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Chapter 1 

Introduction 

1.1 History and Background 

Magnetic materials are indispensable to today's advanced electronics as a key 

functional material. Recent advances in micro and nanoscale technology suggests the 

possibility of new hybrid materials having unexpected properties. As we enter the nano 

domain, materials take on exceptional properties quite different from the bulk. Hence 

magnetic nanoparticles stand out as promising candidates for a wide variety of technological 

applications. Literature is replete with nanoparticle research and attempts are still underway to 

study the properties of nanomaterials and understand its behavior. Among the various 

magnetic materials known today, probably the oldest and the most important are the spinel 

ferrites. Magnetic nanoparticles of these magnetic oxides have aroused increasing interest 

among researchers of various fields due to their extensive applications such as information 

storage system, medical diagnostics, ferrofluid technology etc. this is mainly because the 

properties of nanoparticles differ from the bulk. This being the case, one can 'tailor' the 

material to suit specific applications. Hence there is a wide scope for a chemist to study the 

properties of these oxide systems at the bulk and nano level. 

Apart from their technological importance as magnetic materials, ferrites have also 

well established catalytic and gas sensing properties [1-5]. The properties are highly 

dependent on the chemical composition, mode of preparation and microstructure. By way of 

example, for catalytic and gas sensing applications a material with lower density and high 

surface area is preferred, thus the synthetic technique is chosen accordingly. Besides the 

conventional double sintering solid state technique, a number of synthetic routes, such as 
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chemical co-precipitation [6,7] sol-gel [4,8] combustion method [9,10] reverse micelle 

synthesis [11], microwave-hydrothermal method [12] precursor method [13,14] etc. have been 

developed to prepare spinel ferrites. Literature survey indicates that there has been a growing 

interest in such multi metal oxides because of the increasing demand for nanosize and light 

weight electronic equipments. These materials find a wide range of applications in electronic 

industry for e.g. as Multilayer Chip Inductors (MLC's), as Transformer cores etc. and form 

important component of latest electronic products such as cellular phones, video cameras 

notebook computers, floppy drives, sensor materials etc. Study of these materials at the bulk 

and nanoscale will provide an understanding of the various properties and their correlation, in 

an attempt to solve a variety of problems of technological and practical importance. 

Magnetic materials are traditionally classified according to their bulk susceptibility as; 

Diamagnets, Paramagnets and Ferromagnets. Apart from these three classes, there are other 

types of magnetic materials but they are closely related to the ferromagnets. They are 

ferrimagnets, antiferromagnets, helimagnets and superparamagnets. From bulk magnetic 

measurements the ferrimagnets are indistinguishable from ferromagnets [15]. By far the most 

important class of magnetic materials is the ferromagnets including ferrimagnets, the 

applications which these materials find are diverse. 

Ferrites are magnetic solids which first appeared commercially in 1945. They are 

ferrimagnetic but on the bulk scale behave in much the same way as ferromagnets. Ferrites 

crystallize in four different crystal types viz. Spinel, Hexagonal, Garnet and Perovskite. The 

electrical and magnetic properties of these compounds are governed critically by their 

chemical composition and particle size. The simplest among them is the cubic spinel ferrite, 

having the general formula AB204 where A is a divalent cation and B is a trivalent cation. 



Mixed spinel ferrites of the type Ai.,,A' xI3204 are also well known, where A and A' are 

divalent cations. Spinels are categorized as normal, inverse and random. In normal spinel 

ferrites all the divalent metal ions occupy the tetrahedral A sites and all trivalent iron ions 

occupy the octahedral B sites. The structural formula is given as, (M2+)tetra [Fe 3+Fe3locta 

In the inverse spinel, all the divalent metal ions occupy B sites and half of the iron ions 

occupy the A sites and the remaining half occupies the B sites. The structural formula is 

written as, (Fe 3±)tetra [M 2+  Fellocta 04. The normal spinel and the inverse spinel represent 

extreme cases of ferrite structure. The random spinel ferrite has intermediate structure 

between normal and inverse spinels. A fraction of divalent and trivalent ions get distributed 

randomly along A and B sites depending on the physico-chemical conditions of preparation 

and compositional variation. The general cation distribution can be indicated as, 

(M. Fei-x 2+ 	3+ 	2+ 
 [M1-x2+  

the coefficient of inversion. For normal spinel ferrite, x=1 and for inverse spinel x=0. 

Structure of cubic spinel ferrite: 

The unit cell of spinel contains 8 formula units or each octant contains 1 formula unit 

and may thus be written as M8Fe16032. The 32 oxygen anions form the ideal face centered 

cubic (FCC) lattice leaving two kinds of spaces between anions: tetrahedrally coordinated 

sites (A), surrounded by four nearest oxygen atoms, and octahedrally coordinated sites (B), 

surrounded by six nearest neighbor oxygen atoms. In total, there are 64 tetrahedral sites and 

32 octahedral sites in the unit cell, of which only 8 tetrahedral sites and 16 octahedral sites are 

occupied, resulting in a structure that is electrically neutral [16]. The oxygen ions have a four 

fold co-ordination formed by three B cations and one A cation. The spinel ferrite space group 

is Ohs (Fd3m) and the space group number is 227. The oxygen ions in the ferrite structure are 

Fei+x3+]octa 04. Where 'x' is the coefficient of normalcy and (1-x) is 
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• Octahedral sites 

• 'Tetrahedral sites 

0 Oxygen 

not generally located at the exact position of the FCC sublattice. Their detailed positions are 

determined by a parameter, u, called the oxygen ion parameter, u reflects the adjustments of 

the structure to accommodate difference in the radius ratio of the cations in the tetrahedral and 

octahedral sites. Packing of the ions within the lattice is perfect when u=3/8. 

B 
(b) 

Fig. 1. Schematic of the ferrite (spinel) structure (a) unit cell (b) two sub-cells 

The distribution of the metal ions in the two sites depends on factors such as, (i) 

electrostatic energy due to repulsion and attraction between the anions and cations (ii) anion 

polarization energy (iii) electronic configuration and crystal field stabilization energy (iv) 

ordering energy between different ions on the same sublattice resulting in gain of electrostatic 

energy and (v) magnetic ordering energy. The site preference for individual cations is 

generally expressed in terms of particular site stabilization energy. In an ionic crystal, under 

the influence of the electrostatic field of the anions, the degeneracy of the d-electrons in the 

transition metal ions is lifted, resulting into crystal field splitting of the d-states and is 
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associated with the stabilization energy, called as crystal field stabilization energy (CFSE). 

The theoretical values of CFSE for various ions have been calculated by Maclure [17] and 

Dunitz and Orgel [18]. These values explain the site preference by the cations in the spinet to 

a good approximation. Miller [19] extended CFSE calculations incorporating Madelung 

constant, as well as, short range energy terms such as coulomb and valence terms. He 

calculated set of site preference energies which could predict the ionic distribution in the 

spinels involving transition and non-transition metal ions. The predicted ionic distribution is 

in good agreement with the experimental. 

Properties of Ferrites: 

The basic electrical and magnetic properties of nanoparticles have been intensively 

studied and the influence of the small (nano) size on these properties is well understood. 

However, the magnetic properties of mixed-oxide nanoparticles depend on the size of 

particles not only directly, but also indirectly, through the influence of the small size on the 

structure of nanoparticles. It is known that the structure of nanoparticles is more flexible as 

compared to the "bulk" structure. Usually, it adapts to the small size and the large surface-to-

volume ratio resulting in distribution of atoms over different lattice sites that is significantly 

different to that of the bulk material. Additionally, defects are usually present in the structure 

of the nanoparticles. The deviations in the structure of nanoparticles from the ideal "bulk" 

state have been the focus of the recent reports for spinel ferrites. In the spinels, the deviation 

of the nanoparticles crystal structure from the bulk situation expresses itself mainly with 

different distribution of the constituting cations over two different lattice sites existing in the 

structure (tetrahedrally coordinated A sites and octahedrally coordinated B sites). The 

flexibility in the nanoparticles crystal structure results in a flexibility of the nanoparticles' site 
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chemical composition, allowing large compositional deviations from the bulk stoichiometry 

without losing the single-phase structure. Depending on the method used for their synthesis, 

the nanoparticles also differ in the state of their crystallinity. The small spinel ferrite 

nanoparticles of sizes could be relatively simply prepared at low temperatures. 

Electrical properties of spinel ferrites 

Spinel ferrites are important over conventional magnetic materials because of their 

wide variety of applications. These materials have low electrical conductivities when 

compared to other magnetic materials and hence they find wide use at microwave frequencies. 

Spinel ferrites, in general are semiconductors with their resistivities lying in between 10 -2  and 

10 11  ohm.cm  [20]. The conductivity is due to the presence of Fe 2+  and the metal ions (Me 3+). 

Generally, the presence of Fe 2+  results in n-type behaviour and Me 3+  in p-type behaviour. The 

conductivity arises due to the mobility of the extra electron or the positive hole through the 

crystal lattice. The movement is described by a hopping mechanism, in which the charge 

carriers jump from one ionic site to the other. On this basis, the semiconducting behaviour of 

nickel and cobalt ferrite has been successfully treated by Jonker and Elwell et al. [21, 22] 

respectively. In short, one can say that the electrostatic interaction between conduction 

electron (or hole) and nearby ions may result in a displacement of the latter and polarization 

of the surrounding region, so that the carrier is situated at the centre of a polarization potential 

well. The carrier is trapped at a lattice site, if this potential well is deep enough. Its transition 

to a neighboring site is determined by thermal activation. This has been described as the 

hopping mechanism. In such a process the mobility of the jumping electrons or holes are 

found to be proportional to e T , where A is the activation energy, k is the Boltzman's 

constant and T is the temperature in degree absolute. The factors responsible for resistivity are 
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the chemical inhomogeneity caused during preparation, porosity, grain size, sintering 

conditions etc. [23]. 

Ferrites also show abnormally high dielectric constant and dispersion of dielectric 

constant varies in the frequency range from a few Hz to MHz. A dielectric material when 

subjected to an alternating electric field, the positive and negative charges within the material 

get displaced with respect to one another and the system acquires an electric, dipole moment. 

The dipole moment per unit volume is called polarization. The dispersion in the dielectric 

constant has been explained by Koops [24]. 

Magnetic properties of ferrites 

The magnetic properties of ferrites are dependent on a number of factors such as, the 

type of cations involved and their distribution amongst the tetrahedral (A) and octahedral (B) 

sites, heat treatment, preparative methods, site preference energy of cations and madelung 

energy. A change in the cation distribution occurs when the particle size is reduced to 

nanometer scale. This results in nanosized oxides having properties which are drastically 

different from their bulk counterparts. As an example Zn atoms which are known to have 

preference for A sites in bulk compounds were found to migrate to B sites with reduction in 

grain size of ZnFe2O4  oxide [25]. Also, below a critical grain size the domain structure of the 

particles changes from multidomain to single domain behavior [26] resulting into interesting 

magnetic properties [27,28]. Magnetic domains are known to exist in Ferro- or Ferri-magnetic 

materials. Essentially, all the phenomena associated with magnetic properties, such as 

coercivity, permeability, magnetoresistance, Curie temperature etc. are closely related to 

domains. The, coercive force is an important property of magnetic materials and is an 

important criterion in the selection of these materials for practical applications. Materials with 
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low 	are called magnetically soft while those with higher values are called magnetically 

hard materials. The soft materials have high permeability and are used in applications at low 

and high frequencies while hard materials are used in permanent magnet applications. 

In general, upon reduction in grain size, ferromagnetic materials become magnetically 

harder and exhibit increased coercivity. However, below a certain grain size, the coercivity is 

observed to decrease and soft magnetization begins to prevail. This appears to be a common 

feature for ferrites [27-29]. Different grain size dependences of H e  are observed in ferrites. 

Therefore, domain properties are always the prime subject in ferromagnetism. The existence 

of domains in magnetic materials leads to hysteresis of the magnetization when it is measured 

as a function of increasing and decreasing applied dc magnetic field. When the size of the 

individual magnetic particle is reduced below .some critical length, it is no longer 

energetically favorable to form domains, and the particles exist as single domain. The 

existence of single domain nanoparticles results in the phenomenon of superparamagnetism, 

where the magnetization as a function of increasing and decreasing magnetic field displays no 

hysteresis [30]. The a.c. susceptibility studies are carried out to explore the existence and 

nature of these domains. 

It is known that in ferrimagnetic materials the magnitude of the magnetic moments 

oriented in either way differ, so that there always exists a resultant uncompensated magnetic 

moment. The magnetism in ferrospinels has been explained by Neel [31]. In ferrites three 

kinds of magnetic interactions are possible, between the magnetic ions, which are occupied in 

the two crystallographically distinct lattice sites. These interactions are possible through the 

intermediate 0 2-  ions by superexchange mechanism. The three possible interactions are A-A 

interaction, B-B interaction and A-B interaction. It has been established experimentally that 
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these interaction energies are negative for ferrites and hence induce an anti parallel 

orientation. However the magnitudes of the A and B sub lattice magnetisations are not equal 

and this will produce a resultant net magnetisation in ferrites. Generally, the magnitude of the 

interaction energy between two magnetic ions depends upon the distance from these ions to 

the oxygen ion (through which the interaction occurs) and also the angle (f) between the 

magnetic ions (Me' - 0 - Me n). An angle of 180°  will give rise to the greatest exchange 

energy and the energy decreases very rapidly with increasing distance. Based on the values of 

the distance and the angle (f) it may be concluded that, of the three interactions the A-B 

interaction is of the greatest magnitude. The A-A interaction is the weakest. Thus with only 

A-B interaction predominating, the spins of the A and B site ions in ferrite will be oppositely 

magnetized in the A and B sublattices, with a resultant magnetic moment equal to the 

difference between those of A and B site ions [32]. In general the value of saturation magnetic 

moment for the B lattice (MB) is greater than that of the A lattice (MA) so that the resultant 

saturation magnetization (Ms) may be written as; 

Ms = Ms - MA 

Thick Films and Gas Sensors: 

Sensor development continues to expand and is driven by advances in the field of 

microelectronics. Thick film technology was produced about four decades back as a means of 

producing hybrid circuits which form an integral part of semiconductor devices, monolith 

I.C' s and other such devices. A key factor of distinguishing a thick film circuit is the method 

of film deposition, namely screen printing, which is possibly one of the oldest form of graphic 

art reproduction. Thick film circuits have found application in devices such as television, 

calculators, telephones and automotive electronics to name a few [33]. Thick film sensor is a 
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relatively new application of the technology. The technology is also widely used for the 

fabrication of chemical and gas sensors and this is where our main interest lies. 

Gas detection instruments are increasingly needed for industrial health arid safety, 

environmental monitoring and process control. To meet this demand considerable research 

into new sensors is underway including efforts to enhance the performance of traditional 

devices such as metal oxide sensors through nano-engineering. Metal oxide sensors have been 

utilized for several decades for low cost detection of combustible and toxic gases. However, 

issues with sensitivity, selectivity, and stability have limited their use often in favor of more 

expensive approaches. Recent advances in nanomaterials provide the opportunity to 

dramatically increase the response of these materials, as their performance is directly related 

to exposed surface volume. The gas sensing process is strongly related to the surface 

reactions. Different metal oxide based materials have different reaction activation to the target 

gases. So, the structure of metal oxide layers is very important. High surface areas are 

necessary to obtain highly-dispersed particles. Furthermore, high surface areas can provide 

large reaction contact area between gas sensing materials and target gases. It is also seen that 

small grain size is useful to enhance the sensitivity. It is important to keep a balance between 

decreasing grain sizes and stability. The thick film devices must be heated to sufficiently high 

temperatures to ensure interconnectivity between individual grains and film robustness. But if 

the processing temperature is too high, substantial grain growth can occur coupled with a 

rapid decrease in open porosity resulting in marked decrease in sensor response. To further 

complicate the matters, many metal oxides of interest to sensor research can assume multiple 

oxidation states, each of which can behave very differently when exposed to gas. All these 

factors need to be taken into account while fabricating a new sensor device [34]. Besides this, 
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humidity also plays an important role in the testing of sensitivity. Humidity will decrease the 

sensitivity and be harmful to repeatability. Fortunately, it can be eliminated by heating to high 

temperatures (usually >400 °C). 

Numerous-materials have been reported as usable for gas sensors including both single 

and mixed metal oxides [35-37]. The mechanism of gas detection in these materials is based 

mostly on reactions that occur at the sensor surface, resulting in a change in the concentration 

of adsorbed oxygen. Oxygen ions adsorb onto the materials surface removing electrons from 

the bulk and creating a potential barrier that limits electron movement and conductivity. 

When reactive gases combine with this oxygen, the height of the barrier is reduced, increasing 

the conductivity. This change in conductivity is directly related to the amount of a specific gas 

present in the environment resulting in a quantitative determination of gas presence and 

concentration. These gas sensor reactions typically occur at elevated temperature (150-500 °C) 

requiring the sensors to be internally heated for maximum response. The operating 

temperature must be optimized for both the sensor material and the gas being detected. Proper 

control of grain size remains a key challenge for high sensor performance. In addition to the 

enhanced sensitivity if the sensors respond more quickly and at room temperature then it can 

be a distinct advantage for certain applications. Sensors can be used as thick films which one 

can fabricate by the low cost screen printing technique. 

1.2 Literature Review of Co-Zn and Co-Ni ferrite systems 

Literature reveals many synthesis techniques that have been developed to prepare 

spinel ferrites, of the type AB204 and A'1_,,A xB204 where A' and A = Mn, Fe, Co, Ni, Cu, Zn, 

Mg and B = Fe, Mn, Co, Cr both bulk as well as nanostuctured [6-14]. Some of the reported 

studies on these mixed metal oxides include property based parameters such as 
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microstructure, lattice parameter, cation distribution, magnetic, electric, catalytic and 

dielectric properties which are very much influenced by the preparative technique. Significant 

work on the physico-chemical properties of the bulk ferrites is reported but nanoferrites and 

their related size dependent properties are not much explored. So also, much data is available 

on the single metal ferrites i.e CoFe2O4, ZnFe2O4, NiFe2O4, etc. but reports on the mixed 

metal systems especially, Co-Zn ferrite and Co-Ni ferrite are few. The commercial 

importance of these ferrites is well known but its application in catalysis and gas sensing is a 

relatively recent development, considering the history of these materials. 

The studies on Co-Zn ferrite system, began in the early eighties with Josyulu and 

Sobhanadri [38] who investigated the d.c. conductivity and the dielectric properties of 

Co„Zni_„Fe204 (x=0.32, 0.49 and 0.79) prepared by ceramic method. The plots of 

conductivity as a function of temperature in the range 70-240 °C showed a marked change in 

slope. The change in slope has been attributed to the Curie temperature or the change in 

conduction mechanism. Similar studies were carried out by Satyanarayana et al. [39] soon 

after, who investigated the de conductivity and the thermoelectric power of Co„Zn1-xFe204 

(a=0.2, 0.4, 0.6, 0.8, 1.0) over the temperature range of 50-550 °C thus extending the studies 

beyond Curie temperature of the specimens. The samples with x=0.2, 0.4, 0.6 and 1.0 were 

found to be n-type semiconductors while that with a=0.8 was found to be a p-type 

semiconductor. Electrical conductivity studies of Co xZn 1,Fe204 (x=0.2, 0.4, 0.5, 0.6, 0.8, 

1.0) prepared by ceramic method were also investigated by Ramana Reddy et al [40] from 

room temperature to well beyond Curie temperature. Based on the Seebeck coefficient 

measurements they concluded that samples with x=0.6 and 1.0 are n-type semiconductors 

whereas the rest are p-type semiconductors. Kale et al. [41] studied the electrical properties of 
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Coi,Zn ,,Fe204 (x=0.0, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0) in relation to the grain and grain boundary 

phase by impedence spectroscopy and concluded that the bulk properties of mixed-metal 

spinel ferrite system are dictated by the grain boundary regions. The temperature dependent 

electrical resistivity of Coi,Zn xFe204 (x=0.5, 0.6, 0.74) have been investigated by Misbah-ul-

Islam et al. [42]. They observed a change in slope in the resistivity plot which was attributed 

to the presence of two independent conductivity mechanisms with different activation 

energies. Another observation was, the higher the cobalt content, the larger the value of 

temperature at which the change of slope takes place. This change was attributed to the 

change in the small polaron radius, number of cations and the electrical band gap. The d.c. 

resistivity studies on the nanoparticles of Coi.,,Zn ,,Fe204 (x=0.0, 0.2, 0.4, 0.5, 0.6) prepared 

by co-precipitation method, have been carried out by Gul et al. [43]. It was observed that the 

resistivity increases with increase in zinc concentration and it varies from 10 3  to 105  ohm.cm  

at 573 K. In the recently reported studies done by M. Anis-ur-Rehman et al. [44] on Coi_„Zn 

xFe204 (x=0.0-1.0), it was observed that the activation energy for all the samples is greater 

than 0.4 eV ensuring the conduction is due to polaron hopping. 

The dielectric properties of Coi_ xZnxFe204 (x=0.0-1.0) synthesized using oxalate 

precursors were investigated by Bayoumi [14] who reported that the dielectric constant as a 

function of temperature, increases gradually upto a particular point, Td, called transition 

temperature, which depends on the amount of zinc and then decreases. Similar observation is 

also reported by Ramana Reddy et al. [40] for Co„Zni,Fe204 (x=0.2, 0.4, 0.5, 0.6, 0.8, 1.0) 

where the dielectric constant increases with increase in temperature upto a certain point, Td 

and then decreases. The dielectric constant was found to be maximum for cobalt ferrite which 

decreases with increase in zinc content. Josyulu et al. [38] found that the dielectric constant 
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was less than 50 at 800 Hz for the Co,,Zni_,,Fe204 (x=0.32, 0.49 and 0.79). Also, with varying 

temperature, the dielectric constant increases at -130-150 °C. 

The magnetic properties of the Co-Zn ferrite have also been reported by a few 

investigators. Pandya et al. [6] reported that saturation magnetization, M s, initially increases 

upto x=0.3 and then decreases with further increase in zinc content for Zn xCoi,Fe204 (x=0.0-

0.9) prepared via co-precipitation route. The sintered samples had a higher value than the wet 

prepared samples. Jadhav et al. [45] reported increase in m s, initially upto x=0.2 and then 

decreases with further increase in x for Coi,,ZnxFe204 (x=0.0-0.7). Arulmurugan et al. [7] 

observed that the M s  as well as the coercivity values decrease with increase in zinc 

concentration for Coi_,,Zn,,Pe204 (x=0.1-0.5) nanoparticles prepared by co-precipitation 

method. Wang Li et al. [46] observed that M s  increases upto 0.4 and then decreases for 

nanoparticles of Coi_xZnxFe204(x=0.0-1.0) synthesized by precursor method. 

The dependence of Curie temperature on the distribution of metal ions on the 

tetrahedral and octahedral sites in the ferrites was suggested by Gorter [47] and Neel [31]. 

