magnetization values and formula weights. With increased 
zinc content, magnetic moment increases to x = 0.4 while a 
decrease is obtained at x = 0.6, which follows the trend of 
Ms.

ηB =
MwMS

5585
� (15)

AC Susceptibility

The AC susceptibility analysis of all the ‘as-prepared’ fer-
rite samples ranging from x = 0.0-0.6 was done to determine 
their domain structure and Curie temperature. The plots of 
normalized susceptibility versus temperature in Kelvin of 
all the ‘as-prepared’ ferrites are depicted in Fig.  10. This 
plot gives information about the domain structure, whether 
it is superparamagnetic, single domain, or multi-domain, 
which in turn provides an idea about the size of the par-
ticles. Besides this, the plot also offers the ferrites Curie 
temperature (Tc). It is observed that with an increase in zinc 
content, the Tc decreases until x = 0.4, whereas, for x = 0.6, 
Tc increases. The Tc is the point at which the ferromagnetic 
ion changes to a paramagnetic one. The cumulative doping 
of zinc ions is expected to increase lattice parameters due 
to their larger size than other ions. Consequently, the dis-
tance between the ions increases, and therefore, the strength 
between the ions decreases [74, 121]. The reduced exchange 
interaction between the Fe-O-Fe ions leads to a fall of the 
Tc. Also, introducing non-magnetic zinc in nickel reduces 
the magnetic interaction and, hence, the trend.

Antibacterial Studies

The antibacterial performance of a series of four zinc-doped 
nickel manganese ferrites Ni0.6−xZnxMn0.4Fe2O4 (where 
x = 0.0, 0.2, 0.4, 0.6) was tested against gram-positive 
Staphylococcus aureus at different ferrite concentration. 
The Fig. 11a depicts the survival percentage of the bacteria 

occupation of non-magnetic zinc in the A-site, the magnetic 
moment decreases. At the same time, the magnetic moment 
of B-sites increases due to the occupancy of Fe3+ ions, and 
hence, the net magnetization increases (MB-MA) [46, 49, 
75]. As a result, the Ms values increase. However, the val-
ues of saturation magnetization for Ni0.6−xZnxMn0.4Fe2O4 
(x = 0.0,0.2,0.4,0.6) are relatively low [118]. The low values 
of Ms can be either due to the random distribution of cat-
ions or the random canting of surface spin in addition to the 
small particle size. The non-saturation behavior indicated 
the presence of ordered core spin and bent or canted surface 
spin in the samples. Smaller values of Ms can also be due to 
Fe2+ ions in the samples. Still, this possibility is ruled out, 
as confirmed by XPS results. As the zinc content increases 
more than x = 0.4, the magnetization decreases, and Neel’s 
two-sublattice model becomes inefficient in explaining the 
decrease. The magnetization in the A site becomes very 
weak, and therefore, A-B interactions become feeble, and 
B-B interaction starts to dominate; alteration of parallel 
arrangements of spin results in spin canting. Splitting the B 
sub-lattice into B1 and B2 increases the Yafet-Kittle angle, 
thus decreasing the magnetization. The data in Table  5 
shows that the Y-K angle enlarges with the rise in the dopant 
concentration (x). This explains the decrease in Ms values at 
higher zinc content [116, 117, 119]. The remanent magneti-
zation (Mr) values decreased up to x = 0.4 and rose at x = 0.6 
concentration; coercivity is impacted by various factors 
such as the morphology of samples, microstrain, magneto 
crystalline anisotropy, and oxygen vacancies. Coercivity 
(Hc) also showed a similar trend as the zinc concentra-
tion increased; both Mr and HC showed an inverse trend to 
Ms; the coercivity decreased to x = 0.4 and then increased. 
This can be attributed to the porosity of the samples. The 
pores present in the sample create the demagnetizing field. 

Fig. 10  Plot of normalized susceptibility vs. temperature of ‘as pre-
pared’ Ni0.6−xZnxMn0.4Fe2O4 (x = 0.0,0.2,0.4,0.6)
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surface area of the particles, better contact was developed 
with a microorganism which ruptures the cell by producing 
a reactive oxygen species and release of toxic metal from 
the core of the ferrite nanoparticles. A similar explanation 
based on size and its antibacterial activity is reported [123, 
124]. Several authors have studied the effect of metal oxides 
on gram-positive S. aureus bacteria using various tech-
niques and found good results [2, 3, 65, 68]. On comparing 
the percentage survival of bacteria with control, considered 
as 100%, it was observed that compound x = 0.2 showed an 
impressive antibacterial activity with the lowest percentage 
survival, followed by compound x = 0.6. The percentage 
survival of bacteria in the presence of compound x = 0.2 was 
50.57% at 500 µg/mL and 34.57% at 1000 µg/mL, and in 
the presence of compound x = 0.6, the percentage survival 

at 500  µg/mL and 1000  µg/mL doses. Zinc-doped nickel 
manganese ferrites showed promising results against a 
gram-positive human pathogen, Staphylococcus aureus, in 
a concentration-dependent manner. The antibacterial results 
of the compounds were in the order: x = 0.2 > x = 0.6 > x = 0
.0 > x = 0.4, where the highest activity against Staphylococ-
cus aureus was shown by the compound having x value of 
0.2, and the lowest by x = 0.4. One can note from Tables 1 
and 2 that the crystallite size and surface area significantly 
increase the activity against the pathogens. The inference 
can be drawn that the compound with a smaller size and 
larger surface area shows better activity than the one with a 
larger size. Literature reports also suggest the same. Hashim 
et al. [122] reported that size is significant in the efficient 
antibacterial activity of the compounds; due to the large 

Fig. 11  (a) Graph showing the effect of 2 different concentrations of 
Zn doped nickel manganese ferrites Ni0.6−xZnxMn0.4Fe2O4 on per-
centage survival of Staphylococcus aureus. x = 0.0: Ni0.6Mn0.4Fe2O4; 
x = 0.2: Ni0.4Zn0.2Mn0.4Fe2O4; x = 0.4: Ni0.2Zn0.4Mn0.4Fe2O4; x = 0.6: 
Zn0.6Mn0.4Fe2O4. (b) Antibacterial activity of Zn doped nickel manga-
nese ferrites. Effect of different concentrations of Zn doped nickel man-
ganese ferrites on percentage survival of Staphylococcus aureus. A: 

Control; B: Ni0.6Mn0.4Fe2O4 (Conc: 500 µg/mL); C: Ni0.6Mn0.4Fe2O4 
(Conc: 1000 µg/mL); D: Ni0.4Zn0.2Mn0.4Fe2O4 (Conc: 500 µg/mL); E: 
Ni0.4Zn0.2Mn0.4Fe2O4 (Conc: 1000  µg/mL); F: Ni0.2Zn0.4Mn0.4Fe2O4 
(Conc: 500  µg/mL); G: Ni0.2Zn0.4Mn0.4Fe2O4 (Conc: 1000  µg/mL); 
H: Zn0.6Mn0.4Fe2O4 (Conc: 500  µg/mL); I: Zn0.6Mn0.4Fe2O4 (Conc: 
1000 µg/mL)
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