Pandya et al. [6] carried out Curie temperature measurements for bulk and nanosized particles 

of Coi,ZnxPe204 (x=0.1-1.0) and observed that the T c  of wet prepared samples was smaller 

than the sintered samples. Isotropic peak was observed incase of the bulk samples which 

decreases with increase in zinc content. The decrease in T c  with increase in zinc was also 

observed by other investigators [7, 43, 45-46]. Veverka et al. [48] also reported that the T c  of 

nanoparticles of Co1,Zn xFe204 (x=0.5, 0.6, 0.7) prepared via co-precipitation route is lower 

than its bulk counterparts. However, Wang Li et al [46] observed that the T c  of nanoparticles 

of Coi,Zn.Fe204 (x=0.0, 0.2, 0.4, 0.6, 0.8, 1.0) is higher than the bulk samples. 
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Petit and Forester [49] were among the first to investigate the Mossbauer effect in Co-

Zn ferrites and gave the cation distribution formula for this system. Based on that, 

Satyan' arayana et al. [39] derived the cation distribution formulae for cobalt-zinc ferrites of 

different compositions. Besides these, other notable investigators are Bayoumi [14], Veverka 

et al. [48], Joshi et al. [50], Ghasami et al [51], Romero et al. [52] and Fayek et al. [53]. Ying 

et al. [54] performed EXAFS measurements on Coi,Zn,,Fe204 (x=0.2, 0.4, 0.6). The study 

revealed that, with the addition of zinc ions the Zn 2+  and Co2+  ions occupied both the A and B 

sites and correspondingly the fraction of Fe 3+  ions in the B site decreases non linearly. 

Aquilanti et al. [55] carried out EXAFS measurements on Co xZni,Fe204 (x=0.0, 0.2, 0.4, 0.6, 

0.8, 1.0) nanoparticles prepared by co-precipitation method and found the site distribution for 

Fe and Co/Zn ions. They observed that cobalt ferrite has an inverse structure whereas zinc 

ferrite has a normal structure. However, in the intermediate compounds, Zn and Co atoms 

always occupy the tetrahedral and octahedral sites, respectively. Nonetheless the degree of 

inversion can be changed by changing the stoichiometry. Similar studies have been carried 

out by Padalia et al. [56] on bulk Coi_,,Zn xFe204 (x=0.0, 0.25, 0.5, 0.75) and found that Co 

and Fe exists in the +2 and +3 valence state, respectively. The bond lengths were also 

determined by X-ray fine structure methods which were close to those obtained by 

crystallographic data. 

Literature reveals a handful of reports on the Co-Ni ferrite system. Electrical 

resistivity studies have been carried out by Kamble et al. [57] on Nii,Co xFe204 (x=0.0, 0.2, 

0.4, 0.6, 0.8) prepared by ceramic technique and found a decrease in resistivity with increase 

in Co concentration. The dielectric properties were also studied on these specimens at room 

temperature from 100 Hz-5MHz. Similar observations on resistivity and dielectric properties 
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are reported by Gul et al. [58] for Coi,Ni xFe204 (x=0, 0.1, 0.2, 0.3, 0.4, 0.5) prepared by co-

precipitation method. Mathe et al. [58] explained the anomalies in the electric and dielectric 

properties of nanocrystalline Ni0.4C00.6Fe204. 

Magnetic measurements for Ni i ,Co„Fe204 (x=0.0, 0.2, 0.4, 0.6, 0.8) have been carried 

out by Kamble et al. [56] and observed that saturation magnetization, m s, increases with 

increase in cobalt concenteration. Niu et al. [8] reported similar observations for Co„Ni i _ 

xFe204 (x=0-1.0) prepared by sol-gel technique. They also found that coercivity increases first 

and then decreases for higher values of cobalt. So also, Maaz et al. [27] reported that Ni s  as 

well as coercivity decreases with Nickel concentration. The Curie temperature for the 

nanoparticles of Coi_xNixFe204 (x=0-0.5) have been reported by Gul et al. [58] which 

increases with increase in nickel concentration. Mossbauer investigations on the Co-Ni 

system have been carried out by Kim et al. [60] and Niu et al. [61]. Kasapoglu et al. [62] and 

Baykal et al. [63] reported FTIR spectroscopy studies for Co-Ni system and observed that the 

v1 stretching vibration increases with increase in Nickel concentration. A. Maqsood et al. [64] 

and K. Khan et al. [65] studied the structural, dielectric and magnetic properties of 

nanocrystalline Ni-Co ferrites prepared by co-precipitation route. 

1.3 Aim, Objectives and Plan of the Present Investigation 

The commercial importance of spinel ferrites is well known, so the interest these 

materials generate is no big surprise. Their properties are dependent on the distribution of 

cations amongst A and B sites since different types of cations have different site preferences. 

The highly stable spinel structure allows the possibility of introducing a variety of magnetic 

disorder and frustrations which accounts for these interesting properties. Making suitable 
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substitutions on A or B sites can improve the properties tremendously. Moreover, the 

nanoparticles of these magnetic oxides are widely studied due to their extensive applications 

such as information storage system, medical diagnostics, ferrofluid technology etc. this is 

mainly because the properties of nanoparticles differ from those of the corresponding bulk 

material. 

In view of all this, we planned a systematic investigation of the effect of cation 

distributions between the tetrahedral (A) and octahedral (B) sites on different properties of 

cobalt zinc and cobalt nickel ferrites, owing to lesser number of reports on these systems. The 

studies were also aimed at understanding as to how the properties vary when the material 

dimensions are reduced to nanoscale. The properties are dependent not only on the particle 

size but also on the method of preparation and subsequent heat treatment. In order to get a 

better insight into the size-property relationship, it was decided to synthesize the ferrites by 

two different synthesis routes viz. precursor combustion method by employing a metal 

fumarato-hydrazinate precursor and Combustion method using Hexamethylenetetramine as 

the fuel. The studies were planned to get the desired product either by modifying or 

optimizing the preparative techniques. The precursor, the 'as prepared' ferrite and the sintered 

ferrite were intended to be characterized by using various techniques such as FTIR, 

TG/DTA/DSC, X-ray Diffractometry (XRD), Transmission electron Microscopy (TEM), 

Scanning electron Microscopy (SEM), Mossbaur Spectroscopy, Extended X-ray Absorption 

Fine Structure (EXAFS) measurements etc. The different properties of ferrites such as 

structural, electrical, dielectric and magnetic were also planned to be studied in detail. One of 

the objectives was to search for some useful application of these ferrites which will be useful 

for industry and society at large. With this goal in mind, we planned to test the application 
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potential of the nanostructured ferites as gas sensors hence gas sensing studies were carried 

out on some selected samples with the hope of some promising results. 

In summary, the main aim of this research work has been to do a comparative study 

between the bulk and nanostructured ferrite and to gain a better understanding of the changes 

that occur in the physico-chemical properties in terms of its size-property relation when the 

mode of synthesis is altered. Besides this academic interest, a useful application of the 

material was also targeted. Based on these ideas, systematic investigations were undertaken 

and the results of which are presented in the thesis which is organized as follows; 

Chapter 1 deals with the brief introduction on the subject with the aim, objectives and plan of 

this research work. 

Chapter 2 describes the experimental details pertaining to the studies carried out. 

Chapter 3 and 4 presents the results and discussions of the various properties of the Co-Zn 

and Co-Ni ferrites that were investigated and also their application as gas sensors. 

Chapter 5 gives the summary of the entire work with the conclusion. 
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Chapter 2 

Experimental Details and Characterization Techniques 

2.1. Introduction 

Various techniques have been reported to prepare nanosize as well as bulk spinel 

ferrites. Some of these include solid state reaction and high energy ball milling from high 

purity oxides [38-42], wet chemical methods such as sol-gel [4,8], hydrothermal [12,66], 

reverse micelle [11], co-precipitation [6,7], precursor [13,14] and combustion method [9,10]. 

The samples studied in the current work were synthesized using precursor and combustion 

method. The experimental procedures for the synthesis, characterization and measurements of 

certain basic properties are presented in this chapter. 

2.2. Synthesis of Coi.,,ZnYe204 and Coxlsiii..Fe204 (x=0.0-1.0) 

2.2.1. Precursor Combustion Method 

This method was first devised by our group [67] by employing fumaric acid and 

hydrazine as the ligand. The chemistry of hydrazine is interesting with respect to its ability to 

form complexes with transition metals. The thermal reactivity of metal-hydrazine complexes 

is also noteworthy, as the stability of complexes changes dramatically depending upon the 

cation and anion. Hydrazine being a fuel not only supports combustion but also lowers the 

decomposition temperature of the metal complexes. These metal hydrazine complexes such as 

metal fumarato-hydrazinates are good precursors to prepare nanosize ferrites. To obtain the 

precursor, a requisite quantity of sodium fumarate in aqueous medium was stirred with 

hydrazine hydrate, N2H4.H20 (99-100%) in an inert nitrogen atmosphere for 2h. To this, a 

freshly prepared solution containing ferrous chloride mixed with the desired metal chlorides 
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(CoC12.6H20 and ZnC12.6H20 or NiC12.6H20) in stoichiometric amount was added dropwise 

with constant stirring. The precipitate thus obtained was filtered, washed with ethanol, dried 

with diethyl ether and stored in a vacuum desiccator. This precipitate is the mixed metal 

fumarato-hydrazinate precursor. The dried precursor was then spread on a Petri dish and 

ignited with a burning splinter at one corner. A small portion of it caught fire which spread 

immediately to the entire bulk. The precursor decomposes autocatalytically in this manner, in 

an ordinary atmosphere, to yield nanosized particles of the ferrite. The oxide so obtained was 

heated at 500°C for 5 hrs to remove any traces of unburnt carbon. This is the 'as prepared' 

oxide. 

2.2.2. Combustion Method 

Synthesis of the mixed metal ferrite nanoparticles has also been carried out by 

combustion technique as reported in the literature using hexamethylenetetramine as the fuel 

[9]. Synthesis using the reported technique failed to give monophasic mixed metal ferrite. 

Hence the optimization of the method was carried out using different metal nitrate:fuel ratios 

which led us to conclude that a fuel deficient mixture is best suited for the formation of 

monophasic ferrite. Thus a fuel deficient ratio of 1:0.18 of metal nitrate:fuel was taken for the 
143 2..2 

synthesis which yielded monophasic and nanocrystalline oxide (Fig.2.1). Stoichiometry of the 

redox mixture for the combustion is calculated based on the oxidizing and reducing valencies 

of the oxidizer (0) and of the fuel (F) which serve as the numerical coefficients so that the 

equivalence ratio (D e  0/F becomes unity and the heat released is at its maximum [68]. 

According to the principles used in propellent chemistry, the oxidizing and reducing valencies 

of various elements are considered as follows; C=4, H=1, 0=-2, N=0, M=2,3,4 etc. A mixture 

of the metal nitrates in stoichiometric ratio was taken in a 250-cm 3-capacity beaker and 
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melted by heating on a hot plate. Hexamethylenetetramine (amount calculated based on the 

ratio) was added to the melt and the slurry was introduced into a muffle furnace preheated to 

400°C. After evaporation of the water content, the mixture frothed and ignited to give a 

	 porous and foamy product. The porous powder was ground in a mortar and pestle to obtain 

the ferrite as a fine powder. This is the 'as prepared' oxide. 

Fig.2.1 XRD of Coo,5Zno5Fe204 prepared by varying the metal nitrate:fuel ratio. 
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Fig.2.2. XRD of Co0.5Ni0,5Fe204 prepared by varying the metal nitrate:fuel ratio. 

2.2.3. Pellet and Torroid Formation and Sintering 

Sintering is the most important process which controls the extrinsic properties of 

ferrites. The factors which have a dominant effect on sintering have been listed by Stuijits 

[69]. Particle size, particle size distribution, particle shape, intra-particle porosity, 

agglomeration, pore size distribution are some of the factors included. Sintering involves two 

steps; (i) pre-sintering and (ii) final sintering. 

Pre-sintering: The 'as prepared' samples are mixed thoroughly by grinding for 2 hrs and then 

pressed into pellets using a hydraulic press. The pellets were then heated at 800 °C for 5 hours. 
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Final sintering: The pre-sintered pellets were ground into fine powder so as to reduce the 

particle size and to promote the mixing of any unreacted oxides. After grinding for 2 hrs, the 

powder was then pressed into required shape using a conventional die by applying a pressure 

of 60 tonnes/inch? for 2 minutes using a hydraulic press. The pellets and torroids prepared in 

this manner were sintered at 1000 °C for 15 hours. The final sintering increases the density and 

decrease the porosity of the material. 

2.3 Characterization techniques: 

The 'as prepared' and 'sintered' mixed metal ferrites so obtained were characterized 

using various techniques. The physico-chemical properties of the nanocrystalline ferrite have 

been investigated with respect to their bulk counterparts. The nanoferrites have also been 

studied for their gas sensing properties. For this purpose, thick films of the 'as prepared' 

ferrites have been fabricated using the screen printing technique. The details of the 

experimental techniques are given below. 

2.3.1. Chemical Analysis 

The hydrazine content in the precursor was analysed titrimetrically using K103 as 

titrant [70]. About 100mg of the complex was dissolved in a mixture of 15 ml of conc. HC1 

and 10m1 of water and 5m1 of CC14 was added to the solution and it was titrated against 

0.025M K103. From the amount of KI03 consumed, the hydrazine content was estimated. So 

also the percentage of metal ions present in the sample was determined by standard methods. 

The iron content was determined by gravimetric method whereas cobalt, zinc, and nickel were 

estimated tritrimetrically after careful separation using ion exchange chromatography [70]. 
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2.3.2. Infrared Analysis 

The Infrared Spectroscopy is not much used in solid state sciences, but is widely 

applied to study certain products containing the organic moiety, for example, the metal 

carboxylate precursors. Also with respect to the metal oxides, the FrIR gives a fair idea of the 

metal-oxygen linkage. Waldron [71], White and De Angelis [72] assigned the high frequency 

band in ferrites at 650 cm -1  (v1) to symmetrical vibrations of tetrahedral groups and lower 

frequency band at —400 cm -1  (v2) to the vibrations of the octahedral M-0 groups. Tarate and 

Preudhomme [73] has observed that in normal ferrites both the absorption bands depend on 

the nature of the octahedral cation and do not significantly depend upon the nature of the 

tetrahedral ions. The difference in the band positions is due to the difference in the Fe 3+-0 

distances for octahedral and tetrahedral complexes. The Fourier transform-infrared spectra of 

the samples reported here are recorded on a Shimadzu IR prestige 21 spectrometer at ambient 

conditions. The sample powder was mixed with KBr in the ratio of 1:10 and the scanning 

range selected was from 4000 cm -1  to 300 cm-1 . The spectra were recorded in the diffuse 

reflectance mode. 

2.3.3. Thermal Analysis 

Uses of thermal analysis in material science are many. Thermal analysis includes TG, 

DTA, DSC in which a physical property of a substance is measured as a function of 

temperature, while the substance is subjected to a controlled temperature program. 

Simultaneous TG/DTA is more versatile than TG alone. TG detects effects which involve 

only weight change but DTA detects other effects such as polymorphic transitions, which do 

not involve changes in weight but heat change. For many problems, it is advantageous to use 

both TG and DTA. In the present work, simultaneous TG-DTA studies have been carried out 
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to study the decomposition pattern of the precursor and thereby fix its formula. 

Thermogravimetry and differential thermal analysis measurements were performed on a 

NETZSCH DSC-DTA-TG STA 409PC setup equipped with a control and data acquisition 

system. The analyses were carried out in air (100 ml/min) at a heating rate of 10 °C/min using 

—12 mg samples in an alumina pan with alumina crucible as the reference material. The 

thermal analysis was done from room temperature to 900 °C. 

2.3.4. X-Ray Diffraction 

Undoubtedly, the most important and also the singular most useful technique, material 

science cannot do without, is the X-Ray Diffraction technique. XRD has been widely used by 

material chemists for a number of reasons; 

i) to determine the crystal structure of a material 

ii) to evaluate the nature of the phases present 

iii) to study the crystal imperfections 

iv) to study the grain size and the structural parameters. 

It is the most economic technique made use to establish the single phase formation of the 

ferrite. When reduced to basic essentials, an X-Ray diffraction experiment requires an X-Ray 

source, sample, and a detector to pick up the diffracted X-Rays. Within this broad framework 

there are the variables which govern the different X-Ray techniques [16]. 

a) Radiation- monochromatic or of variable wavelength 

b) Sample- single crystal, powder or solid piece 

c) Detector- radiation counter or photographic film 
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The powder method is generally used to study the ferrites. X-Ray diffractometer works on the 

Bragg's law, when a monochromatic beam of X-Ray radiation is incident on a powdered 

sample that ideally has crystals randomly oriented in every possible direction, it gets reflected 

from the set of atomic planes in accordance with the Bragg's law. The identification of 

crystalline phases in a powder pattern depends on two types of information. 

i) The interplanar distances of diffracting planes (h,k,l) known as the `1:1' spacing 

ii)The relative intensity for each measured`d' spacing 

According to Bragg's law, the diffraction maximum is obtained if 

2 d Sin Ohki = n 

Where, d = interplanar distance 

n = order of diffraction 

= wavelength of X-rays 

0 = glancing angle 

0 < Sin 0 < 1 > < 2 d 

Since n = 1 is the least value of n in diffraction, for any observable angle 20, X < 2d 

Bragg's law can be rearranged as; 

X= 2 dSin 0 
n 

The'd' spacing for any set of planes is given by the formula 

1  = h2 k2 12 
d2 a2 b2  e2 

for cubic unit cell, a = b = c (100 plane) 

1 =  h2  k2  12  
d2 	a2 
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- Powder X-ray diffraction patterns of all the ferrite samples reported in this thesis were 

obtained on a Rigaku Miniflex X-ray diffractometer with a monochromatic Cu Ka radiation 

= 0.15406 nm, 30 kV, 15 mA). 

-Calculation of crystallite size (t): 

The crystallite size (t) of the 'as prepared' and 'sintered' samples was estimated by Scherrer's 

formula given by 

t= 0.9 X. /0 Cos 0 

where, X is the wavelength of X-Ray radiation, 13 is full width at half maxima (FWHM) in 

radians. 

Calculation of X-ray density: 

The X-ray density dx  of all the samples was calculated using the following relation, 

dx= n.M/Na3  

where, M = molecular weight of the sample 

N = Avagadro's number 

Calculation of hopping lengths, LA and LB 

Hopping lengths in tetrahedral sites (LA) and in octahedral sites (LB) which is nothing but the 

distance between the magnetic ions, have been calculated using the following relation, 

LA= ao (/3/4) and LB = ao (/2/4) 

Calculation of mean ionic radius of tetrahedral and octahedral site, rA and rB 

The mean ionic radius of the tetrahedral (A) site "rA" and octahedral (B) site, "rB" has been 

calculated using the following relation: 
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rA = a -43 (u - 0.25) - Ro  

rB = a (5/8 - u) - R o  

where, 'a' is the lattice parameter, u is the oxygen positional parameter, for ideal spinel ferrite 

u=3/8 and the radius of oxygen ion, R 0=1.35 A 

2.3.5. Transmission Electron Microscopy (TEM) 

TEM is an imaging technique whereby a beam of electrons is focused onto a specimen 

causing an enlarged version to appear on a ,fluorescent screen or a layer of photographic film 

or to be detected by a CCD camera. TEM operates on the same basic principles as the light 

microscope but uses electrons instead of light. TEM is useful for determining size, shape, and 

arrangement of particles which make up the specimen. TEM is typically used for high 

resolution imaging of thin films of a solid sample for nanostructural and compositional 

analysis. Since the limit of resolution is in the order of a few angstroms, it is a very useful and 

powerful tool for nanoparticle characterization. TEM has been the technique of choice due to 

atomic-level resolution and the apparent benefits of possible selected area electron diffraction 

(SAED). In SAED, an aperture is used to define the area from which a diffraction pattern is 

formed in a TEM specimen. The resulting patterns contain information about phases present 

(lattice spacing measurement) and sample orientation. High resolution electron microscopy 

(HREM) is capable under favorable circumstances of giving information on an atomic scale 

by direct lattice imaging [16]. The morphology of `as prepared' nanoferrites was observed 

using JEM 2000 CX electron microscope. 
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2.3.6. Scanning Electron Microscopy (SEM) 

Electron microscopy is a versatile technique capable of providing structural 

information over a wide range of magnification. SEM is made use for studying the texture, 

topography and surface features of powders or solid pieces. Features upto tens of micrometers 

in size can be seen and because of the depth of focus of SEM instruments, the resulting 

pictures have a definite 3-D quality. SEM scans over a sample surface with probe of electrons 

(5- 50 kV) and detects the yield of either secondary or back-scattered electrons as a function 

of the position of the primary beam. Parts of the surface facing the detector appear brighter 

than parts of the surface with their surface normal pointing away from the detector. 

Magnifications of 20,000 - 30,000 times is possible with a resolution of about 150 nm. A gold 

coating is deposited on the sample to avoid charging of the surface. Particle shape, size and 

distributions are easily obtained for particles larger than 150 nm. The crystallite size and 

morphology of the sintered ferrites in the present study were examined using a JEOL model 

5800LV scanning electron microscope. 

2.3.7. BET Surface Area 

The Brunauer Emmett Teller (BET) method is the most widely used procedure for the 

determination of surface area of solid materials and involves the use of the BET equation 

PNads (Po-P) = 1NmC + [(C-1)/V mC] x (P/Po) 

where P = adsorption equilibrium pressure, Po = standard vapour pressure of the adsorbent, 

Vads  = volume at STP occupied by molecules adsorbed at pressure P, V m  = volume of 

adsorbate required for a monolayer coverage, C. = constant related to heat of adsorption. A 

plot of PN ads (Po-P) Vs (P/Po) will yield a straight line usually in the range 0.05 5_ 1 3/130 < 

0.35. The slope (s) and intercept (i) of the BET plot are 
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S = (C-1)/V.0 and i = 1/ V mC 

Solving these equations permits the calculation of Vm. Then the specific surface area of 

the solid can be calculated as, 

Specific surface area (m2/g) = [(VmNa)/22414 x Wt] x A. 

A. = mean cross sectional area occupied by adsorbate molecule (16.2, A 2  for N2), Wt = 

weight of the catalyst sample, N a  = Avogadro number, V. = monolayer volume in ml at STP 

[74]. Surface areas of the ferrite compositions were measured using BET surface area 

analyzer by SMART SORB 90/91 at liquid nitrogen temperature. 

2.3.8. D.C. Electrical Resistivity 

For electrical resistivity measurements, the ferrite samples were in the form of disk 

shaped pallets of 1 cm diameter and 0.2 cm thickness were prepared. The resistance of the 

samples was measured using a two probe conductivity setup and a Keithley 2010 multimeter. 

From the resistance values obtained at different temperatures, the resistivity of the sample was 

calculated using the following relation; 

p=RA/t 

where, R = resistance 

A = cross sectional area of the pellet 

t = thickness of the pellet 

The dc resistivity has been observed from room temperature to 773 K. Graphs of log p versus 

103/T was plotted for all the samples. 
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2.3.9. Seebeck coefficient/ Thermoelectric power (TEP) 

Thermoelectric properties are widely used in the interpretation of the conduction 

mechanism in semiconductors. The sign of the thermoemf gives vital information about the 

type of conduction in semiconductors whether it is p-type or n-type. It also enables to 

calculate the Fermi-energy and carrier concentration. A knowledge of the Fermi-energy helps 

in the determination of the various regions, viz. impurity conduction, impurity exhaustion and 

intrinsic conduction regions of a semiconductor. The thermopower of a material, represented 

as S, depends on the material's temperature, and crystal structure. Typically, metals have 

small thermopowers because most have half-filled bands. Electrons (negative charges) and 

holes (positive charges) both contribute to the induced thermoelectric voltage thus canceling 

each other's contribution to that voltage and making it small. In contrast, semiconductors can 

be doped with an excess amount of electrons or holes and thus can have large positive or 

negative values of the thermopower depending on the charge of the excess carriers. The sign 

of the thermopower can determine which charged carriers dominate the electric transport in 

both metals and semiconductors. Seebeck coefficient measurements were done using a two 

probe TEP measurement setup by developing a temperature difference of 15-20 K across the 

pellet and measuring the voltage developed. 

2.3.10. A.C. Susceptibility 

The domain structure and the Curie temperature of the oxide can be obtained by 

plotting normalized susceptibility against temperature. The a.c. susceptibility studies also 

reveal the magnetic behaviour of the material i.e. ferromagnetic to paramagnetic transition as 

well as the single domain to superparamagnetic transition. The measurements were carried out 
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on powdered samples using a.c. susceptibility method described by Likhite et al. [75] and 

supplied by M/s Arun Electronics, Mumbai, India. 

2.3.11. Magnetic Hysteresis 

Ferro and ferri-magnetic materials possess a permanent magnetic moment in the 

absence of an external field and a very large permanent magnetization. In ferromagnetic 

materials, this permanent magnetic moment is the result of the cooperative interaction of large 

numbers of atomic spins in what are called domains, regions where all spins are aligned in the 

same direction. In ferrimagnetic materials, on the other hand, incomplete cancellation of the 

magnetic dipoles in a domain results in lower permanent magnetization. In 1907 Weiss 

proposed what is known as the domain theory of magnetism. This theory contends that a 

ferro- or ferri-magnetic material is composed of domains, each one magnetized to saturation 

in some direction (the magnetic moments are oriented in a fixed direction). The formation of 

domains allows a ferro or ferri-material to minimize its total magnetic energy [76]. 

The magnetization curve describes the change in magnetization or magnetic flux of 

the material with the applied field. When a field is applied to a material with randomly 

oriented magnetic moments, it will be progressively magnetized due to movement of domain 

boundaries. Initially, when no field is applied, the magnetic dipoles are randomly oriented in 

domains, thus the net magnetization is zero. When a field is applied, the domains begin to 

rotate, increasing their size in the case of the domains with direction favorable with respect to 

the field, and decreasing for the domains with unfavorable direction. As the field increases, 

the domains continue to grow until the material becomes a single domain, which is oriented in 

the field direction. At this point, the material has reached saturation. As the magnetic field is 

increased or decreased continuously, the magnetization of the material increases or decreases 
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but in a discontinuous fashion. This phenomenon is called the Barkhausen effect and is 

attributed to discontinuous domain boundary motion and the discontinuous rotation of the 

magnetization direction within a domain [77]. The typical magnetization curve can be divided 

into three regions (Fig. 2.3.); 

a. Reversible region: The material can be reversibly magnetized or demagnetized. Charges in 

magnetization occur due to rotation of the domains with the field. 

b. Irreversible region: Domain wall motion is irreversible and the slope increases greatly. 

c. Saturation region: Irreversible domain rotation. It is characterized by a required large 

amount of energy to rotate the domains in the direction of the field [77]..  

Field (If) 

Fig. 2.3 Schematic of hysteresis magenetization curve 

If the field is reduced from saturation, with eventual reversal of field direction, the 

magnetization curve does not retrace its original path, resulting in what is called a hysteresis 

loop (Fig. 2.4.) This effect is due to a decrease of the magnetization at a lower rate. The area 

inside the hysteresis loop is indicative of the magnetic energy losses during the magnetization 

process. When the field reaches zero, the material may remain magnetized (i.e., some 
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domains are oriented in the former direction). This residual magnetization is commonly called 

remanence Mr. To reduce this remanent magnetization to zero, a field with opposite direction 

must be applied. The magnitude of field required to lower the sample magnetization to zero is 

called' the coercivity Hc. 

Fig. 2.4 Schematic of hysteresis loop 

A material can present different hysteresis loops depending on the degree of magnetization. If 

the maximum magnetization is less than the saturation magnetization, Ms, the loop is called a 

minor loop. The hysteresis measurements were carried out on palletised samples of 1 cm 

diameter and 0.2cm thickness, on a Pulsed —Field Hysteresis Loop Tracer as described by 

Likhite et al. [78] and supplied by Magneta, Mumbai. 

2.3.12. Initial Permeability 

It is one of the decisive factors for the materials utility for specified applications. 

Initial permeability is measured in a closed magnetic circuit (ring core) using a very low field 

strength. 

µ;=1x OB  
go  All (OH —>0) 
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where, B is the flux density and H is the applied field. 

Initial permeability is dependent on temperature and frequency. The permeability of ferrites 

generally increases with temperature to a maximum value and then drops sharply to a value of 

1. The temperature at which this happens is called the Curie temperature (TO. In the present 

investigation, the initial permeability of the sintered ferrite samples was measured as a 

function of temperature as well as frequency using a Wayne Kerr 6500P LCR meter. The 

initial permeability was calculated from the low field inductance measurements with a 

torroidal core of 50 turns using the formula, 

L. 0.0046 [ii N2  h log d 1 /d2  

Where, L is the inductance in [tH, 

d 1  is the outside diameter of a torroid 

d2 is the inside diameter of a torroid 

Ri is the initial permeability of the core 

h is the height of the core in inches 

2.3.13. Dielectric Studies 

Electrical conductivity and dielectric behavior in ferrites depends on many factors 

such as the preparation method, sintering temperature, the type and amount of substitution. 

They exhibit relatively high resistivity at carrier frequency, sufficiently low losses for 

microwave applications and wide range of other electrical properties. The a.c. parameters 

such as dielectric constant (c), dielectric loss tangent (tan 6) depend on the frequency under 

investigation. The dielectric measurements were made by two probe method using a Wayne 

Kerr 6500P LCR meter in the frequency range of 100 Hz to 10 MHz. The samples were in the 
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form of disk shaped pallets of 1cm diameter and 0.2 cm thickness. Silver paste was applied on 

the surface of the pallets for electrical contact. 

Assuming the capacitance of a parallel plate arrangement, the dielectric constant was 

calculated using the relation 

= C d / co A 

where, C = capacitance of the specimen in Farad 

d = thickness of the pellet in meters 

60 = permittivity of free space, 8.854x10 -12  F/m 

A = cross sectional area of the pellet in m 2  

The frequency dependence of dielectric constant and loss tangent of all ferrite samples were 

studied at room temperature as well as at higher temperature. 

The dielectric loss tangent (tans) is calculated using the relation; 

tan6 = D or =- 1/Q 

where, D is the dissipation factor and Q is the quality factor. 

2.3.14. Mossbauer Spectroscopy 

MOssbauer spectrum at room temperature was recorded using a Mossbauer 

spectrometer (Nucleonix Systems Pvt. Ltd., Hyderabad, India) operated in constant 

acceleration mode (triangular wave) in transmission geometry. The source employed was Co-

57 in Rh matrix of strength 50 mCi. The calibration of the velocity scale was done by using an 

enriched oc- 57Fe metal foil using a value of 330 kOe for the effective nuclear hyperfine field 

Hoff at room temperature. The outer line width of calibration spectra is 0.29 mm/s -1 . 

Mossbauer spectra were fitted by a least square fit programme assuming Lorentzian line 

shapes. The results of isomer shift are relative to a-Fe metal foil. 

36 



2.3.15. EXAFS Studies 

In the present study, representative samples of both the ferrite systems have been 

investigated by the EXAFS technique at the Fe K-edge (7112 eV) and Zn k-edge (9659 eV) 

Samples of appropriate weights, estimated to obtain a reasonable edge jump have been taken 

in powder form and have been mixed thoroughly with cellulose powder to obtain total weight 

of approximately 150 mg. Using this mixture, 2.5 mm thick homogenous pellets of 12.5 mm 

diameter have been prepared with the help of an electrically operated hydraulic press. EXAFS 

measurements were carried out at the dispersive EXAFS beamline (BL-8) at the INDUS-2 

Synchrotron Source (2.5 GeV, 100 mA) at the Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India. 

The plot of absorption versus photon energy is obtained by recording the 

intensities I, and It  on the CCD, without and with the sample respectively and using the 

relation, It.--loeu  where pt. is the absorption coefficient and t is the thickness of the absorber. 

For the present experiment the crystal has been set at the proper Bragg angle so that a band of 

energy is obtained around Fe K edge of - 7112 eV. EXAFS spectrum of a commercial Fe 

metal foil and Gd203 pellet has been used for calibration of the CCD channels, assuming the 

reported values of Fe K-edge of 7112 eV and Gd L 3-edge of 7243 eV in Gd203, the CCD 

channels were calibrated in energy scale. So also, for the Zn K-edge experiment, the crystal 

has been set at the proper Bragg angle so that a band of energy is obtained around Zn K edge 

of - 9659 eV. EXAFS spectra of a commercial Zn metal foil and Hf203 pellet have been used 

for calibration of the CCD channels, assuming the reported values of Zn K-edge of 9659 eV 

and Hf L3-edge of 9561 eV in Hf203. 
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In order to take care of the oscillations in the absorption spectra, the energy dependent 

absorption coefficient ,u(E) has been converted to absorption function X(E) defined as follows; 

x(E) = 
1(E)—,u0(E)  

Ali o (E0 ) 

where Eo  absorption edge energy, po(Eo) is the bare atom background and A, po(Eo) is the step 

in the it(E) value at the absorption edge. After converting the energy scale to the 

photoelectron wave number scale ( k ) as defined by, 

k \I
2m(E — E 0 ) 

h2  

The energy dependent absorption coefficient X(E) has been converted to the wave number 

dependent absorption coefficient x(k), where m is the electron mass. Finally, X(k) is weighted 

by k2  to amplify the oscillation at high k and the x(k)k 2  functions are Fourier transformed in R 

space to generate X(R) versus R (or FT-EXAFS) spectra in terms of the real distances from 

the center of the absorbing atom. It should be mentioned here that a set of EXAFS data 

analysis program available within the IFEFFIT software package have been used for 

reduction and fitting of the experimental EXAFS data. This includes data reduction and 

Fourier transform to derive the x(R) versus R spectra from the absorption spectra (using 

ATHENA software), generation of the theoretical EXAFS spectra starting from an assumed 

crystallographic structure and finally fitting of the experimental data with the theoretical 

spectra using the FEFF 6.0 code (using ARTEMIS software). 

The structural parameters for the inverse cubic spinel magnetite (Fe304) used for 

simulation of theoretical EXAFS spectra of the samples have been obtained from reported 

values in the literature [79]. The bond distances, co-ordination numbers (including scattering 

amplitudes) and disorder (Debye-Waller) factors (a 2), which give the mean-square 
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fluctuations in the distances, have been used as fitting parameters and the best fit results of the 

above parameters have been obtained. 

2.3.16. Thick Films and Gas Sensing Studies 

Mainly three technologies are being widely used in fabrication of sensors i.e. pellet, 

thin film and thick film technology. The thick film technology is most suitable and widely 

used among all due to low cost, the ease of fabrication and easy hybridization. An important 

application of thick films is fabrication of sensors for detection and monitoring hazardous 

gases. Thick film approach can produce multifunctional devices and can possibly enhance the 

sensing effect of the film. It is believed to be one of the main driving forces for the future 

development of sensors. Thick film deposition technique includes type casting, roll 

compacting extrusion, screen-printing, spraying and coating. Among all, the screen printing 

method is the most simple, economic and flexible method in which a wide range of film 

shapes and thickness are possible. In the present work thick films of the ferrites are fabricated 

by screen printing technique. 

Thick Films by Screen Printing Technology 

Basically, screen printing is a deposition process. The sensor material is printed 

(deposited) on the glass substrate by using a screen. The nylon screen is coated with 

photosensitive emulsion upon which the required patterns can be formed 

photolithographically. This screen has open areas (pores) through which the required paste is 

forced through to form a pattern on the substrate. The screen printing setup consists of; 

screen, squeegee, substrates, binders etc. Nylon screen of 200 mesh density mounted on 

wooden frame is used for screen printing. Required patterns of the film can be formed 

photolithographically to form stencil. The material to be printed on the substrate is forced 
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through the screen on the substrate, in the form of a thixotropic/pseudoplastic paste using a 

squeegee. The thixotropic paste is pseudoplastic in nature, so that it flows through the pores of 

the screen during stroke of the printing but does not disperse on the substrate after printing. A 

flexible blade used to force the thixotropic paste manually through the screen onto the 

substrate is called as a squeegee. During printing, the squeegee forces the paste through the 

open areas of the screen mesh (pores). The common materials used to prepare squeegee are 

polyurethane and neoprene which are resistant to the constituents of pastes of thick films. 

Films of uniform thickness are produced on the substrate surface. The majority of substrates 

used in thick film technology consist of ceramic material such as alumina, beryllia, magnesia 

and zirconia. For specific applications, glass and enameled steel substrate have also been quite 

successful. Low impact / fracture resistance and low processing temperature restrict the 

application of glass substrates. The thixotropic paste was formulated by mixing the 'as 

prepared' fine powder of ferrites with a solution of ethyl cellulose (a temporary binder) in a 

mixture of organic solvents such as butyl cellulose, butyl carbitol acetate and turpineol. The 

ratio of inorganic to organic part was kept as 75:25 in formulating the paste. The paste was 

then used to prepare the thick films. The sensor patterns printed on the glass substrate were in 

rectangular form. The length of the sensor pattern was about 9 mm and the width was 4 mm. 

Samples were dried under IR lamp, in the range of 70-120 °C. The organic additives to 

some extent (though not entirely) were removed on drying before the film is subjected to high 

temperature. Curing was done to avoid blistering of the film. Curing involves two steps: 

removal of organic binder and high temperature curing / firing. In the first step, the organic 

chemicals those are still left after drying are removed by heating at relatively low temperature. 
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Static Gas Sensing set up 

Base plate —Thermocouple 
Insulator 

T emp. 
Indicator 

Glass Dome 

Sensor 

pA 

	0 	
7 V 

H eater 

Gas inject 
unit 

230 V AC 

In the second step, the important chemical reaction occurs to give the required physical and 

electrical properties of the film. The films were fired at 500 °C for 30 mins. 

Fig. 2.5. The block diagram of the static gas sensing system 

Sensor element, heating unit, dc power supply, gas inject unit, temperature measuring unit, 

current meter (pico-ammeter), glass dome and steel base plate are the major components of 

static gas sensing system (Fig. 2.5). The components of old vacuum system were utilized for 

assembling the static gas sensing system. Heating unit was fixed on the base plate which 

provides the desired temperature to the sensor for its proper functioning. Sample under test 

was mounted on the heater. A Cr-Al thermocouple was mounted to measure the temperature. 

The output of thermocouple was connected to temperature indicator and controller. Gas inlet 

valve was fitted at one of the ports of the base plate. Gas concentration inside the static 

system was achieved by injecting a known volume of test gas by gas injecting syringe. 30 V 
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dc voltage was applied to the sensor element constantly and current was measured by current-

meter. 

Gas injection and calibration of sensor for different gas concentrations 

The gas for which the response of the sensor is to be studied was injected into the 

system inside the glass dome, through the gas inlet (Fig. 2.5) from ppm level in air ambient, 

by using medical practitioner's syringe (Pyrex) calibrated in ml (maximum volume of 5 - 50 

ml). The required gas concentration inside the system was achieved by injecting a predefined 

known volume of the test gas. The volume of the glass dome was 15 liters. The gas 

concentration in ppm can be determined as: 

Injected Vol. of gas (ml) 
Vol. of the gas (ppm) = 	  X 106  

Vol. of glass dome (ml) 

Sensor resistance measurement 

The electrical connections were brought out, from the sensor assembly through the 

feed through available with the system, to measure the changes in the resistance of the sensor 

due to the exposure of different gas concentrations. A dc voltage of 30 V was applied, using 

standard dc power supply (Radart P/S, 30 V, 2.5 A), across the sensor. The output current was 

noted with the help of digital pico-ammeter (pA). The resistances of the sensor in the absence 

of the target gas and in the presence of target gas were noted. The response of the sensing 

material was estimated using the following relation; 

Response (%) = (Ra-Rg) x 100 

Ra  

where Ra  and Rg  are the resistances of the sensing surface in air and in the test gas 

environment, respectively. 
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Chapter 3 

Solid State Properties, Spectroscopic and Gas Sensing Measurements of 

Cobalt Zinc Ferrite 

3.1. Introduction 

The spinel ferrites have attracted renewed attention from all quarters because of their 

possible application as new functional materials. The metal ferrites are best studied and are 

produced on a commercial scale for electromagnetic devices. However with the advance of 

nanotechnology these age old materials are being rediscovered for their interesting properties 

at the nanoscale, by way of example, as catalysts and chemical sensors. The magnetic 

nanoferrites exhibit unusual and fascinating properties quite different from their bulk 

counterparts. Thus it is imperative to understand the behavior of the material at the nano as 

well as the bulk scale and hence efforts were centered towards this goal. Moreover, the 

preparative technique is the deciding factor of the size, shape and ultimately the properties of 

the material, much care is to be taken to select a method for synthesis. The present work 

demonstrates how two different techniques to synthesize the same material affect its size and 

properties. Most of the reported studies on the cobalt zinc system have been carried out on the 

bulk samples. The nanosized Co-Zn ferrite although reported, its property based parameters 

have not been fully studied, and so this has been the underlying purpose of the work reported 

here. 

3.2. Experimental 

Nanostructured cobalt zinc ferrite Coi,ZnxFe204 (x=0-1.0) in steps of 0.1, has been 

prepared by the precursor combustion technique via autocatalytic decomposition of the 
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precursor, cobalt zinc ferrous fumarato-hydrazinate and by combustion method using 

hexamethylenetetraamine as the fuel. The details of the preparation techniques are given in 

Section 2.2. of chapter 2. The precursors have been analyzed by TG-DTA, FTIR and chemical 

analysis and its formula has been fixed accordingly. After appropriate heat treatment, the 'as 

prepared' (nano) oxide and the sintered (bulk) oxide were characterized by various methods 

such as X-Ray Diffraction, Infrared Spectroscopy, SEM, TEM, BET surface area analysis etc. 

Solid state studies such as d.c. electrical resistivity, Seebeck coefficient, magnetic hysteresis, 

a.c. susceptibility measurements, dielectric properties and initial permeability of the Co-Zn 

ferrite samples were carried out. Mossbauer and EXAFS measurements were also carried out 

on selected samples. Thick films of some selected 'as prepared' samples were fabricated and 

their gas sensing ability was studied. 

3.3 Results and Discussion 

3.3.1. Synthesis by Precursor method 

The detail synthesis of the precursors, cobalt zinc ferrous fumarato-hydrazinate is given in 

Section 2.2. of Chapter 2. 

3.3.1.1. Formula Fixation of Precursor 

The cobalt zinc ferrous fumarato-hydrazinate precursors have been analysed by 

chemical analysis, Infrared spectroscopy and TG-DTA analysis and the chemical formula has 

been fixed accordingly. 

3.3.1.1-a) Chemical Analysis: 

Chemical analysis of the precursor has been carried out to determine its hydrazine 

content. The precursor was chemically analysed by titrimetry, to determine its hydrazine 
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content using K103 as the titrant [70]. The percentage of cobalt, zinc and iron were 

determined by chemical analysis as per the standard procedure [70]. The observed and 

calculated percentage of all metals, hydrazine and the total mass loss (800 °C) of the precursor 

are given in Table 3.3.1.1. match closely. Considering the observed percentages of hydrazine, 

cobalt, zinc and iron for all the precursors, the general formula of the precursors i.e. cobalt 

zinc ferrous fumarato-hydrazinate was fixed as Coi_xZnxFe2(C4H204)3.6N21 -14 

Table 3.3.1.1. Chemical analysis and total weight loss data of cobalt zinc ferrous fumarato- 

hydrazinate precursors, Col.,,Zn,Fe2(C4H204)3.6N2114 (x=0.0-1.0) 

`x' 

Coi.,,ZnYe2(C4H204)3.6N2H4 

% Hydrazine 	Total Mass Loss 	% Cobalt 	% Zinc 	% Iron 

0.0 27.29 (27.25) 66.67 (66.70) 8.29 (8.36) - 15.82 (15.85) 

0.1 27.50 (27.22) 66.65 (66.64) 7.44 (7.52) 0.90 (0.93) 15.78 (15.84) 

0.2 26.92 (27.20) 66.58 (66.60) 6.55 (6.68) 1.84 (1.85) 15.85 (15.83) 

0.3 26.60 (27.17) 66.51 (66.52) 5.83 (5.84) 2.72 (2.78) 15.84 (15.81) 

0.4 26.43 (27.15) 66.49 (66.47) 5.00 (5.00) 3.66 (3.70) 15.73 (15.79) 

0.5 27.04 (27.12) 66.41 (66.40) 4.10 (4.16) 4.57 (4.62) 15.37 (15.78) 

0.6 27.03 (27.10) 66.32 (66.34) 3.32 (3.33) 5.49 (5.54) 15.74 (15.76) 

0.7 26.43 (27.08) 66.30 (66.28) 2.47 (2.49) 6.40 (6.45) 15.72 (15.75) 

0.8 26.79 (27.05) 66.20 (66.22) 1.59 (1.66) 7.33 (7.37) 15.71 (15.74) 

0.9 26.72 (27.03) 66.15 (66.16) 0.78 (0.83) 8.22 (8.28) 15.69 (15.72) 

1.0 26.72 (27.00) 66.02 (66.05) - 9.12 (9.20) 15.67 (15.71) 
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3.3.1.1-b) Infrared Analysis 

The infrared spectra of the complexes (Fig.3.3.1.1) show three absorption bands in the 

region -3150-3300 cm -1  due to the N-H stretching frequencies. The N-N stretching 

frequencies at -972 cm -1  proves the bidentate bridging nature of the hydrazine ligand 

unequivocally [80]. The asymmetric and symmetric stretching frequencies of the carboxylate 

ions are seen at -1596 cm -1  and -1390 cm-1 , respectively with the AN (va sy-vsym) separation of 

206 cm-1 , which indicate the monodentate linkage of both carboxylate groups in the dianion. 

The IR data confirms the formation of the complexes, cobalt zinc ferrous fumarato-

hydrazinates. 

Fig.3.3.1.1 Infrared spectra of the complexes, Co1,ZnxFe2(C41 -1204)3.6N2H4 (x=0.0-1.0) 
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3.3.1.1-c) TG-DTA Analysis: 

The thermal decomposition pattern of the cobalt zinc fumarato hydrazinate precursors 

was studied by simultaneous differential thermal analysis (DTA) and thermogravimetric (TG) 

analysis. The TG-DTA decomposition patterns of Coi,ZNFe2(C4H204)3.6N2H4 (x=0.0-1.0) 

are shown in Fig.3.3.1.2 a and b. 
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Fig.3.3.1.2a. TG-DTA pattern of the complexes, CoiZnFe2(C4H2O4)3.6N2FL (x=0-0.5) 
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Fig.3.3.1.2b. TG-DTA pattern of the complex Coi-,ZnxFe2(C41-1204)3.6N2H4  (x=0.6-1.0) 
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The TG curve of all the complexes, from room temperature to 900 °C shows either two 

or three mass loss regions. All the samples show a prominent two-step mass loss except for 

those having x=0.7, 0.8 and 1.0 which show a three-step mass loss. The DTA shows the 

corresponding exothermic peaks. The precursors decompose by dehydrazination of the six 

hydrazine molecules followed by decarboxylation hence the two mass loss regions in the TG 

curve and corresponding two exothermic peaks. However, some samples depending on their 

thermal stability decompose differently as evident from the TG-DTA patterns. 

The precursor with x=0 shows a mass loss of 8.95 % and 17.58 % from RT to 100 °C 

and from 100°C to 210°C due to the loss of two and four N2H4 molecules, respectively. The 

DTA curve shows a small exothermic hump followed by a sharp exothermic peak at 191.7 °C 

due to dehydrazination, as explained. The major mass loss of 35.45% from 210 °C to 320°C 

was due to decarboxylation of the dehydrazinated precursor. DTA curve shows one major 

peak in this region at 318 °C due to oxidative decarboxylation. 

For x=0.1, the TG shows mass losses of 26.52 % from RT to 210 °C due to loss of six 

N2H4 molecules. Corresponding DTA peak is observed at 181.4 °C. The peak due to 

decarboxylation is observed at 312.5 °C and the TG shows a mass loss of 33.63 % from 210 °C 

to 320°C. 

The TG curve, for x=0.2, from room temperature to 900 °C shows three mass loss 

regions with two major ones. The mass losses of 8.96 % and 18.11 % from RT to 120 °C and 

from 120°C to 180°C were due to the loss of two N2H4 and four N2H4 molecules, respectively. 

The DTA curve shows a small exothermic hump at —100 °C followed by sharp exothermic 

peak at 174°C due to dehydrazination as explained above. The major mass loss of 30.22 % 

from 175 °C to 340°C in the TG curve was due to decarboxylation of dehydrazinated fumarate 
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precursor. DTA curve shows one sharp exothermic peak in this region with the peak 

temperature at 318 °C due to oxidative decarboxylation. A 'marginal mass loss of 3.81.% was 

observed from 340°C to 900°C on the TG curve. 

However, the precursor having the composition x=0.3, loses four N2H4 molecule first 

at 154.8 °C followed by loss of two N2H4 molecules at 189 °C as seen in the DTA curve while 

the TG shows mass losses of 20.26% from RT to 160°C and 7.58% from 160 °C to 200°C due 

to dehydrazination. The major mass loss due to decarboxylation was found to be 36.28 % 

from 200°C to 360°C and a corresponding broad exothermic peak at 312.5 °C is seen in the 

DTA curve. A marginal mass loss of 1.72 % is also observed in the TG curve from 320 °C to 

900°C. 

Whereas for x=0.4, the TG shows a single step mass loss of 26.58 % from RT to 

175°C due to loss of six N2H4 molecules. Corresponding DTA peak is observed at 151.9 °C. 

The peak due to decarboxylation is observed at 310.7 °C and the TG shows a mass loss of 

33.96 % from 175°C to 340°C. A marginal mass loss of 4.12 % is observed from 340 °C to 

900°C. 

The composition with x=0.5, shows mass loss of 27.05 % from RT to 170 °C due to 

loss of six N2H4 molecules. Corresponding DTA peak is observed at 132.1 °C. The mass loss 

of 36.87 % from 170 °C to 340°C is due to decarboxylation of the dehydrazinated precursor. A 

corresponding sharp exothermic peak in the DTA curve due to decarboxylation is observed at 

297.7°C and a marginal mass loss of 2.09 % is observed from 340 °C to 900°C. 

For x=0.6, the TG shows mass loss of 26.23 % from RT to 170 °C due to loss of six 

N2H4 molecules. Corresponding DTA peak is observed at 146.4 °C. The peak due to 

decarboxylation is observed at 298 °C accompanied by a small exothermic hump at 343.3 and 
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the TG shows a mass loss of 35.04 % from 170 °C to 360°C. A marginal mass loss of 4.10 % 

is observed from 360°C to 900°C. 

The samples with x=0.7, 0.8 and 1.0 decompose via three-step process. For x=0.7, the 

loss of all six hydrazine molecules take place from RT-90 °C. The mass loss of 26.6% is seen 

in the TG curve due to dehydrazination. The corresponding DTA peak is observed as a small 

hump at 71.3°C. The decarboxylation takes place in two steps. The TG shows two steps with 

mass losses of 24.24 % from 90 °C to 180°C and 12.32 % from 180°C to 380°C, respectively 

with corresponding DTA peaks at 164.4°C and 317.3°C. Additionally, a small exothermic 

hump is observed after the second decarboxylation peak. This small exothermic hump is seen 

for all the compositions with x>0.5 and may depend on the thermal reactivity of the 

complexes. A marginal mass loss of 2.62 % from 380 °C to 900°C is observed. 

The sample with x=0.8 also shows a similar behavior, but here the dehydrazination 

takes place in two steps rather than the decarboxylation. The TG shows a mass loss of 9.5 % 

from RT-80°C due to the loss of two hydrazine molecules followed by a loss of 18.32 % from 

80°C to 190°C due to loss of four hydrazine molecules. The DTA shows endothermic peaks at 

90.7°C and an exothermic peak at 168.6 °C respectively. The decarboxylation occurs from 

190°C to 360°C having a mass loss of 31.42 % and a corresponding peak in the DTA at 

313.6°C followed by a small exothermic hump. A marginal mass loss of 3.41 % is also 

observed from 360°C to 900°C. 

For x=0.9, decomposition takes place via two steps. The mass loss of 23.42 % due to 

dehydrazination is observed from RT-185 °C with a corresponding exothermic peak at 

156.8°C. Decarboxylation takes place from 185 °C to 380°C as observed from TG and having 

a mass loss of 34.87%. DTA shows an exothermic peak at 306.4 °C and a small hump at 
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365.6°C due to decarboxylation of the precursor. A marginal mass loss of 2.2 % from 380 °C 

to 900°C is observed. 

Like x=0.8, x=1.0 also decomposes via three steps. The TG shows a mass loss of 18.5 

%from RT-95 °C due to the loss of four hydrazine molecules. The DTA shows small hump in 

this region. In the second mass loss region of TG, the remaining two hydrazine molecules 

decompose along with partial decomposition of fumarate molecules giving a mass loss of 

18.82 % from 100 °C to 200°C with a corresponding exothermic peak at 187.1 °C. The loss of 

the remaining fumarate molecules occurs from 200 °C to 400°C with a mass loss of 25.46 % 

and a corresponding peak in the DTA at 311.4 °C. A prominent exothermic hump is observed 

after the second major decomposition peak. This is a common feature found for zinc excess 

composition. 
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3.3.1.2. Characterization of 'as prepared' and 'sintered' ferrites 

3.3.1.2-a) Infrared Analysis 

The FTIR spectra of the 'as prepared' nanoferrite and bulk 'sintered' ferrite are shown 

in Fig3.3.1.3a and b respectively. 

Fig.3.3.1.3a Infrared spectra of 'as prepared' Coi_„Zn.Fe204 (x=0.0-1.0) 

Two main Metal-Oxygen bands are observed for all spinel ferrites. The highest v 1  is 

attributed to the intrinsic stretching vibrations of the metal at the tetrahedral site and the 

lowest v2 band corresponds to the octahedral stretching vibrations [81]. The vi and v2 

stretching vibration for the 'as prepared' oxide are observed between - 560-599 and 420-399 

- cm 1 , respectively. Whereas for the 'sintered' oxide the vi and v2 are observed between 610- 

565 cm-1  and 435-410 cm-1 , respectively. As Col' gets replaced by Zn 2+
, the v1 shifts to lower 
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wavenumber as reported in the literature [81]. Also, it is observed that the nanoferrites have 

lower v1 and v2 values which shift to higher wavenumber upon sintering. 
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Fig.3.3.1.3b Infrared spectra of sintered Col,Zn 1Fe204 (x=0.0-1.0) 

3.3.1.2-b) X-Ray Diffraction 

The room temperature XRD patterns of all 'as prepared' and sintered ferrite samples 

are shown in Fig.3.3.1.4a and b respectively. The peaks are indexed using ICDD Card No. 01-

1121 for CoFe2O4. The 'as prepared' samples show peak broadening indicative of nanosized 

particles whereas sintering brings about increase in grain growth giving rise to sharp well 

defined peaks characteristic of the cubic structure and spinel type lattice of cobalt zinc ferrite. 

From the XRD data, the lattice constant a, was calculated which increases linearly with 

increase in Zn concentration (Table.3.3.1.2 and 3.3.1.3) thus obeying Vegard's law. 
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Fig.3.3.1.4a XRD pattern of 'as prepared' Coi,Zn,,Fe204 (x=0.0-1.0).  

The increase in a is due to the substitution of Co 2+  by Zn2+  and Zn2+  having greater 

ionic radii (0.82 A) than Co 2+  (0.78 A) leads to increase in the lattice constant. Furthermore, 

the lattice constant of nanoferrites is less than that of its bulk counterpart. This decrease 

cannot be explained solely on the basis of cation rearrangement in the spinel lattice but may 

also be due to particle size effect, more specifically, the effect of surface stress. The surface 

stress causes small particles to be in a state of compression where the internal pressure is 

inversely proportional to the radius of the particle [30]. The larger a values for bulk ferrites as 

compared to the nanoferrites has also been reported by other investigators [6, 82]. 
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Fig.3.3.1.4b XRD pattern of sintered Coi,Zn.Fe204 (x=0.0-1.0) 

The X-Ray density was computed from the values of the lattice parameter. It can be 

seen from Table.3.3.1.2 and 3.3.1.3 that the X-Ray density lies in the range of 5.10 to 5.08. 

The mean ionic radius of the tetrahedral (A) "rA" and octahedral (B) "re" site was calculated, 

the values are listed in Table 3.3.1.2 and 3.3.1.3. for 'as prepared' and sintered ferrites 

respectively. It can be seen that the bond lengths (A-0, B-0) and ionic radii (rA, re) increase 

with increasing the zinc content in the system, which in turn causes an increase in the lattice 

constant. In fact, the mean octahedral ionic radius shows slow increase while the ionic radius 

of tetrahedral site increases rapidly with increasing the content of zinc. 
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Table 3.3.1.2. Lattice constant (a), X-ray Density (p x), particle size (t), ionic radii at 

tetrahedral site (rA ), ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), 

octahedral bond length (B-0), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of 

'as prepared' Coi,ZnxFe204 (x=0.0-1.0) 

`x' a 

(A) 

dx  

(g/cm3) 

t 

(nm) 

rA 

(A) 

rB 

(A) 

A-0 

(A) 

B-0 

(A) 

LA 

(A) 

LB 

(A) 

0.0 8.4867 5.10 14.5 0.4874 0.7717 1.926 2.072 3.675 3.004 

0.1 8.4999 5.09 14.2 0.4903 0.7750 1.929 2.075 3.681 3.009 

0.2 8.5129 5.08 14.7 0.4931 0.7782 1.932 2.078 3.686 3.014 

3.014 0.3 8.5131 5.09 13.8 0.4931 0.7783 1.932 2.079 3.686 

0.4 8.5272 5.08 14.4 0.4962 0.7818 1.935 2.082 3.692 3.019 

0.5 8.5363 5.08 12.9 0.4982 0.7841 1.937 2.084 3.696 3.022 

0.6 8.5378 5.09 13.3 0.4985 0.7844 1.937 2.084 3.697 3.022 

0.7 8.5445 5.09 13.9 0.4999 0.7861 1.939 2.086 3.610 3.025 

0.8 8.5537 5.09 12.5 0.5019 0.7884 1.941 2.088 3.704 3.028 

0.9 8.5618 5.08 13.3 0.5049 0.7918 1.944 2.092 3.710 3.033 

1.0 8.5628 5.09 13.2 0.5049 0.7918 1.944 2.092 3.710 3.033 

It can be concluded that the tetrahedral substitution plays dominant role in influencing 

the value of lattice constant. It is found that the mean ionic radius, r, increases with increasing 

Zn content which is reflected in the increase of lattice constant with addition of zinc. Similar 

findings on the Co-Zn system have been reported by other investigators [83]. However Jadhav 

et al. [45] has reported a decrease in. rB with increase in zinc. The hopping lengths in the 

tetrahedral site (LA) and in octahedral site (LB) which is nothing but the distance between the 

magnetic ions were calculated and the values are given in Tables 3.3.1.2 and 3.3.1.3. It is seen 

that distance between the magnetic ions increases as the zinc content increases. 
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Table 3.3.1.3. Lattice constant (a), X-ray Density (p x), ionic radii at tetrahedral site (rA 

ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), octahedral bond length (B-

O), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of sintered Coi_,Zn xFe204 

(x=0.0-1.0) 

`x' a 

(A) 

dx  

(g/cm3) 

rA 

(A) 

rB  

(A) 

A-0 

(A) 

B-0 

(A) 
LA 
(I) 

LB 

(A) 
0.0 8.4879 5.10 0.4877 0.7720 1.926 2.072 3.675 3.005 

0.1 8.5007 5.09 0.4900 0.7752 1.928  2.075 3.681 3.009 

0.2 8.5144 5.08 0.4934 0.7786 1.932 2.079 3.687 3.014 

0.3 8.5149 5.09 0.4935 0.7787 1.932 2.079 3.687 3.014 

0.4 8.5287 5.08 0.4965 0.7822 1.935 2.082 3.693 3.019 

0.5 8.5318 5.09 0.4972 0.7829 1.936 2.083 3.694 3.020 

0.6 8.5380 5.09 0.4985 0.7845 1.937 2.084 3.697 3.022 

0.7 8.5455 5.09 0.5002 0.7864 1.939 2.086 3.700 3.025 

0.8 8.5540 5.09 0.5020 0.7885 1.941 2.088 3.704 3.028 

0.9 8.5669 5.08 0.5048 0.7917 1.944 2.092 3.709 3.033 

1.0 8.5674 5.09 0.5049 0.7919 1.944 2.092 3.709 3.033 

3.3.1.2-c) Transmission Electron Microscopy (TEM) 

From the TEM images (Fig.3.3.1.5) of the 'as prepared' nanoferrites (x = 0.2, 0.4, 0.5, 

0.6,0.8), it is confirmed that the particles are nanosize with the average particle size -10-20 

• nm. It is also evident that the particles are having regular size but due to agglomeration 

become dense. The agglomeration is expected because there is no surfactant attached to the 

surface of the nanoparticle. Particle sizes determined from TEM closely match with those 

obtained by XRD measurements. A general increase in the particle size is observed with the 

decrease in Zn concentration. 
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(a) x= 0.8 

(b) x= 0.6 

(c) x= 0.5 

(d) x= 0.4 

(e) x= 0.2 

Fig.3.3.1.5. TEM of 'as prepared' Coi_.,ZnxFe204 (x=0.2, 0.4, 0.5, 0.6 and 0.8) 

3.3.1.2-d) Scanning Electron Microscopy (SEM) 

The grain size which increases on sintering, lies between 0.2-1.0 u as seen in the SEM 

images (Fig.3.3.1.6). Except some of the bigger grains seen in the SEM images (x=0.0, 

0.3,0.6), the grains are uniform and regular in size. 
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Fig.3.3.1.6. SEM of sintered Co 1 ,ZnYe204  (x=0.0-1.0) 
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3.3.1.2-e) BET Surface Area 

The specific BET surface area of the 'as prepared' nanoferrites is listed in 

Table.3.3.1.4. which is on the lower side due to the agglomeration of the nanoparticles as 

evident from TEM. There is no regular trend observed in the values of BET surface area of 

the nanoferrites. The sample Co0.7Zn0.3Fe204 has the lowest surface area of 20.6 m 2/g while 

Co0.9Zn0.1Fe204 has the highest surface area of 54.6 m 2/g. 

Table 3.3.1.4. BET Surface Area of 'as prepared' Coi,Zn,Fe204 (x=0.0-1.0) 

`x' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

S.A. (m2/g) 32.7 54.6 23.2 20.6 23.6 42.4 36.6 30.1 32.3 36.3 19.8 

3.3.1.2-f) Magnetic Hysteresis 

The effects of grain size reduction on the magnetic properties of ferrites were 

investigated. In this respect, the measurements of coercive fields were particularly interesting. 

Among the magnetic properties, the saturation magnetization, ms, is independent of specimen 

size at least until the number of atoms on the surface becomes significant as compared to the 

total number of atoms in the sample volume. On the other hand, coercivity, H e  shows a 

marked size effect. The coercivity of fine particles has a striking dependence on their size. As 

the particle size is reduced, it is typically found that the coercivity increases goes through a 

maximum and then tends towards zero. For a multidomain material, magnetization changes 

by domain wall motion. Below a critical diameter the particles become single domain and in 

this size range the coercivity reaches a maximum, they change their magnetization by spin 

rotation. As the particle size further decreases, the coercivity decreases and tends to zero 
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because of thermal effects which are strong enough to spontaneously demagnetize a 

previously saturated assembly of particles. Such particles are called superparamagnetic [151. 

Fig.3.3.1.7. Hysteresis plot of 'as prepared' Col_ xZnxFe204 (x=0.0-0.8) 

62 



90 

60 

30 

0 

-30 

-60 

-90 

90 

60 . 

30 

0 

-30 

-60 

-90 

90 

60 

30 

0 	 

40 

.60 
-90 

sp 

• 30 

0 

-30 

76P 

6 

3 

0 

-3 

I 	' 	I 
3 -6 6 

' I 	• 
0 

30 

20 

10 

0 

-10 

-20 

40 
6 -3 	0 	3 

H (KOe) 

60 

40 

zo-•: 
0 	 

-20 

-40 

-60. 

x=0.6 

-6 
I'T 	I 	• 	I 

x=0.7 

-3 3 

-6 0 3 6 

3 I 	• 

-3 -6 

x=0.2 

1=0.5 
90 

60 

30 

—  0 

-30 

-60 

-90 

-6 3 
	

6 

x=0.4 x=03 

Fig.3.3.1.8. Hysteresis plot of sintered Co 1_,,Zn xFe204  (x=0.0-0.8) 

The Ms, Mr, and 	values for 'as prepared' and 'sintered' ferrites are listed in Table 

3.3.1.5. The lower values of saturation magnetization of nanoparticles of the 'as prepared' 

ferrite as compared to the submicron particles of the bulk is attributed to the surface effects 

which lead to the noncollinearity of the magnetic moments on their surface and can be 

explained in terms of core shell model of the nanoparticles in which the core contains 

ferrimagnetically aligned spin on the surface or interface with a certain degree of spin canting 
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[51]. Fig. 3.3.1.7 and 3.3.1.8 shows the hysteresis curve of the 'as prepared' and sintered Coi-

xZnxFe204 (x=0-0.8). It is seen that the M, values initially increases and then decreases (Table 

3.3.1.5). Since the diamagnetic Zn 2+  ions replace the Fe 3+  at the tetrahedral sites and due to the 

_prominent inter-sublattice A-B superexchange interaction, the net magnetic moment per 

formula unit is increased. The Neel theory [84] gives an account for the initial increase but is 

unable to explain the subsequent decrease. However, the decrease can be explained in terms 

of a uniform Yafet-Kittel [85] triangular type magnetic ordering of spins on the B sublattice. 

But for a mixed disordered system like Co-Zn ferrite, it is quite possible that the canting is not 

uniform but instead is locally dependent upon the statistical distribution of non-magnetic 

neighbouring ions. Therefore, the decrease in magnetization of these materials after x = 0.3 is 

primarily associated with canting of the magnetic moments. 

Table 3.3.1.5. Saturation magnetization (M s), retentivity (M r), coercivity (He), of 'as 

prepared' and sintered Coi_xZnxFe204 (x=0.0-0.8) 

' x ' 

`As Prepared' 'Sintered' 

Ms  Mr. He Ms  Mr. II, 

0.0 55.64 54.91 1788.97 72.30 42.91 637.60 

0.1 56.56 31.72 1295.64 80.52 26.27 468.38 

0.2 59.98 39.59 825.19 83.85 27.07 339.98 

0.3 62.49 30.10 766.30 87.61 28.58 223.54 

0.4 54.42 24.74 475.62 80.90 19.14 156.71 

0.5 54.57 20.00 364.78 67.72 15.50 134.32 

0.6 32.59 9.35 354.47 53.28 15.07 134.54 

0.7 29.31 6.30 212.13 23.28 3.78 128.88 

0.8 16.86 2.80 169.74 6.01 1.0 289.48 
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The saturation magnetization moment of the spinel ferrite can be expressed as; 

Ms= MB-MA where MA and MB are net magnetic moment of tetrahedral (A) and octahedral 

(B) sublattice, respectively. Zn 2+  ions with zero magnetic moment replace ions on the 

tetrahedral A sites, causing the decrease of magnetic moment in this sub lattice MA resulting 

in the increase of the total magnetic moment, M. Similar behavior is reported by other 

investigators [6, 45]. In the literature, the coercivity of 'as prepared' as well as sintered 

ferrites was found to decrease with decreasing concentration of cobalt, as expected. The 'as 

prepared' ferrites were found to have higher coercivity than the sintered ferrites. The results 

confirm the theoretical explanation regarding the same. 

3.3.1.2-g) A.C. Susceptibility 

In order to gain a deeper insight in the way the nanoparticles undergo the magnetic 

phase transition from the ferrimagnetic to paramagnetic state, a.c. susceptibility studies were 

carried out. Fig.3.3.1.9a and b shows the temperature dependence of the magnetic 

susceptibility. The plots of thermal variation of normalized (xr/xRT) low field ac susceptibility 

(x) for 'as prepared' and 'sintered' samples of Coi_ xZnxFe204 illustrate the above mentioned 

phase transition. The maximum in magnetization behaviour just below the T c  in the presence 

of a small field is referred to as the Hopkinson effect [86-88] and has been observed for 

nanocrystalline single domain cobalt ferrite particles [89] as well as nickel ferrite 

particles[90]. Incase of cobalt ferrite and the mixed cobalt-zinc ferrite, there is a slow increase 

in magnetization with temperature and reaches a maximum value at temperature T., which 

is just below the Curie temperature. The maxima in the magnetization values (Hopkinson 

effect) and the corresponding temperature T ma, is dependent on the applied field. The 

Hopkinson effect is observed in nanocrystalline single domain particles where the size of the 

65 



400 500 	600 
T(K)  

— ■ —x .0.9 
—D— x= 0.8 
— * —i=0.7 

c -^-• ^=11,^ 

d x= 0.4 

—0-1= 0.2 
—*—x=;0.1 
—*— x=0.0 

particles is neither very small to be superparmagnetic nor very large to be multidomain in 

nature. The possible explanation for the Hopkinson effect in single domain cobalt ferrite 

nanoparticles is given by N.S. Ghajbhiye et.al  [89]. In this case, for the cobalt zinc ferrites, 

the Hopkinson peak is distinctly seen for the sintered samples and some `as prepared' samples 

indicating single domain nature of the particles. Similar findings have been reported by other 

investigators, wherein the first hump observed in the bulk cobalt ferrite is referred to as the 

isotropic peak, and is said to be more prominent if the material is in a multi-domain state and 

if the material has a temperature at which magneto-crystalline isotropy is zero [91]. 

Fig.3.3.1.9a AC susceptibility plot of `as prepared' Co 1xZnxFe2O4 (x=0.0-0.9) 
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Fig.3.3.1.9b AC susceptibility plot of sintered Coi,Zn xFe204 (x=0.0-0.8) 

According to Bean [92], the susceptibility is inversely proportional to the coercive 

force. Therefore, the increase in susceptibility after the isotropic peak is attributed to a 

decrease in coercive force. The existence of a coercive force clearly indicates that the samples 

contain clusters of different sizes and each spin cluster should be large since a very large 

blocking temperature is observed. Further, as x increases isotropic peak diminishes. 

Substitution of Zn in cobalt ferrite reduces the coercive force and as a result peak value 

decreases. Beyond the temperature at which the isotropic peak occurs, the coercive force due 

to shape anisotropy will still be dominant for single domains (SD). If the temperature of such 

a SD particle is further increased it may so happen that the thermal energy may become 

comparable to the effective magnetic anisotropy when the magnetization direction 

spontaneously fluctuates between the easy axes of the grain. In such a state a particle is said to 
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be exhibiting superparamagnetism (SP). The specific temperature at which the SD to SP 

transition for a particle of volume V takes place is known as the blocking temperature, Tb. 

Superparamagnetic behavior is observed for x > 0.5 (Fig.3.3.1.9a) whereas the samples 

having x < 0.5 are single domain in nature. For SD particles, 11, is large whereas it tends 

towards zero for SP particles [92]. The Curie temperatures of the nano and bulk ferrite 

determined through the high temperature susceptibility measurements are listed in Table 

3.3.1.6. 

Table.3.3.1.6. Curie temperature (TO of 'as prepared' and sintered Co1_xZnxFe204 

(x=0-0.9) 

4xf 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 

T, (K) 	'Nano' 730 686 644 509 488 420 409 392 361 327 - 

T, (K) 	'Bulk' 750 709 670 617 538 455 410 354 323 - - 

• The observed decrease in T c  with small additions of zinc is due to the decreasing A-B 

superexchange interactions resulting from replacement of Fe 3+  by Zn2+  at A sites. It is known 

that the Curie temperature of nanoparticles depends on both size and shape conditions. But 

amongst these, the temperature suppression is strongly influenced by the particle size and the 

shape effect is comparably minor, as seen in the results. The Curie temperature, T c, of the 

nanoferrite was found to be less than the corresponding bulk one. It is reported that the Curie 

temperature of ferromagnetic materials decreases with particle size [82, 93]. However, this 

may not be the case always, since an opposite effect is observed for the same material when 

the preparation conditions are altered, this is discussed further in the next section. The low 

68 



2— 

1 

1.5 2.5 30 

—a— x=4.0 
—0— x-0.9 
—*— 
—v- 
-*— x-0.6 
- — v-0.5 
- x-0.4 
—*— x-0.3 
—*— r=0.2 
—o- 
- A-  .V1=0.0 

(P.  
AAA#A  AA 

temperature synthesis of the 'as prepared' Co-Zn ferrites leads to spin clusters/agglomeration. 

High temperature sintering brings about order in the disordered magnetic structure. 

3.3.1.2-h) D.C. Electrical Resistivity 

The d.c. electrical resistivity was found to increase with increase in Zn 2+  ions from 

0.0-1.0 (Fig.3.3.1.10a and b), while decrease in resistivity was observed with increasing 

temperature as expected, for all ferrite samples. 

Fig.3.3.1.10a d.c. resistivity plot of 'as prepared' Coi_ xZnxFe204 (x=0.0-1.0) 
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Fig.3.3.1.10b d.c. resistivity plot of sintered Coi_.,Zn,Fe204 (x=0.0-1.0) 

In ferrites, the conductivity is due to the presence of Fe 2+  and the metal ions (Me3+). 

The presence of Fe 2+  results in n-type behaviour and Me 3+  in p-type behaviour. [32]. The 

conduction mechanism in n- type ferrites is due to the electron hoping between Fe 2+  and Fe3+ 

 at B sites. In contrast, the conduction in the p-type specimens is due to the jumping of holes 

between Co 3+  and Co2+  ions. In the Co-Zn ferrite system, the Fe 3+, Co2+  and Zn2+  are 

distributed among octahedral (B) and tetrahedral (A) sites of the face centered cubic oxygen 

lattice. ZnFe2O4 (x = 1) is assumed to be normal spinel with all Fe 3+  ions on B sites and all 

Zn2+  ions on A sites. In CoFe2O4 (x = 0), the site preferences lead to a predominantly inverse 

structure with Co 2+  mainly on B sites and Fe3+  distributed equally between A and B sites 

where the - degree of inversion depends on the previous heat treatment. Zn 2+  is known to have 
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a preferential occupation for the tetrahedral A sites. As the Zn 2+  enters the A sites, Fe 3+  is 

displaced from it's A site, which then enters the octahedral B sites. Zinc ferrite is a n-type 

conductor while cobalt ferrite is a p-type conductor. So the low conductivity of the mixed 

system may be due to electron-hole compensation. Evidently, the Fe 3+  ion concentration 

lowers the conduction and subsequently increases the resistivity. The increase in electrical 

resistivity with increase in Zinc may be attributed to the decrease in Fe 3+  concentration due to 

incorporation of Zn 2+  ions in the lattice. The plots of resistivity vs temperature are marked by 

a change in slope for all ferrites. Early reports on such systems have attributed the anomaly 

either to the Curie temperature or change in the conduction mechanism, however in this case 

the anomaly arises due to the change in the conduction mechanism. Jonker [21] who carried 

out similar studies on a series of ferrites Coi_,,Fe2+,(04 observed two regions of conductivity. 

One region was of low conductivity containing Co 2+  and Co3+  ions and the other type was of 

high conductivity containing Fe 2+  and Fe3+  ions. The presence of cobalt on the octahedral site 

of the spinel favors a conduction mechanism Co 2+  + Fe3+  + Fe2+, which explains the 

predominant conduction mechanism in cobalt ferrite. The .  presence of impurities can also 

influence the conductivity of the ferrite [38]. Parker and Elwell studied the electrical 

conductivity of NiFe2O4 with a small Co substitution and confirmed the idea of cobalt 

existing in the ferrite in two valance states [94]. 

Furthermore, the nanoferrites shows higher resistivity as compared to the bulk 

`sintered' samples. The work carried out and presented in this thesis confirms that. It has been 

reported [95] that the resistivity of a polycrystalline material in general increases with 

decreasing grain size. Smaller grains imply a larger number of insulating grain boundaries 

which act as a barrier to the flow of electrons. Smaller grains also imply smaller grain—grain 
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surface contact area and therefore a reduced electron flow. Based on the above arguments the 

resistivity of the ferrites is expected to increase with decrease in grain size or decrease with 

the increase in sintering temperature since the grain size increases with temperature as 

expected. Apart from the grain size, d.c. electrical resistivity is also influenced by other 

microstructural factors like porosity and grain boundary area, as mentioned above. 

3.3.1.2-i) Thermoelectric Power 

The Seebeck coefficient measurements carried out on the 'as prepared' and 'sintered' 

ferrite showed a negative sign of the thermoemf from room temperature to -473 K indicating 

n-type semiconductivity. However on increasing the temperature above 473 K the samples 

showed p-type conductivity for a small temperature range and then again reverts back to n-

type conduction except the samples with x= 0.8 and 1.0, they remained p-type at higher 

temperature. The temperature at which the transition from n-type to p-type takes place varies 

with the composition and the type (nano or bulk). This is also observed in the resistivity plots, 

where a change in slope is observed which is attributed to the change in conduction 

mechanism. 

3.3.1.2-j) Dielectric Studies 

The dielectric constant v/s Log Frequency plot of the 'as prepared' as well as sintered 

Co-Zn ferrites is shown in Fig.3.3.1.11a and b respectively. The plot clearly shows that as 

frequency increases the dielectric constant decreases; this is a normal dielectric behavior 

observed in ferromagnetic materials which is explained based on the Koop's 

phenomenological theory of dispersion based on the Maxwell-Wagner interfacial polarization 

model for inhomogeneous dielectric structure. 
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Fig.3.3.1.11a Plot of dielectric constant vs. log frequency for 'as prepared' Coi_xZn,Fe204 

(x=0.0-1.0) 

Fig.3.3.1.11b Plot of dielectric constant vs. log frequency for sintered Coi_xZnxFe204 

(x=0.0-1.0) 
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It was assumed that the solid consists of well conducting grains separated by poorly 

conducting layers. This model explains a strong dispersion in dielectric constant C and a 

relaxation peak in dielectric loss, tan 5 at low frequencies. Thus it is known that the dielectric 

constant of polycrystalline ferrites is related to the average grain size of the specimens of the 

same composition [92]. The decrease is quite rapid at low frequencies and becomes quite slow 

at higher frequencies as expected and observed by several investigators [32]. The dielectric 

constant is found to be in the order of 10 5  for the 'as prepared' ferrite as compared to that of 

the sintered ferrite which was below 50 at 100 Hz for all compositions except cobalt ferrite. 

Similar results for sintered ferrite are reported by other investigators [21,38]. 

The dielectric constant is dependent on the composition of the sample. As pointed out 

by Iwauchi [96] there is a strong correlation between the conduction mechanism and the 

dielectric behavior of ferrites. In case of cobalt ferrite, the number of ferrous ions which take 

part in the electron exchange Fe 2+ H  Fe3+, and hence responsible for the polarization, are 

maximum. Therefore a high value of the dielectric constant is expected for cobalt ferrite. As 

the zinc content in the mixed Co-Zn ferrites is increased, the number of ferrous ions on the 

octahedral sites which are available for polarization decreases resulting in a continuous 

decrease in the dielectric constant. However some irregularities observed in case of the 'as 

prepared' samples are due to the particle size. The frequency dispersion studies suggest that 

the grains of different sizes contribute differently to the value of dielectric constant and its 

relaxation frequency. Moreover, the results can be correlated to the resistivity studies, the 

electrical resistivity increases with increase in zinc content. This increase in resistivity is 

because of the decrease in the number of ferrous ions on the octahedral sites which play a 

dominant role in the mechanisms of conduction and dielectric polarization [40]. 
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Fig.3.3.1.12 and 3.3.1.13 shows the variation of dielectric loss, tan 5, with log 

frequency for the 'as prepared' and sintered Co-Zn ferrites, respectively. It can be seen that 

there is a maxima in the tan 8 of the 'as prepared' samples. However, the frequency at which 

it appears varies with the composition of the sample. According to Iwauchi [96] the 

conduction mechanism and the dielectric behavior are correlated. 

Fig.3.3.1.12. Plot of dielectric loss tangent vs. log frequency for 'as prepared' Coi_ xZn,Fe204 

(x=0.0-1.0) 

The conduction mechanism in n-type ferrites is considered as due to hopping of 

electrons between Fe2+  and Fe3+  in contrast to the p-type samples where the conduction is due 

to the hopping of holes between Co 3+  and Co2+  ions. As such, when the hopping is nearly 

equal to that of the externally applied electric field, a maximum of loss tangent may be 

observed [40]. In comparison, the sintered samples show a continuous decrease in tan 8 with 

increase in frequency without any maxima. 
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Fig.3.1.13. Plot of tan 8 vs. log frequency for sintered Coi_,Zn,Fe204(x=0.0-1.0) 

Fig.3.3.1.14 shows the variation of dielectric constant at 100 kHz with temperature 

(room temperature to 550 K) of the 'as prepared' cobalt zinc ferrite. The dielectric constant 

increases gradually with increasing temperature upto a certain temperature, which is 

designated as the dielectric transition temperature Td. However, beyond this temperature the 

dielectric constant decreases gradually and then remains constant at higher temperatures. A 

similar temperature variation of the dielectric constant has been reported earlier [40]. Ramana 

Reddy et al. [40] compared the Td with the Curie temperature and attributed the change in 

behavior of the dielectric constant with temperature to the magnetic transition, i.e where the 

material becomes paramagnetic. However, in this study the Td is sharp only for few 

compositions and it falls in the Curie temperature range. So in all probability the temperature 

variation can be attributed to the magnetic transition. Fig.3.3.1.15 shows the variation of 

dielectric constant at 100 kHz with temperature of the 'sintered' cobalt zinc ferrite. The 
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dielectric constant increases gradually with increasing temperature, the sintered samples do 

not show any distinct temperature change near the Curie point unlike the 'as prepared' 

ferrites. 

Fig.3.3.1.14. Variation of dielectric constant with temperature at 100 kHz for 'as prepared' 

Fig.3.3.1.15. Variation of dielectric constant with temperature at 100 kHz for sintered 

Coi„Zn,Fe204 (x=0.0-1.0) 
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3.3.1.2-k) Initial Permeability 

The initial permeability, 	for the 'sintered' Co-Zn ferrite samples was measured at 

varying frequency as well as at varying temperature. Hardly any reports of permeability 

studies are available in the literature on this system. Fig.3.3.1.16 shows the room temperature 

versus log frequency plot. 
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Fig.3.3.1.16. Plot of II, vs. log f for 'as prepared' ferrite Coi_ xZn,Fe204 (x=0-1.0) 

It is observed that pi initially increases slightly at lower frequencies and then decreases 

and almost remains constant at higher frequencies. Fig.3.3.1.17 shows the Il i  versus 

temperature plot of the sintered ferrite samples. A variety of gi — T plots are obtained for 

different compositions. It is seen that gi increases gradually at first and then rapidly as it 

approaches Te . At the Curie point the gi drops sharply, and then remains constant with further 
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increase in temperature. The temperature variation is observed prominently for the mid-

compositions only, however for the end compositions the T c  is not discernable. 	. 
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Fig.3.3.1.17. Variation of initial permeability with temperature at 100 kHz for sintered 

Coi_,ZnxFe204 

The Curie temperature obtained from this measurements match closely with those obtained by 

ac susceptibility measurements (Table 3.3.1.7). The permeability increases upto x= 0.7 and 

then decreases as seen in the N-T plots. This lone fact is reported by Srinivasan et al. [97] 

Table 3.3.1.7. Curie temperature of sintered Coi.,Zn.,Fe204by a.c. susceptibility method (A) 

and permeability method (B) 

`x' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

T, (K) (A) 750 709 670 617 538 455 410 354 323 - - 

T, (K) (B) - - 652 613 532 483 422 322 - - - 
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3.3.1.2-1) Mtissbauer Spectroscopy 

Figure 3.3.1.18 and Fig. 3.3.1.19 compares the room temperature Mossbauer spectra of the 'as 

prepared' and sintered Coi_,Zn,,Fe204 (x=0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0) respectively. 
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Fig.3.3.1.18. Mossbauer spectra of 'as prepared' (nano) C01_,ZhxFe204 

(x=0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0) 
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Fig.3.3.1.19. Mossbauer spectra of sintered (bulk) Coi..,ZnxFe204 

(x=0.0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0) 
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The spectral parameters of the bulk and nanoferrite {isomer shift (8), quadrupole splitting (A), 

line width (F), hyperfine magnetic field (Hhf) and area in percentage in tetrahedral and 

octahedral sites of Fe 3+ions} are summarized in Table 3.3.1.8. 

Table 3.3.1.8. Isomer shift (IS), Quadrople • splitting (QS), Hyperfine field (Hhf), Inner line 

width (F), Relative Area (RA) of nanosize and bulk Coi_ xZnxFe204 (x=0.0-1.0) 

Sextet A: tetrahedral, sextet B and B1: octahedral site. 

Zn 

x 

Fe sites 

As Prepared oxide (Nano) Sintered Oxide (Bulk) 

IS 	QS 

(8) mm/s (A) mm/s 

Hhf 

kG 

F 

mm/s 

RA 

(%) 

IS 	QS 	H.. 

(8) mm/s (A) mm/s kG 

F 

mm/s 

RA 

(%) 

0.0 Sextet A 0.119 - 0.009 489.8 0.343 51.7 0.121 - 0.004 490.9 0.398 80.3 
Sextet B 0.425 0.190 500.3 0.298 22.1 0.219 - 0.002 519.1 0.424 19.7 
Sextet B i  0.212 - 0.091 436.4 0.538 26.1 

0.2 Sextet A 0.155 - 0.006 473.8 0.279 41.0 0.163 - 0.027 481.2 0.321 62.6 
Sextet B 0.461 - 0.174 480.0 0.263 3.7 0.234 - 0.150 434.3 0.861 37.4 
Sextet B 1  0.227 - 0.034 422.8 0.838 55.3 

0.4 Sextet A 0.485 0.547 459.5 0.453 5.3 0.152 - 0.027 447.1 0.203 34.5 
Sextet B 0.147 - 0.018 464.0 0.828 37.3 0.222 - 0.023 385.6 0.991 65.5 
Sextet B 1  0.282 0.084 395.0 0.765 57.4 

0.5 Sextet A 0.369 0.483 382.4 1.064 19.5 0.179 0.004 415.2 0.482 24.6 
Sextet B 0.041 - 0.400 386.1 0.452 29.9 0.283 0.113 353.7 0.477 69.8 
Sextet B 1/ 0.252 0.030 276.9 1.250 50.6 0.232 0.887 1.021 5.5 
Doublet 

0.6 Sextet A 0.085 - 0.210 205.2 1.592 67.9 0.187 - 0.018 333.6 0.406 68.8 
Sextet B 0.516 - 0.600 360.0 1.979 31.3 0.210 - 0.073 388.6 1.058 20.9 
Doublet 0.205 0.374 0.219 0.8 0.250 0.648 1.012 10.3 

0.8 Doublet 0.185 0.427 	 0.405 100 0.236 0.430 	 0.408 100 

1.0 Doublet 0.189 0.372 0.345 100 0.238 0.352 0.399 100 

There are superposition of two sextets and a doublet patterns for 'as prepared' (x = 

0.6) and sintered ferrite (x = 0.5, 0.6). Doublet pattern arises from the presence of 

superparamagnetic fraction whereas sextet (Zeeman splitting) pattern comes from the 

presence of ferromagnetic fraction. Outer (higher hyperfine field) and inner (lower hyperfine 
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field) sextets correspond to Fe 3+  ions in octahedral and tetrahedral sites respectively in the 

Co i_,Zn,Fe204 ferrite [14,98,]. The lower hyperfine field values for Fe 3+(teo  compared to 

Fe3+ [,,,t] in Coi_xZn,,Fe204 is explained on the basis of average sublattice magnetization by 

Shukla et al. [99]. 

From a molecular field model, there are six exchange parameters between tetrahedral 

Fe3+  (A), octahedral Co 2+  (Bi) and Fe3+  (B8) when x = 0. The chemical formula for ferrite is 

(A)[B'B'']O4. It leads to antiferromagnetic exchange [100]. The Fe 3+-02--Fe3+  superexchange 

interaction is stronger than that of the Fe at-02--Co2+ . Average normalized magnetization 

(magnetization per Fe 3+  ion) of Fe3+[oct] sublattices is more than that of Fe 3+(wo sublattices. 

This is because of the following reasons: Each Fe 3+(tet) ions has on an average one half of its 

intersublattice magnetic bands with Co 2+  and the other half with Fe 3+  ions whereas each 

Fe3+ [,,co ions has all of its intersublattice magnetic bands with Fe 3+  ions [101]. With Zn 

doping, there is a reduction in Hhf compared to CoFe2O4, which corroborates the magnetic 

data. Hyperfine splitting values (Hhf) for x = 0 (bulk), are 519.1 and 490.9 kG at octahedral 

and tetrahedral sites, respectively. The reported Hhf values of bulk CoFe2O4 are 497 and 493 

kG for Fe3+  ions in octahedral and tetrahedral sites, respectively [14]. It is evident that, with 

the increasing zinc concentration, there is a transition from magnetically ordered 

ferromagnetic state (characterized by a sextet) to a paramagnetic state (characterized by a 

doublet). This behavior is typical when diamagnetic Zn 2+  ions substitute the magnetic Co 2+ 

 ions [50]. 

The Mossbauer spectra agrees with the magnetization data, as x increases, coercivity 

decreases which is also found to be high for 'as prepared' Cobalt ferrite as compared to the 

bulk. Hyperfine splitting values (Hhf) for x = 0 (nano), are lower than the bulk ferrite. The 
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relative area of the central paramagnetic doublet increases whereas the relative area of 

magnetic sextets decreases with increase in the zinc doping (Fig.3.3.1.19). The Mossbauer 

spectra of the bulk ferrites exhibit two normal Zeeman-split sextets for x = 0.0-0.4, one due to 

Fe3+  ions at the tetrahedral (A) sites and the other due to the Fe 3+  ions at the octahedral (B) 

sites. The spectra obtained for the composition with x = 0.5 and 0.6 shows broad sextets 

features of relaxation effect, and a central paramagnetic doublet resulting from 

superparamagnetic Fe 3+ species [102]. However, the superparamagnetic character is quite 

less. The samples with x > 0.8 exhibit paramagnetic spectra with only a central doublet. The 

central doublet can be attributed to the magnetically isolated Fe 3+  ions which do not 

participate in the long-range magnetic ordering due to a large number of nonmagnetic nearest 

neighbors. It can be observed that, for bulk ferrites, the magnitude of magnetic hyperfine 

fields of A site (HA) and B site (HB) decrease as the Zn content increases (Fig.3.3.19). Also, 

the hyperfine field of A site (HA) decreases more rapidly than that of B site. The rapid 

decrease of the magnetic hyper-fine field of A site with increasing Zn content is attributed to 

the dilution of the field component from Fe 3+  ions in neighboring A site [14]. The nanosize 

ferrites also show almost the same behaviour as the bulk ferrite, except that instead of two 

normal Zeeman split sextets there are three, Sextet A and B corresponds to the A and B 

sublattices and a third broad subspectra (B 1 ) corresponding to the relaxation effects. Due to 

relaxation effect, outer line width of third sextet (B1) is very high. For isolated magnetic 

particles, the sextet (B1) would have been a sharp superparamagnetic doublet at the center but 

due to the presence of strong interparticle interactions, the relaxation effects give rise to a 

broad featureless absorption. The strong interparticle attractions are also evident from the 

aggregation of particles as observed from the TEM images (Fig.3.3.1.5). 

84 



In nanoferrites, the Hhf values for both A and B sites are close to each other. This is 

because, the A and B sublattices are magnetically coupled and hence the spins at these sites 

fluctuate in unison [99]. But the Hhf values at the B1 site are much lower as compared to A 

and B, which is due to a much faster relaxation process. Isomer shift (5) values for all values 

of x of as 'prepared' (nano) samples are 0.11-0.085 mm/s for tetrahedral, 0.516-0.041 mm/s 

for octahedral B and 0.282-0.185 mm/s for B1 with respect to a-Fe metal foil (5 = 0.00 

mm/s). Isomer shift (8) values for all values of x of 'sintered' (bulk) samples are 0.283-0.121 

mm/s for tetrahedral, 0.219-0.152 mm/s for octahedral and 0.232-0.250 mm/s for doublet with 

respect to a-Fe. These values indicate that Fe is in Fe 3+  ionic state [103]. Quadrupole splitting 

(A) values for tetrahedral and octahedral sites of most as prepared and sintered ferrites are 

nearly 0.00 mm/s indicating the overall presence of cubic symmetry at both sites. The 

discrepancies seen in a few as prepared samples are due to the slight distortion from the cubic 

symmetry due to nanorystalline nature. 

3.3.1.2-m) EXAFS Studies 

The EXAFS technique offers a direct way to measure the parameters of an atom 

neighborhood. In the present study, representative samples prepared by precursor technique 

and combustion method were studied. So in total we have 4 samples which have the following 

nomenclature: ZP5 (Nano) 'as prepared' and ZS5 (Bulk) sintered Co0,5Zn0.5Fe204 prepared by 

precursor combustion method. ZC5 (Nano) and CS5 (Bulk) sintered Co0.5Zn0.5Fe204 prepared 

by combustion method. The samples have been studied at the Fe and Zn K-edge, the Co K-

edge data has been omitted owing to its poor quality. By analysing the EXAFS data, we seek 

the effect of the dopants on the local structure around the Fe and Zn sites, as well as the 

distortion of the structure in nanosized ferrites. The structural parameters for the inverse cubic 
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spinel magnetite (Fe304) used for simulation of theoretical EXAFS spectra of the samples 

have been obtained from reported values in the literature [104]. The bond distances, co-

ordination numbers (including scattering amplitudes) and disorder (Debye-Waller) factors 

( 0-2 ), which give the mean-square fluctuations in the distances, have been used as fitting 

parameters and the best fit results of the above parameters have been summarized in Table 

3.3.1.9. Fig.3.3.1.20 gives the experimental g.t(E) vs E for all the samples studied here. 

It is well known that magnetite (Fe304) has an inverse spinel structure [105] in which 

oxygens form a face centered, cubic close packed array, with one Fe 3+  per formula unit (pfu) 

at a tetrahedrally coordinated position and Fe 2+  and the remaining Fe 3+  randomly distributed 

at an octahedrally coordinated position, the ratio of Fe in tetrahedral and octahedral sites 

being 1:3 [104]. The EXAFS technique does not distinguish between the two differently 

coordinated Fe sites and yields an average coordination around the central Fe atom. 

Table 3.3.1.9 Best fit parameters for Co, Zn doped spinel systems at Zn and Fe K-edge. 

Fe-K edge Zn-K edge 

Sample R (A) N 02  R (A) N u2  

ZP-5 (nano) Fe-0 1.939 1.3 0.003 Zn-O 1.989 0.4 0.012 
Fe-0 2.178 4.0 0.006 Zn-O 2.108 0.4 0.012 
Fe-Fe 3.238 1.8 0.027 Zn-Zn 3.168 12.0 0.003 

CS-5 (bulk) Fe-0 1.969 1.3 0.012 Zn-O 2.039 0.5 0.012 
Fe-0 2.158 4.0 0.029 Zn-O 2.158 0.4 0.012 
Fe-Fe 3.248 3.7 0.006 Zn-Zn 3.118 5.2 0.003 

ZC-5 (nano) Fe-0 1.949 1.3 0.004 Zn-O 1.989 0.4 0.012 
Fe-0 2.173 4.0 0.009 Zn-O 2.108 0.4 0.012 
Fe-Fe 3.348 2.8 0.027 Zn-Zn 3.228 11.5 0.003 

ZS-5 (bulk) Fe-0 2.159 1.4 0.0001 Zn-O 2.039 0.7 0.010 
Fe-0 2.308 5.6 0.0004 Zn-O 2.178 0.6 0.010 
Fe-Fe 3.018 5.2 0.0001 Zn-Zn 3.008 5.4 0.003 
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We have generated the theoretical EXAFS spectra assuming the model described in 

[104] namely Fe-0 at 1.889 A (tetrahedral site), Fe-0 at 2.058 A (octahedral site) and Fe-Fe 

at 2.968 A (octahedral site) in order to fit the first two peaks (upto 3.5 A from the central Fe 

atoms) obtained in the %(R) versus R , spectra of our samples. According to the above model, 

assuming 1:3 ratio of occupancy of Fe at the tetrahedral to octahedral sites, the coordination 

number (CN) of the first Fe-0 shell (tetrahedral site) should be 1.34 and the coordination 

number for the next two shells are 4 each. 

.1 
7050 	7100 	7150 	7200 

	
7250 
	

7300 

E (eV) 

Fig. 3.3.1.20 Experimental EXAFS µ(E) vs E for Co0.5Zn0.5Fe204 for 'as prepared' and 

sintered ferrite by precursor technique and combustion method. 

It has been found that for all the samples being discussed here, the above three 

coordination have been represented by two peaks in the EXAFS spectra (one peak for the first 
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two shells and another peak for the 3 rd  shell). Only for the sample ZS5, all the three peaks are 

merged into one broad peak as shown in Fig. 3.3.1.21. 

o experiinehtal data 
— theoretical fit 

Fig. 3.3.1.21 FT-EXAFS at Fe K-edge of Co0.5Zn0.5Fe204 for 'as prepared' and 

sintered ferrite by precursor technique and combustion method 

The best fit results for the four samples have been presented in Table 3.3.1.9. It can be 

seen that the bond distances of all samples are slightly higher than that expected for pure 

magnetite (Fe304) sample as given above. This can be accounted for by the fact that the 

dopant cations (Co and Zn) introduce distortions in the Fe sites and their sizes being larger 

compared to Fe, also cause slight increase in the bond distances. 
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The first shell and second shell coordination numbers are largely in accordance with 

the expected values except for the samples ZS5 whose second shell CN are slightly higher 

which may be due to the preparation method.. The third shell CN is less than 4 for all the 

samples except ZS5. The lower CN is due to the replacement of some .  Fe ions by the dopant 

cations of Co and Zn. The lower CN in case of nanomaterials compared to the bulk samples 

also indicates that nanomaterial samples have been more effectively doped compared to their 

bulk counterparts. The excess values of CN for the 2' 1  and 3 1'1  shell of the sample ZS5 could 

not be explained. 

Comparing the a2  values (Debye—Waller factor) we find that the nanomaterial samples 

are more disordered than the bulk samples. Also the bulk samples synthesized by the 

precursor method are more disordered than the ones prepared by combustion method. As the 

elements present are almost same in all the samples the disorder arises mainly due to the 

structural disorder in the samples and their method of preparation. 

Now for Zn doped samples, we have generated the theoretical EXAFS spectra 

assuming the model described in [104] with Fe replaced by Zn, namely Zn-O at 1.889 A 

(tetrahedral site), Zn-O at 2.058 A (octahedral site) and Zn-Zn at 2.968 A (octahedral site) in 

order to fit the first two peaks (upto 3.5 A from the central Zn atoms) obtained in the (R) 

versus R spectra of our samples (Fig. 3.3.1.23) The proportion of Zn in each configuration 

(tetrahedral and octahedral) was refined as a single parameter and the ratio of the tendency to 

occupy tetrahedral sites (i.e. tendency to form normal spinel structure) to that of occupying 

the octahedral sites was found to be approximately 4:1 as explained by Henderson et al. [104]. 

Hence the Zn-01, Zn-02 and Zn-Zn co-ordination numbers were expected to be — 3.2, 0.8 

and 0.8 respectively. 
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Fig. 3.3.1.22 Experimental EXAFS ii,(E) vs E for Co0.5Zn05Fe204 for 'as prepared' and 

sintered ferrite by precursor technique and combustion method. 
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Fig. 3.3.1.23 FT-EXAFS at Zn K-edge of Co0.5Zn0.5Fe204 for 'as prepared' and sintered 

ferrite by precursor technique and combustion method 
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However, the results of the fitting as shown in Table 3.3.1.9 and the Fig. 3.3.1.24 and 

3.3.1.25 show some deviations from the above expected results as follows: The Zn-01 

coordination number is found to be much less (varying from 0.4 to 0.7) instead of 3.2. The 

second shell. Zn-02 coordination is however, closer to the expected value of 0.8 and the Zn-

Zn coordination is almost one order of magnitude higher than that expected. The above 

anomaly in atomic coordination can be explained in terms of preferential occupancy of Fe 

atoms at the two possible sites. It has been reported that Fe occupies the tetrahedral site as 

Fe3+  while Fe2+  and the remaining Fe 3+  occupy the octahedral sites [Henderson]. In case of Zn 

doping, the Zn 2+  ion will preferentially replace only the Fe 2+  ion to maintain the charge 

balance and hence very less number of Zn atoms will be present at the tetrahedral site which 

has resulted in a low Zn-01 coordination. This also will lead to clustering of extra Zn atoms 

being put in the matrix and this is reflected in the very high coordination number of the Zn-Zn 

shell. 

ZS 5 	CS 5 	ZP 5 	ZC 5 
Samples 

Fig. 3.3.1.24 Variation in bond length (R) of the different shells 

91 



It can be seen from Table 3.3.1.9 and Figs. 3.3.1.24 & 3.3.1.25 that the above effect is 

more pronounced in case of the nano samples than in case of the bulk samples. The Zn-O 

coordinations and Zn-O bond length values are lower and Zn-Zn coordination and Zn-Zn 

bond length values are higher for the nano samples compared to the bulk samples. 
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Fig. 3.3.1.25 Variation in coordination number (N) of the different shells 
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3.3.1.3. Application of Nanosized 'as prepared' Cobalt-Zinc Ferrite 

a) Thick Films and Gas Sensing Performance 

Thick films of some selected compositions of the 'as prepared' Co-Zn ferrites were 

prepared to explore their gas sensing potential. Although the films showed response to the 

various test gases, not all samples had any significant sensor value. Only few samples showed 

remarkable sensing performance, this being CZF-2 (Co0.2Zno.8Fe204) and CZF-5 

(Co0,5Zn0.5Fe204). Nevertheless, if seen from a fundamental point of view they can serve as 

good pointers towards the study and development of sensor materials. As it is, ferrites as 

sensor materials are not widely used, their applicability in this area is quite a recent 

development as evident from the handful of reports available in the literature [106-120]. The 

gas sensing performance of the cobalt zinc ferrites is being reported for the first time. 

Fig.3.3.1.26 depicts the variation of gas response (500 ppm) with operating 

temperature of CZF-1 (Coo.iZno.9Fe204) ferrite thick film. The largest response was observed 

for C12 at 50°C and a slightly less response for NH3. The film did not show much sensitivity 

towards other test gases like H2, CO2, H2S and ethanol. The response to C12 gas goes on 

decreasing with increase in operating temperature. 
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Fig.3.3.1.26 Variation of gas response with operating temperature for CZF-1 film 
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Response to a gas is related generally to substitution of oxygen ions (either adsorbed or lattice 

oxygen) with a target gas. In the present case the following reaction is conceivable. 

C12 + O2(ad)  2---> 2 Cl(ad) 	02 + 2e- 

If the film surface chemistry is favorable for adsorption, the response and selectivity would be 

enhanced [1211 In the case of CZF-1, oxygen substitution by chlorine seems to be poor at 

higher temperature thereby giving a low response. Fig.3.3.1.27 depicts the selectivity of CZF-

1 sensor for C12 (500 ppm) gas at 50 °C. The sensor showed high selectivity to C12 against 

LPG, CO2, C2H5OH, H2, and NH3 gases. 

Fig.3.3.1.27 Selectivity for C12 gas from mixture of gases at 50 °C for CZF-1 film 

The chlorine response at room temperature is expected to be monitored by substitution 

of CZF-1 lattice oxygen by chlorine. After each substitution of lattice oxygen by. a C12 

molecule, there would be the gain of two electrons to the base material. The cumulative effect 

would decrease the film resistance drastically, giving a response to chlorine at room 

temperature. 
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The chlorine response of the CZF-1 sensor would follow the reaction: 

C12 + 	2C10 + 02 + 2e- 

where 00  represents species occupying lattice oxygen sites. At room temperature, there would 

be no oxygen adsorption. Therefore the oxygen adsorption—desorption mechanism is not 

employed to sense the C12 gas. Thus, substitution of lattice oxygen by chlorine is more 

plausible [121] . 

There are four adsorption behaviors of chlorine on the oxide surface. [121] 

C12 + 402(4-  —3 207(ad) + 402+ 2e— 	(i) 

C12+ 20-0  2C10-  + 02+ 2e— 	(ii) 

C12 + 2e--+ 2C1 -(ad) 	 . (iii) 

C12 + 21/0  +2e— —> 2C10 	  (iv) 

where subscripts ad and o mean the species adsorbed on the surface and the species occupying 

the lattice oxygen site, respectively. V0  is the oxygen vacancy. Reaction (i) usually takes place 

at higher temperatures where replacement of adsorbed oxygen by chlorine takes place, 

thereby donating electrons to the base material. When chlorine gas is exposed to nano CZF-1 

thick film, it substitutes lattice oxygen on the film surface. The reaction (ii) is responsible for 

sensing of chlorine in which chlorine substituted for lattice oxygen to form Cl( ad) inducing 

electron donation into the oxide. 

/—V characteristics of CZF-2 (Co0.2Zno.sFe204) film are observed to be 

symmetrical in nature (Fig.3.3.1.28), indicating the ohmic nature of silver contacts. 

Fig.3.3.1.29 shows the variation of log (conductivity) with reciprocal temperature of the CZF-

2 film. The conductivity values of the ferrite sample increase with operating temperature. It is 

nearly linear to 1/T in the range from 30 °C to 400°C. The increase in conductivity with 
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increasing temperature could be attributed to the negative temperature coefficient of 

resistance and semiconducting nature of the CZF-2 film. 

Fig.3.3.1.28 I-V characteristics of CZF-2 
	

Fig.3.3.1.29 Conductivity-temperature 

film 	 profile of CZF-2 film 

Fig.3.3.1.30 depicts the selectivity of CZF-2 sensor for NH 3  (300 ppm) gas at room 

temperature..The sensor showed high selectivity to NH 3  against LPG, CO2, C2H5OH, H2, H2S 

and C12 gases. Fig.3.3.1.31 depicts the variation of response to NH3 gas (300 ppm) with 

operating temperature of CZF-2 ferrite thick film. The second largest response was observed 

to be 6.98 at room temperature, besides showing highest response at 400 °C. The ammonia 

response at room temperature is expected to be monitored by adsorption of moisture on the 

CZF-2 film. The cumulative effect would decrease the film resistance, giving a response to 

ammonia gas at room temperature. At room temperature, there would be no oxygen 

adsorption. Therefore, the oxygen adsorption—desorption mechanism is not employed to sense 

the NH3  gas. When raising the temperature above room temperature, the moisture from the 

film surface evaporates and hence the response would decrease further. 

• 
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Fig.3.3.1.30 Selectivity for NH3 gas from 	Fig.3.3.1.31 Variation of gas response 

mixture of gases for CZF-2 film 	 with op. temp. for CZF-2 film. 

The selective ammonia response of the sensor at room temperature can be explained 

by the surface reaction processes. It is well known that the thick film consists of an 

appropriate number of grains connected to each other through grain boundaries. This leads to 

the formation of barrier height among the grains and hence increases the resistance in the 

absence of target gas. A few moles of H2O from air (moisture) could be expected to adsorb on 

the surface of the film at room temperature. Upon exposure to ammonia, a remarkable 

decrease in the resistance of the sensor was observed, which may be due to the surface 

reaction of ammonia with physisorbed H2O or by proton conductivity via NH 4+  cations. The 

acidity on the sensor surface would form NH 4+  cations, which constitutes the proton 

conductivity leading to a crucial decrease of the resistance. This would decrease the barrier 

height among the CZF grains: 

NH3(g) + H20( surface) 	NH4OH(g) 	. . —at Room Temp.) 
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Ammonium hydroxide NH4OH produced during the surface reaction is volatile in nature 

[122]. The high volatility of NH4OH explains the quick response and fast recovery of the 

sensor. 
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Fig.3.3.1.32 Conductivity-temperature profile of CZF-5 film 

Fig.3.3.1.32 shows the variation of log (conductivity) with reciprocal temperature of 

the CZF-5 (Co0.5Zno5Fe204) film. The conductivity values of the ferrite sample increase with 

operating temperature. It is nearly linear to 1/T in the range from 75 °C to 400°C. The increase 

in conductivity with increasing temperature could be attributed to the negative temperature 

coefficient of resistance and semiconducting nature of the film. 

Fig.3.3.1.33 depicts the variation of response to H2S gas (100 ppb) with operating 

temperature of CZF-5 ferrite thick film. The largest response of CZF was observed to be 23.3 

at 250°C. The H2S response at 250 °C temperature is expected to be monitored by adsorption-

desorption of oxygen species on the surface of the film. H2S gas upon exposure gets oxidized 

after interaction with the adsorbed oxygen species on the surface of the film. This would 

decrease the film resistance, giving a response at 250 °C. Below 250°C, the H2S gas gets 

98 



oxidized weakly giving lower response. When temperature was raised above 250 °C, the gas 

which can exposed on the surface of the film, may oxidized before reaching the surface of the 

film or the film surface chemistry was not favorable to sense the gas at such a high 

temperature. 

Fig.3.3.1.33 Variation of gas response with operating temp. for Co0.5Zna5Fe204 film 

The variation of gas response of the CZF-5 sample with H2S gas concentration at 

250°C is represented in Fig.3.3.1.34. This film was exposed to varying concentrations of H2S. 

For the CZF-5 sample, the response values were observed to increase continuously with 

increasing the gas concentration up to 100 ppb at 250 °C. The rate of increase in response was 

relatively larger up to 100 ppb, but smaller beyond 100 ppb. Thus, the active region of the 

sensor would be up to 100 ppb. At lower gas concentrations (< 10 ppb), the number of gas 

molecules are less than the adsorbed oxygen species on the surface and hence less than the 

number of potential barriers. Therefore, the gas molecules could not reduce the entire 

potential barrier. This region (I), therefore gives less response to reducing gases like H2S. This 

region (I) is therefore called as cutoff region. In region (II), the numbers of gas molecules are 
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in sufficient amount and they form unimolecular layer on the surface of the sensor, which 

could interact more actively giving increasing response with gas concentration. This region 

(II) is therefore called as active region. Beyond the active region, the multilayers of gas 

molecules on the_sensor surface, at the higher gas concentrations, would result into saturation 

in response beyond 100 ppb gas. This region (III) is therefore called as saturation region. 

Fig.3.3.1.34 Variation in gas response at 250°C with gas conc. (ppb) for CZF-5 film 

Fig.3.3.1.35 depicts the selectivity of CZF-5 sensor for H2S (100 ppb) gas at 250 °C. 

The sensor showed high selectivity to H2S against LPG, CO2, C2H5OH, H2, NH3 and C12 

gases. The selective response to H2S gas (100 ppb) among other gases even at higher 

concentrations (1000 ppm) may be attributed to the surface reactivity for adsorption and 

desorption of the H2S gas on the surface of the thick film. 
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Fig.3.3.1.35 Selectivity for H25 gas from mixture of gases for CZF-5 film 

Fig.3.3.1.36 Response-recovery profile of the CZF-5 sensor. 

The response and recovery profiles of CZF-5 sensor are represented in Fig.3.3.1.36 

The response was quick (— 15 s) to 100 ppb of H2S, while the recovery was comparatively 

slow (— 45 s). A negligible quantity of the surface reaction products and its high volatility 

explain its quick response to H2S and comparatively slow recovery to its initial chemical 

status. 

Gas sensing mechanism is generally explained in terms of conductance change either 

by adsorption of atmospheric oxygen on the surface and/or by direct reaction of lattice oxygen 
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or interstitial oxygen with test gases. In the former case, the atmospheric oxygen adsorbs on 

the surface by extracting electrons from the conduction band to form superoxides or 

peroxides, which are mainly responsible for the detection of the test gases. At higher 

temperature, the atmospheric oxygen 02 adsorbs on the surface of the thick film. It captures 

the electrons (Fig.3.3.1.37) from conduction band as: 

02 (air) + 2e --> 20 (film surface) 

It would result in decreasing conductivity of the film. When H2S on exposure reacts with 

oxygen during heating, the following reaction takes place, ultimately converting the H2S to 

water molecules and oxides of sulfur in vapor form as: 

n H2S (gas) + 3n 0 (film surface) —> n H2O (gas)  + n SO2 (gas) + 3n e (cond.band) 

This shows the n-type conduction mechanism. For complete combustion, 1 mol of H2S 

requires three times the amount of oxygen and will produce same number of water molecules. 

The entire surface of the sensor material is covered with chemisorbed oxygen ions 02, 02", 0 - 

 and 02-  depending on temperature as shown: 

0 	
upto 150°c 	_ upto  450°C 

> 	 0 
Above 450 °C 2  

2 ST) >   

In this case, 0 -  ions took part in the reaction to sense the H 2S gas at 250°C. The adsorbed 0 - 

 species create space-charge region near the film surface at high temperature by extracting the 

electrons from the material. H2S is a reducing gas, reacts with adsorbed 0 -  species on the 

surface and re-injects the electrons back to the material, thereby increasing the conductance of 

the film. The fast response may be due to the fast oxidation of H2S into H2O and SO2. After 

evaporating water molecules from the film surface, the film recovers to its original chemical 

status. 
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H2 O 

The selective H2S response of the sensor at 250 °C can be explained by the surface 

reaction processes. The atmospheric oxygen adsorbed on the surface which extracts electrons 

from the conduction band and form superoxides or peroxides. These superoxides or peroxides 

are mainly responsible for the increase in the resistance of the thick film sensor. Upon 

exposure to H2S, a remarkable decrease in the resistance of the sensor was observed, which 

may be due to the surface reaction of H2S with physisorbed superoxides or peroxides, which 

constitutes the increase in conductivity leading to a crucial decrease of the resistivity. This 

would decrease the barrier height among the CZF grains. Moisture and oxides of sulfur 

produced during the surface reaction are gaseous in nature. The high volatility of byproducts 

from the surface explains the quick response and fast recovery of the sensor. 

Decreased 
barrier 

height 

      

(a) Before exposure of H 2 S 

 

(b) After exposure of H 2 S 

Fig.3.3.1.37 H2S sensing mechanism of the CZF-5 sensor at 250 °C 

The CZF-8 (Coo.gZno.2Fe2O4) sample, which was also tested for the gas sensing activity, did 

not show any gas sensing properties. 
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3.3.2 Synthesis by Combustion method 

The detail synthesis of 'as prepared' and sintered cobalt zinc ferrites is given in 

Section 2.2 of chapter 2. 

3.3.2.1. Characterization of 'as prepared' and 'sintered' ferrites. 

3.3.2.1-a) Infrared Analysis 

The FTIR spectra of the 'as prepared' nanoferrite and bulk 'sintered' ferrite are shown 

in Fig.3.3.2.1a and b respectively. Apart from the high frequency v1 and low frequency v2 

metal-oxygen bands, a small absorption band at —1380 cm -1  is seen in the spectra of the 'as 

prepared' ferrite which is due to the undecomposed nitrate ions [123]. 

x=0.9 

1=0.8 

x= 0.7 

x= 0.6 	V 
MN.% 	 •-•-•"-- 

x= 0.5 

x= 0 4 

r= 0.3 

x= 0.2 

x=01 

x= 0, 13  

2000 	1600 	1200 	800 
	

400 
wavenumber (CM) 

Fig.3.3.2.1a Infrared spectra of 'as prepared' Coi_ xZnxFe204 (x=0.0-1.0) 
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The 'as prepared' ferrites show high frequency v1 at —555-570 cm -1  and the low 

frequency v2 at —415-400 cm -1  whereas the sintered ferrite shows v1 at —600-560 and v2 at 

—430-405. It is also observed that the v 1  shifts to lower wavenumber as the concentration of 

zinc increases. It is found that on sintering, v1 and v 2  shifts to higher wavenumber. 

Fig.3.3.2.1b Infrared spectra of sintered Co 1_,Zn,,Fe204 (x=0.0-1.0) 

3.3.2.1-b) X-Ray Diffraction 

The room temperature XRD patterns of all the 'as prepared' and sintered samples are 

shown in Fig.3.3.2.2a and b respectively. The peaks are indexed using ICDD Card No. 01-

1121 for CoFe204. All the samples revealed a cubic structure without any ambiguous 

reflections. The peak broadening is quite prominent for the 'as prepared' samples indicative 

of nanosized particles. The sintered ferrites show sharp peaks characteristic of the cubic 

structure and spinel type lattice. 
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Fig.3.3.2.2a XRD pattern of 'as prepared' Coi,Zn,,Fe204 (x=0.0-1.0) 
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Fig.3.3.2.2b XRD pattern of sintered Coi,,ZnxFe204 (x=0.0-1.0) 
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From the XRD data, (Table 3.3.2.1 and 3.3.2.2) the lattice constant a, was calculated 

which increases linearly with increase in Zn concentration. As mentioned previously, the 

increase in a is due to the substitution of Co 2+  by Zn2+  and Zn2+  having greater ionic radii 

than Co2+  which leads to increase in the lattice constant. Also, the lattice constant of of the 'as 

prepared' nanoferrite is less than the bulk samples. This decrease is attributed to the surface 

stress caused by reduction in the particle size. The surface stress causes small particles to be 

in a state of compression where the internal pressure is inversely proportional to the radius of 

the particle. 

Table 3.3.2.1. Lattice constant (a), X-ray Density (p x), particle size (t), ionic radii at 

tetrahedral site (rA ), ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), 

octahedral bond length (B-0), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of 

`as prepared' Coi_Zn,Fe204 (x=0.0-1.0) 

`x"a' 

(A) 

tlx  

(g/CM3) 

t 

(nm) 

rA 

(A) 
rB  

(A) 

A-0 

(A) 

B-0 

(A) 

LA 

(A) 

LB 

(A) 

0.0 8.3804 5.29 9.9 0.4644 0.7451 1.902 2.046 3.629 2.967 

0.1 8.3826 5.31 8.4 0.4649 0.7456 1.902 2.046 3.630 2.967 

0.2 8.3977 5.29 9.4 0.4682 0.7494 1.905 2.050 3.636 2.973 

0.3 8.3871 5.33 7.8 0.4659 0.7468 1.903 2.048 3.632 2.969 

0.4 8.3967 5.32 8.4 0.4679 0.7492 1.905 2.050 3.636 2.972 

0.5 8.4098 5.31 8.8 0.4708 0.7524 1.908 2.053 3.641 2.977 

0.6 8.4089 5.33 9.2 0.4706 0.7522 1.908 2.053 3.641 2.977 

0.7 8.4110 5.34 10.1 0.4710 0.7527 1.908 2.054 3.642 2.978 

0.8 8.4117 5.35 9.3 0.4712 0.7529 1.909 2.054 3.642 2.978 

0.9 8.4229 5.34 9.8 0.4736 0.7557 1.911 2.056 3.647 2.982 

1.0 8.4267 5.35 10.2 0.4744 0.7567 1.912 2.057 3.649 2.983 
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The X-Ray density increases with the increasing Zn concentration as expected. The X-

Ray density, bond lengths and the mean ionic radius of the tetrahedral (A) "rA" and octahedral 

(B) "rB" site was calculated, the values are listed in Table 3.3.2.1 and 3.3.2.2 for the 'as 

prepared' and sintered oxide respectively. 

Table 3.3.2.2. Lattice constant (a), X-ray Density (p x), ionic radii at tetrahedral site (rA ), 

ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), octahedral bond length (B-

O), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of sintered Coi_xZnxFe204 

(x=0.0-1.0) 

`x"a' 

(A) 

dx  

(g/CM3) 
rA 

(A) 

rB  

(A) 

A-0 

(A) 

B-0 

(A) 

LA 

(A) 
LB 

(A) 
0.0 8.5142 5.05 0.4934 0.7785 1.932 2.079 3.687 3.014 

0.1 8.5178 5.06 0.4942 0.7794 1.933 2.080 3.688 3.015 

0.2 8.5215 5.06 0.4950 0.7804 1.934 2.081 3.690 3.017 

0.3 8.5265 5.07 0.4960 0.7816 1.935 2.082 3.692 3.018 

0.4 8.5268 5.08 0.4961 0.7817 1.935 2.082 3.692 3.018 

0.5 8.5351 5.08 0.4979 0.7838 1.937 2.084 3.696 3.021 

0.6 8.5357 5.09 0.4980 0.7839 1.937 2.084 3.696 3.022 

0.7 8.5376 5.10 0.4984 0.7844 1.937 2.084 3.697 3.022 

0.8 8.5472 5.10 0.5000 0.7868 1.939 2.087 3.701 3.026 

0.9 8.5494 5.11 0.5010 0.7873 1.940 2.087 3.702 3.026 

1.0 8.5434 5.13 0.4997 0.7859 1.938 1  2.086 3.699 3.024 

It can be seen that the bond lengths (A-0, B-0) and ionic radii (rA, rB) increase with 

increasing the zinc content in the system, which in turn causes an increase in the lattice 

constant. The hopping lengths in the tetrahedral site (LA) and in octahedral site (LB) have also 

been calculated and the values are given in Table 3.3.2.1 and 3.3.2.2 for 'as prepared' and 

sintered ferrite respectively. It is seen that distance between the magnetic ions increases as the 

zinc content increases. 
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(a) x= 0.8 
(b) x= 0.6 
(c) x= 0.5 
(d) x= 0.4 
(e) x= 0.2 

3.3.2.1-c) Transmission Electron Microscopy (TEM) 

From the TEM images of the 'as prepared' ferrites (x = 0.2, 0.4, 0.5, 0.6, 0.8) see 

Fig.3.3.2.3, it is confirmed that the particles are nanosize with the average particle size —8-12 

nm. The sample x=0.4 .has few grains of 20 nm size. The particle size matches with the data 

obtained from XRD. It is evident that the particles are almost uniform and are agglomerated. 

Fig.3.3.2.3. TEM of 'as prepared' Co 1,ZnxFe204 (x=0.2,0.4,0.5,0.6,0.8) 
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3.3.2.1-d) Scanning Electron Microscopy (SEM) 

The grain size increases on sintering and was found to be less than 0.1 1.1. as seen in the 

SEM images (Fig.3.3.2.4). The grains are having regular shape but are agglomerated. The 

ferrite sample with value x=0.6 is relatively dense as can be seen in the micrograph. 

Fig.3.3.2.4. SEM of sintered Co l ,Zn„Fe204(a)x=0.0 (b)x=0.2 (c)x=0.4 (d) x=0.6 (e)x=0.8 

(f)x=1.0 

3.3.2.2-e) BET Surface Area 

The specific BET surface area of the 'as prepared' nanoferrite is listed in Table.3.3.2.3 

which is relatively higher as compared to the ones prepared from precursor technique. The 

sample with value x=0.6 has the lowest surface area of 25.2 m2/g. the sample with value 

x=0.5 has the highest surface area of 82.9 m2/g. the cobalt rich samples were found to have 

relatively high surface area as compared to the zinc rich ferrites. 
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Table 3.3.2.3. BET Surface Area of 'as prepared' Coi,Zn xFe204 (x=0.0-1.0) 

`x' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

S.A.(m2/g) 63.5 55.9 58.1 62.1 56.3 82.9 25.2 55.3 52.0 47.8 32.6 

3.3.2.1-f) Magnetic Hysteresis 

Fig.3.3.2.5 and Fig.3.3.2.6 shows the hysteresis curve of 'as prepared and sintered Col-

xZnxFe204 (x=0.0-0.7) respectively. 

11 (K06) 

Fig.3.3.2.5. Hysteresis plot of 'as prepared' Coi_xZnxFe204 (x=0.0-0.7) 
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Fig.3.3.2.6. Hysteresis plot of sintered Coi_xZnxFe204 

The Ms, Mr, and 	values for 'as prepared' and 'sintered' are listed in Table 3.3.2.4. 

The lower values of saturation magnetization of nanoparticles of the 'as prepared' ferrite as 

compared to the submicron particles of the bulk is attributed to the surface effects as 

explained in Section 3.3.1.2f. The Ms values initially increases upto x=0.2 and then decreases. 

Since the diamagnetic Zn 2+  ions replace the Fe 3+  at the tetrahedral sites and due to the 
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prominent inter-sublattice A-B superexchange interaction, the net magnetic moment per 

formula unit is increased. 

Table 3.2.4. Saturation magnetization (M s), retentivity (M1), coercivity (H0), of 'as prepared' 

and sintered Coi,Zn,,Fe204 (x=0.0-0.7) 

`x' 
`As Prepared' `Sintered' 

Ms Mr He  Ms Mr  He  

0.0 31.48 19.78 1631.00 72.97 41.04 552.62 

0.1 35.69 21.27 1110.40 82.84 35.93 362.52 

0.2 45.33 21.39 702.69 86.62 27.68 263.18 

0.3 38.37 12.72 431.24 81.56 19.0 189.72 

0.4 37.0 10.32 283.53 69.60 12.57 140.81 

0.5 33.34 7.98 224.85 66.94 15.10 136.81 

0.6 22.96 5.57 232.41 45.32 7.38 130.04 

0.7 4.8 0.59 343.39 9.67 0.55 196.89 

The zinc ferrite, x=1 is almost entirely normal at room temperature. However the spins 

of the Fe3+  ions on the octahedral sites of zinc ferrite are not aligned but are random. Zinc 

ferrite is therefore paramagnetic and shows no saturation magnetization. On formation of the 

ferrite solid solutions by partial replacement of Co 2+  by Zn2+, a gradual change from the 

inverse to normal behavior is found to occur. Introduction of Zn 2+  into the tetrahedral sites 

causes Fe3+  ions to be displaced onto the octahedral sites, i.e. 

3+ 
 [Fe 	

2 
1-x zn

+ 	2 
X ]tet [Co 1_X 	

3 Fe--+ 	Oct 1+x] 04  

If the solid solutions retained the antiferromagnetic character of the cobalt ferrite, x=0, a 

linear increase in p. should occur and attain the value of 10 for x=1. However, long before x=1 

is reached, the antiferromagnetic coupling between 16d and 8a sites is destroyed and the 
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saturation magnetization values drop [16]. For small values of x, the experimental values of 

the saturation magnetization increase, consistent with retention of the antiferromagnetic 

/ferromagnetic ordering, but pass through a maximum for x=0.2-0.3 and then decreases. 

3.3.2.2-g) A.C. Susceptibility 

Fig.3.3.2.7a and b shows the temperature dependence of the magnetic susceptibility 

for 'as prepared' and sintered ferrite respectively. The plots of thermal variation of 

normalized (xT/xRT) low field ac susceptibility (x) for 'as prepared' and `sintered' samples of 

Coi,ZnxFe204 (x=0.0-1.0) show the magnetic phase transition from the ferrimagnetic to 

paramagnetic state. The 'as prepared' ferrite show superparamagnetic behaviour for higher 

values of 'x' while those samples with less zinc concentration show single domain behaviour. 
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Fig.3.3.2.7a AC susceptibility plot of 'as prepared' Coi_,Zn.,,Fe204 (x=0.0-0.9) 
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Fig.3.3.2.7b AC susceptibility plot of sintered Coi,Zr4Fe204 (x=0.0-0.7) 

The maximum in magnetization behaviour just below the T c  in the presence of a small 

field is referred to as the Hopkinson effect and has been observed for nanocrystalline single 

domain cobalt ferrite particles [89]. The Hopkinson effect is observed in nanocrystalline 

single domain particles where the size of the particles is neither very small to be 

superparmagnetic nor very large to be multidomain in nature. Here, the Hopkinson peak is 

seen only for a few sintered samples indicating single domain nature of the particles whereas 

the 'as prepared' ferrites reveal superparamagnetic character which is confirmed by 

Mossbauer spectroscopy (section 3.3.2.1k), hence the absence of Hopkinson peak. The Curie 

temperatures of the nano and bulk ferrite determined through the high temperature 

susceptibility measurements are listed in Table 3.3.2.5. 
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Table 3.3.2.5. Curie temperature (TO of 'as prepared' and sintered Coi_xZnxFe204 

4x f 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tc (K) 'Nano' 736 713 708 675 651 616 580 570 487 383 - 

T., (K) `Bulk' 713 667 625 571 471 458 570 487 - - - 

The observed decrease in T e  with small additions of zinc is due to the decreasing A-B 

superexchange interactions resulting from replacement of Fe 3+  by Zn2+  at A sites. The Curie 

temperature of nanoparticles depends on both size and shape conditions. The Curie 

temperature, T c, of the 'as prepared' nanoferrite was found to be higher than the 

corresponding bulk one contrary to popular belief that T e  decreases with particle size. It is 

also reported that the Curie temperature of ferromagnetic materials decreases with particle 

size [82, 93]. However, this may not be the case always, for single domain nanoparticles, the 

net alignment of atomic moments is dependent on the exchange interaction between the 

magnetic atoms of the particles. The strength of this interaction will determine the transition 

temperature. A stronger interaction means that more thermal energy will be needed to cause 

the moments to become disordered and the ferromagnetism to disappear, resulting in higher 

Curie temperature [30]. Moreover, it is believed that the results depend on the preparation 

technique, preparation conditions and heat treatment. 

3.3.2.1-h) D.C. Electrical Resistivity 

The variation of log p versus 10 3/T of 'as prepared' and sintered Co-Zn ferrites 

(Fig.3.3.2.8a and b) shows a decrease in resistivity with increasing temperature, which 

corresponds to semiconducting behavior of the material. The decrease in resistivity with 

116 



-A-  X=9.8 
-A- 3:=0.7 

-0- x=0.5 
- x=0.4 
-*-_x=0.3 
- 0- - x=0.2 

* x=0:1 
a - x  

ur 4 = 

2- 

increasing temperature is due to the increase in drift mobility of the charge carriers. Here, the 

conduction is attributed to the hopping of electrons from Fe 3+  to Fe2+  ions. The number of 

such ion pairs depends on the sintering conditions and the amount of Fe 3+  reduction to Fe 2+, at 

elevated temperatures [91]. The d.c. electrical resistivity was found to increase with increase 

in Zn2+  ions from x=0.0-1.0 in Coi_rZn,Fe204. 

1.2 	 1.6 	 2.0 	 2.4 
1&IT (IC) 

Fig.3.3.2.8a d.c. resistivity plot of 'as prepared' Coi_.,Zn xFe204 (x=0.0-1.0) 

The resistivity plots are also marked by a change in slope for all the ferrite samples. 

The change in slope is attributed to the change in the conduction mechanism. It is also 

observed that the 'as prepared' ferrites have higher resistivity as compared to the bulk 

`sintered' samples. This is attributed to the grain size as explained in section 3.3.1.2h. Apart 

from the grain size, dc electrical resistivity is also influenced by other microstructural factors 

like porosity and grain boundary area. 
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Fig.3.3.2.8b d.c. resistivity plot of sintered Col,ZnxFe204 (x=0.0-1.0) 

3.3.2.1-j) Thermoelectric Power 

The Seebeck coefficient measurements carried out on the 'as prepared' and 'sintered' 

cobalt-zinc ferrite showed a negative sign of the thermoemf from room temperature to -543 K 

indicating n-type semiconductivity. However on increasing the temperature above 543 K the 

samples showed p-type conductivity for a small temperature range and then again reverted 

back to n-type conduction except the samples with x= 0.6, 0.8, 0.9 and 1.0, they remained p-

type at higher temperature (>543 K). The temperature at which the transition from n-type to 

p-type takes place varies with the composition and the type (nano or bulk). This is also 

observed in the resistivity plots, where a change in slope is observed which is attributed to the 

change in the conduction mechanism. 
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3.3.2.1-i) Dielectric Studies 

The dielectric constant v/s Log Frequency plot of the 'as prepared' as well as sintered 

ferrites is shown in Fig.3.3.2.9a and b respectively. The plot shows that as frequency increases 

the dielectric constant decreases; which is explained based on the Koop's phenomenological 

theory of dispersion based on the Maxwell-Wagner interfacial polarization model for 

inhomogeneous dielectric structure. The decrease is quite rapid at low frequencies and 

becomes quite slow at higher frequencies as expected. 
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Fig.3.3.2.9a Plot of dielectric constant vs. log f for 'as prepared' Coi_ xZnxFe204(x=0.0-1.0) 

The dielectric constant is found to be in the order of 10 3  for the 'as prepared' ferrite as 

compared to that of the sintered ferrite which was below 750 for all compositions at 100 Hz. 

The frequency dispersion studies suggest that the grains of different sizes contribute 

differently to the value of dielectric constant and its relaxation frequency. Thus these results 

are dependent on the preparation conditions and subsequent heat treatment. 
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Fig.3.3.2.9b Plot of dielectric constant vs. log f for sintered Coi..,Zn,Fe204 (x=0.0-1.0) 

Fig.3.3.2.10a and b shows the variation of dielectric loss, tan 8, with frequency for the 'as 

prepared' and sintered ferrites respectively. 
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Fig.3.3.2.10b Plot of tans vs. frequency for sintered Co i ,Zn,Fe204 (x=0.0-1.0) 

It can be seen that there is a maxima in the tan 8 of the 'as prepared' samples and in a 

few sintered compositions. The frequency at which the maxima appear varies with the 

composition of the sample which is related to its conduction mechanism. However, it is 

observed that the maxima in the tan 8 appear at —700-800 kHz in most of the samples. 

Fig.3.3.2.11 shows the variation of dielectric constant at 100 kHz with temperature 

(room temperature to 773 K) of the 'as prepared' cobalt zinc ferrite. The dielectric constant 

increases gradually with increasing temperature and then decreases. In this case no significant 

change near the Curie point is observed which can be attributed to the magnetic transition. 
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Fig.3.3.2.11. Variation of dielectric constant with temperature at 100 kHz for 'as prepared' 

Coi.,,ZnxFe204 (x=0.0-1.0) 

Fig.3.3.2.12 shows the variation of dielectric constant at 100 kHz with temperature of 

the 'sintered' cobalt zinc ferrite. The dielectric constant increases gradually with increasing 

temperature, at higher temperature there is a drop in the values. However, this change is not 

related to the magnetic transition. 

Fig.3.3.2.12. Variation of dielectric constant with temperature at 100 kHz for sintered 

Coi,Zn,,Fe204  (x=0.0-1.0) 
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3.3.2.1-j) Initial Permeability 

Fig.3.3.2.13 shows the room temperature Ili versus log frequency plot. It is observed that Ili 

initially increases slightly at lower frequencies and then decreases gradually at higher 

frequencies. It can bee seen that the permeability at -room temperature of the cobalt zinc 

ferrites is quite low. Fig.3.3.2.14 shows the gi — T plots for different sintered compositions of 

cobalt-zinc ferrite. It is seen that µi increases gradually at first and then rapidly as it 

approaches Tc . At the Curie point the gi drops sharply, and then remains constant with further 

increase in temperature. The temperature variation is seen prominently for the mid-

compositions only, however for the end compositions the T c  is not quite discernable. The 

Curie temperature obtained from these measurements is comparable to those obtained by ac 

susceptibility method (Table 3.3.2.6). The permeability increases upto x= 0.6 and then 

decreases, as seen in the Ili — T plots. The only report available in the literature on 

permeability studies on cobalt zinc ferrite has similar findings [97]. 
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Fig.3.3.2.13. Plot of II, vs. log frequency for sintered Coi_,Zn xFe204 (x=0.0-1.0) 
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Fig.3.3.2.14. Variation of Ili with temperature at 100 kHz for sintered Coi_,Zn xFe204(x=0-1.0) 

Table 3.3.2.6. Curie temperature of sintered Coi,Zn xFe204 by a.c. susceptibility method (A) 

and permeability method (B) 

4 
X 

 f 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tc  (K) 	(A) 713 667 625 571 471 458 385 358 - - - 

T, (K) 	(B) - 683 643 583 492 462 402 - - - - 

3.3.2.1-k) Mossbauer Spectroscopy 

Fig.3.3.2.15 and Fig.3.3.2.16 compares the room temperature Mossbauer spectra of 

the 'as prepared' and sintered Coi,ZnxFe204 respectively, with x varying from 0 to 1. The 

spectral parameters of the bulk and nanoferrite namely, isomer shift (8), quadrupole splitting 

(A), line width (F), hyperfine magnetic field (Hhf) and area in percentage in tetrahedral and 

octahedral sites of Fe 3+ions are summarized in Table 3.3.2.7. 
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Fig.3.3.2.15. MOssbauer spectra of 'as prepared' (nano) Coi_xZnxFe204 

(x=0.0,0.2,0.4,0.5,0.6,0.8,1.0) 

There are superposition of two sextets and a doublet patterns for 'as prepared' ferrite 

(x = 0.0 - 0.8) and sintered ferrite (x = 0.4 - 0.6). Doublet pattern arises from the presence of 

superparamagnetic fraction whereas sextet (Zeeman splitting) pattern comes from the 

presence of ferromagnetic fraction. Outer (higher hyperfine field) and inner (lower hyperfine 

125 



field) sextets correspond to Fe 3+  ions in octahedral and tetrahedral sites respectively in the 

Coi_xZnxFe204 ferrite [14,98,99]. The lower hyperfine field values for Fe 3+(tet) compared to 

Fe3+(ocq in Coi_xZnxFe204 is explained on the basis of average sublattice magnetization by 

Shukla et al. [99]. 
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Fig.3.3.2.16. MOssbauer spectra of sintered (bulk) Coi_xZnxFe204 

(x=0.0,0.2,0.4,0.5,0.6,0.8,1.0) 
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Table 3.3.2.7. Isomer shift (IS), Quadrople splitting (QS), Hyperfine field (Hhf), Inner line 

width (F), Relative Area (RA) of 'as prepared' and sintered Coi_xZnxFe204 

Zn 

x 

As Prepared oxide (Nano) Sintered Oxide (Bulk) 

Fe sites 	IS 	QS 

(8) mm/s (A) mm/s 

Hhf 

kG 

F 

mm/s 

RA 

(%) 

IS 	QS 	Hhf 

(8) mm/s (A) mm/s kG 

F 
mm/s 

RA 

(%) 

0.0 Doublet 	0.235 0.667 	 0.538 17.4 
Sextet A(teo 0.198 0.039 493.5 0.667 42.3 0.237 - 0.011 490.3 0.341 77.0 
Sextet B[0,0 0.208 0.032 251.4 0.681 40.3 0.599 0.133 497.4 0.290 23.0 

0.2 Doublet 	0.222 0.700 	 0.589 25.5 
Sextet A(teo 0.191 0.022 483.4 0.315 23.2 0.279 - 0.009 476.0 0.359 49.3 
Sextet l310ct1 0.297 0.009 443.7 1.179 51.3 0.373 0.018 435.4 0.612 50.7 

0.4 Doublet 	0.225 0.677 0.556 30.9 0.337 0.941 0.780 2.6 
Sextet A( tet) 	0.165 0.047 455.1 0.545 35.0 0.220 0.070 422.1 0.322 21.2 
Sextet B[Oct] 0.212 0.043 342.2 0.684 34.1 0.301 - 0.021 368.8 0.744 76.2 

0.5 Doublet 	0.189 0.676 0.547 30.6 0.365 1.190 1.270 8.6 
Sextet A(teo 0.190 0.090 436.7 0.348 20.9 0.278 - 0.002 407.4 0.292 18.6 
Sextet Broo 0.344 0.267 335.8 0.812 48.5 0.309 - 0.065 351.7 0.542 72.8 

0.6 Doublet 	0.224 0.655 0.536 32.6 0.344 0.432 	 0.453 2.4 
Sextet A( tet) 0.297 0.173 436.3 0.688 33.8 0.243 - 0.152 214.9 1.090 81.2 
Sextet B[Oct] 0.376 0.291 293.0 0.779 33.6 0.345 - 0.019 318.8 0.521 16.4 

0.8 Doublet 	0.237 0.510 	 0.465 63.3 0.342 0.421 0.371 100 
Sextet A( te) 0.190 - 0.096 463.0 0.778 25.1 
Sextet 131act] 0.304 - 0.228 498.4 0.643 11.6 

1.0 Doublet 	0.335 0.596 	 0.510 100 0.347 0.346 	 0.352 100 

From a molecular field model, there are six exchange parameters between tetrahedral 

Fe3+  (A), octahedral Co 2+  (13 /) and Fe3+  (B") when x = 0. The chemical formula for ferrite is 

(A)P3 /13104. It leads to antiferromagnetic exchange [100]. The Fe 3+-02--Fe3+  superexchange 

interaction is stronger than that of the Fe 3+-02--Co 2+. Average normalized magnetization 

(magnetization per Fe 3+  ion) of Fe3+[octi sublattices is more than that of Fe3+(tet)  sublattices. 

This is because of the following reasons: Each Fe3+(tet)  ions has on an average one half of its 

intersublattice magnetic bands with Co 2+  and the other half with Fe 3+  ions whereas each 

Fe3+ [ocq ions has all of its intersublattice magnetic bands with Fe 3+  ions [101]. With Zn 
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doping, there is a reduction in Hhf compared to CoFe204, which corroborates the magnetic 

data. Hyperfine splitting values (Hhf) for x = 0 (bulk), are 497.4 and 490.3 kG at octahedral 

and tetrahedral sites, respectively. The reported Hhf values of bulk CoFe204 are 497 and 493 

kG for. Fe3+  ions in octahedral and tetrahedral sites, respectively [14]. It is evident that, with 

the increasing zinc concentration, there is a transition from magnetically ordered 

ferromagnetic state (characterized by a sextet) to a paramagnetic state (characterized by a 

doublet). This behavior is typical when diamagnetic Zn 2+  ions substitute the magnetic Co 2+ 

 ions [50]. The Mossbauer spectra agrees with the magnetization data, as x increases, 

coercivity decreases which is also found to be high for 'as prepared' Cobalt ferrite as 

compared to the bulk. The Mossbauer spectra of the nanoferrites are marked by the presence 

of a central doublet and two magnetically split sextets for all values of x (except x = 1). 

Hyperfine splitting values (Hhf) for x = 0 (nano), are 493.5 and 251.4 kG at octahedral and 

tetrahedral sites respectively, which is lower than the bulk ferrite. Relative percentage of 

sextet to doublet patterns for both (nano and bulk) ferrites are shown in Fig.3.3.2.16, which is 

indicates that the superparamagnetic fraction is small in both ferrites. The relative area of the 

central paramagnetic doublet increases whereas the relative area of magnetic sextets decreases 

with increase in the zinc doping (Fig.3.3.2.17). The doublet increases drastically beyond x > 

0.6 doping. 

The MOssbauer spectra of the bulk ferrites exhibit two normal Zeeman-split sextets for 

x = 0.0-0.2, one due to Fe 3+  ions at the tetrahedral (A) sites and the other due to the Fe 3+  ions 

at the octahedral (B) sites. The spectrum obtained for the composition with x = 0.6 shows 

broad sextets features of relaxation effect, and a central paramagnetic doublet resulting from 

superparamagnetic Fe 3+  species [102]. The samples with x > 0.8 exhibit paramagnetic spectra 
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with only a central doublet. The relative intensity of the central doublet was found to increase 

with the concentration of Zn 2+. The central doublet can be attributed to the magnetically 

isolated Fe3+  ions which do not participate in the long-range magnetic ordering due to a large 

number of nonmagnetic nearest neighbors. 
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Fig.3.3.2.17. Variation in relative area of magnetic (sextets) and superparamagnetic (doublet) 

as a function of Zn doping for 'as prepared' (nano) and 'sintered' (bulk) Coi,Zn,Fe204ferrite 

It can be observed that, for bulk ferrites, the magnitude of magnetic hyperfine fields of 

A site (HA) and B site (Hs) decrease as the Zn content increases (Fig.3.3.2.18). Also, the 

hyperfine field of A site (HA) decreases more rapidly than that of B site. The rapid decrease of 

the magnetic hyper-fine field of A site with increasing Zn content is attributed to the dilution 

of the field component from Fe 3+  ions in neighboring A site [14]. The nanosize ferrites 

acquire a doublet character indicative of a superparamagnetic state in the dominant part of the 

particles [48] as compared to the bulk ferrites, wherein the sextet is retained although the 

respective hyperfine fields are largely reduced and broadly distributed for the A and B sites. 
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Fig.3.3.2.18. Variation in hyperfine magnetic field (Hhf) as a function of Zn doping for 

`sintered' (bulk) Coi,ZnxFe204 ferrite 

Isomer shift (8) values for all values of x of as 'prepared' (nano) samples are 0.297-

0.483 mm/s for tetrahedral, 0.297-0.411 mm/s for octahedral and 0.296-0.344 mm/s for 

doublet with respect to a-Fe metal foil (8 = 0.00 mm/s). Isomer shift (8) values for all values 

of x of 'sintered' (bulk) samples are 0.237-0.373 mm/s for tetrahedral, 0.220-0.599 mm/s for 

octahedral and 0.337-0.365 mm/s for doublet with respect to a-Fe. These values indicate that 

Fe is in Fe3+  ionic state [103]. Quadrupole splitting (A) values for tetrahedral and octahedral 

sites of most as prepared and sintered ferrites are nearly 0.00 mm/s indicating the overall 

presence of cubic symmetry at both sites. The discrepancies seen in a few as prepared samples 

are due to the slight distortion from the cubic symmetry due to nanocrystalline nature. 

3.3.2.1-1) EXAFS Studies 

EXAFS studies of representative samples prepared by combustion method have been 

carried out at the Fe and Zn K-edge. The detail results and discussion are given in section 

3.3.1.2-1 for the purpose of comparison with the samples prepared by precursor technique. 
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3.3.2.2. Application of 'as prepared' Cobalt-Zinc Ferrites 

a) Thick Films and Gas Sensing Performance 

Spinel ferrite is not a popular candidate for sensor materials especially when there are 

better options like Sn02, Sn02-Cu, Fe2O3 etc. [124-127]. However, this has not deterred 

researchers from exploring this field and more particularly because of the possibilities which 

nanotechnology has opened up. Thick films of the 'as prepared' cobalt-zinc ferrites were 

fabricated to study the gas sensing properties. Here too, only some compositions showed good 

sensor performance the results of which are discussed herein. 

Fig.3.3.2.19 depicts the variation of gas response (1000 ppm) with operating 

temperature of CZF-2 (Co0.2Zno.8Fe204) ferrite thick film. The largest response was observed 

for CO2 at 50°C and a slightly less response for NH3. The film did not show much sensitivity 

towards other test gases like H2, LPG, H2S, C12 and ethanol. 

Fig.3.3.2.19 Variation of gas response with operating temperature for CZF-2 film. 

Fig.3.3.2.20 depicts the selectivity of CZF-2 sensor for CO2 (1000 ppm) gas at 50 °C. 

The sensor showed high selectivity to CO2 against LPG, H2S, C2H5OH, H2, NH3 and C12 

gases. 
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Fig.3.3.2.20 Selectivity for CO2 gas from mixture of gases at 50 °C for CZF-2 film 

Fig.3.3.2.21 shows the conductivity profile of the CZF-5 film. The conductivity values 

of the ferrite sample increase with operating temperature. It is nearly linear to 1/T in the range 

from 75°C to 400°C. The increase in conductivity with increasing temperature could be 

attributed to the negative temperature coefficient of resistance and semiconducting nature of 

the CZF film. 
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Fig.3.3.2.21 Conductivity-temperature profile of CZF-5 film 
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Fig.3.3.2.22 depicts the variation of gas response of CZF-5 films to H2S gas (100 ppb) 

with operating temperature. The largest response was observed to be 23.09 at room 

temperature. 
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Fig.3.3.2.22 Variation of gas response with operating temp. for CZF-5 film 

The H2S response at room temperature is expected to be monitored by adsorption-

desorption of oxygen species on the surface of the film. The sensor showed high selectivity to 

H2S against LPG, CO2, C2H5OH, H2, NH3 and C12 gases (Fig.3.3.2.23) 
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Fig.3.3.2.23 Selectivity for H2S gas from mixture of gases for CZF-5 film 
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The variation of gas response with gas concentration at room temperature is shown in 

Fig.3.3.2.24. The CZF-5 film was exposed to varying concentration of H2S gas in ppb level. 

Depending upon the sensor response, various regions were marked. 

Fig.3.3.2.24 Variation in gas response with gas concentration (ppb) for CZF-5 film. 

In Region (I), due to lower gas concentrations (< 10 ppb), the film gives less response 

to reducing gases like H2S and it is called as the cutoff region. Region (II) gives increasing 

response with gas concentration. This region (II) is called as active region. Region (III) 

depicts higher gas concentrations, resulting in saturation in response beyond 100 ppb gas. 

This region (III) is called as saturation region. 

The response and recovery profiles of CZF-5 sensor are represented in Fig.3.3.2.25. 

The response was quick (— 3 s) to 100 ppb of H2S, while the recovery was fast (— 12 s). The 

fast response may be due to faster oxidation of the gas. A negligible, quantity of the surface 

reaction products and its high volatility explain its quick response to H2S and comparatively 

slow recovery to its initial chemical status. 
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Fig.3.3.2.25 Response-recovery profile of the Co0,5Zn0.5Fe20 4  sensor. 

Fig.3.3.2.26 depicts the variation of gas response (250 ppm) with operating 

temperature of CZF-8 (Coo 8Zno.2Fe2,04) ferrite thick film. The largest response was observed 

for ethanol at 200 °C among the various test gases. However the overall response was quite 

low. The response to ethanol gas goes on increasing with increase in operating temperature 

upto 200°C and then decrease with further increase in temperature. The response could be 

attributed to the adsorption—desorption type of sensing mechanism. The amount of oxygen 

adsorbed on the surface would depend on the film surface and operating temperature. 
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Fig.3.3.2.26 Variation of gas response with operating temp. for CZF-8 film 
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It is observed (Fig.3.3.2.27) that the CZF-8 sensor gives maximum response to ethanol 

vapours (250 ppm) at 200°C. The sensor showed highest selectivity for ethanol against all 

other tested gases like NH3, LPG, H2, H2S, CO2 and C12. 
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Fig.3.3.2.27 Selectivity for H2S gas from mixture of gases for CZF-8 film 

Fig.3.3.2.28 depicts the variation of gas response (250 ppm) with operating 

temperature of CZF-9 ferrite thick film. The largest response was observed for H2S at 150 °C 

among the various test gases but the value was quite less as compared to other H 2S sensitive 

films. The response to H 2S gas increases with increase in operating temperature up to 150 °C 

and then decreases with further increase in temperature. The H2S response at 150 °C 

temperature is expected to be monitored by adsorption-desorption of oxygen species on the 

surface of the film. H2S gas upon exposure gets oxidized after interaction with the adsorbed 

oxygen species on the surface of the film. This would decrease the film resistance, giving a 

response at 150 °C. Below 150°C, the H2S gas gets oxidized weakly giving lower response. 

When temperature was raised above 150 °C, the gas which can exposed on the surface of the 

film, may oxidized before reaching the surface of the film or the film surface chemistry was 
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not favorable to sense the gas at such a high temperature. The gas sensing mechanism is the 

same as explained in the previous section. 
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Fig.3.3.2.28 Variation of gas response with operating temp. for CZF-9 film 

Fig.3.3.2.29 depicts the selectivity of CZF-9 sensor for H2S (250 ppm) gas at 150 °C. 

The sensor showed high selectivity to H2S against LPG, CO2, C2H5OH, H2, NH3 and C12 

gases. The selective response to H2S gas (100 ppb) among other gases even at higher 

concentrations (1000 ppm) may be attributed to the surface reactivity for adsorption and 

desorption of the H2S gas on the surface of the thick film. 

3 

.., g 
o 
t 	1.5 .

A  
0 
at 	1 

0.$ 

0  ..... 

7 

4 

0 

e 

4 

2.5  
at 150 

v . 	VA A 

° C 

i 
C 02 NHI C2H.SOH C12 H2$ 

Ea Saks' 0.11 0.67 1161 031 044 034 2.6 
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3.3.3. Influence of the synthesis method over the physical and chemical properties of Co-

Zn ferrite system. 

From the results obtained, it is clear that the method of synthesis largely influences the 

physical and chemical properties of a material. Undoubtedly, one has to keep the synthetic 

route in mind depending on the intended application of the material. The same material can 

differ drastically in its size and properties as observed from the various studies conducted on 

the Co-Zn ferrite system. Also, in terms of its applicability, it is observed that although the 

material has the same chemical composition its gas sensing ability depends on the particle 

size and method of synthesis. This section gives a concise report of the differences and/or 

similarities observed in the property based parameters of the Co-Zn ferrite system which have 

been prepared by two different synthesis routes, viz. precursor combustion method and 

combustion method. 

(i) Structural properties: The shape, size and morphology of the nanoparticles synthesized by 

the two techniques were found to vary. The particle size was between 10-20 nm for the 

samples prepared by the precursor combustion method; whereas it was 8-12 nm for the 

samples prepared by combustion method, as seen from the TEM images. Also, the 

agglomeration of the particles is more for the samples prepared by the precursor combustion 

method. It is believed that this is the reason for low BET surface area observed for the 'as 

prepared' samples by precursor combustion method as compared to those prepared by 

combustion method. 

The Mossbaur studies also show some differences in the magnetic character of the 

nanosize 'as prepared' ferrites. The Mossbauer spectra of the nanoferrites are marked by the 

presence of a central doublet and two magnetically split sextets for all values of x (except x = 
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1). The relative area of the central paramagnetic doublet increases whereas the relative area of 

magnetic sextets decreases with increase in the zinc doping. However it is seen that doublet 

character is more pronounced in case of the 'as prepared' samples by combustion method as 

compared to the same samples by precursor combustion method. This is owing to the 

superparamagnetic state in dominant part of the particles. Hence the nanosize samples by 

combustion method are more superparamagnetic than those prepared by precursor combustion 

method. However there is no much difference in the bulk samples of both. 

The local structure in the neighbourhood of the constituent metal cations in the 

nanoparticles and their bulk counterparts was investigated by EXAFS studies. Some 

conclusions on the nanoparticles can be drawn from the analysis of the EXAFS spectra. By 

comparing the a2  values (Debye—Waller factor) we found that the nanomaterial samples were 

more disordered than the bulk samples. Also the bulk samples synthesized by the precursor 

method showed more disordered than the ones prepared by combustion method. Since the 

elements present are almost same in all the samples the disorder arises mainly due to the 

structural disorder in the samples which inturn is related to the mode of synthesis. 

(ii) Magnetic properties: Magnetic hysteresis loop measurements on the nano as well as the 

bulk samples reveal high saturation magnetization (M s) values in case of samples by precursor 

combustion method, other parameters like M r  and 1-1, was also relatively higher than those 

samples prepared by combustion method. 

Curie temperature investigations by a.c susceptibility measurements revealed T c 

 suppression in case of the nanoparticles by precursor combustion method, the Tc  being lower 

than the bulk samples. However the nanosize samples by combustion method showed a higher 
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T, than the bulk. Moreover, the T c  was slightly higher for the bulk samples by the precursor 

combustion method than the bulk samples of combustion synthesis except for the samples 

with x=0.5, 0.6 and 0.7. We can consider this as a classic example of the influence of 

-synthesis method on the properties of a material. The superparamagnetic character of the 

particles is also noticeable in the normalized plots of susceptibility vs. temperature. The 

nanosize samples by combustion method are more superparamagnetic than those obtained by 

precursor method. This fact is corroborated by Mossbauer studies. 

(iii) Electrical properties: d.c. electrical resistivity studies carried out on the 'as prepared' and 

bulk samples show almost same values for both. However the dielectric constant 

measurements vary greatly. The dielectric values obtained for the nanosize samples by 

precursor combustion method were in the order of 10 5  whereas of those prepared by 

combustion method, it was in the order of 10 3 . Also, the dielectric loss, in case of nano 

samples by precursor method showed a maxima which varied over a wide frequency range 

depending on the composition of the sample, whereas in case of samples by combustion 

method, the maxima was seen in the range of 700-800 kHz. . 

(iv) Gas sensing performance: The influence of the synthesis method on the properties is felt 

more incase of the application potential of the materials so synthesized. In this case, thick 

films of the samples were fabricated and tested for their gas sensing activity. It was observed 

that different samples showed sensitvity to different test gases at varying operating 

temperature. No two samples with same composition showed the same behavior. If the 

sensitivity to a particular gas was common, then certainly its operating temperature differed. 
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This was observed for the samples with composition x=0.5, the sample prepared by both the 

methods showed sensitivity to H2S, but their operating temperature was quite different. The 

sample by precursor method showed maximum response at 250 °C whereas the other one gave 

maximum response at room temperature. Their response and recovery time was also seen to 

differ. 

So also the composition with x=0.8, the sample by precursor method showed 

sensitivity to NH3 whereas the sample prepared by combustion method was sensitive to 

ethanol. Difference is also observed in the performance of the x=0.2 sample, the one by 

precursor method did not show sensitivity towards any test gases, but the sample by 

combustion method showed response towards CO2. Hence, the method of synthesis plays an 

important role in modifying the properties of a material which can be best suited for specific 

applications. 

3.4. Summary 

We can summarize the results obtained from the various studies on the cobalt-zinc ferrite 

system as follows: 

■ Both the methods i.e precursor technique and combustion method yield 

nanoparticles of the Coi.„Zn„Fe204 (x=0.0-1.0) ferrite. However, the particle size is much 

smaller in case of combustion synthesis and also gives better compositional homogeneity and 

purity of the final product. Finer particle size and less agglomeration of the ferrite powder is 

the reason behind the higher surface area for the ferrite powder obtained by combustion 

method. The lattice parameter, a, increases with increase in zinc concentration, the a values 
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for nanoferrites were less than the bulk. No fixed trend was obtained in terms of the crystallite 

size. 

■ From FTIR spectroscopy it was found that, the v1 which is attributed to the 

intrinsic stretching vibrations of the metal at the tetrahedral site shifts to lower wavenumber 

with increase in zinc concentration. It was also found that nanoferrites had lower v1 and v2 

values which shift to higher wavenumber on sintering. 

■ It was observed that the saturation magnetization increases with increase in zinc 

concentration upto x=0.2 to 0.3 and then further decreases. The values obtained for the 

samples by precursor combustion method were higher as compared to those obtained by 

combustion method. Other parameters like M r  and He  were also relatively higher for the 

samples by precursor combustion method. The nanoferrites showed lesser Ms  values and 

higher coercivity values as compared to the bulk which is characteristic of nanoparticles. 

■ a.c. susceptibility studies revealed superparamagnetic behavior of the Co-Zn 

nanoferrites, especially those with higher values of x, the samples with x<0.4 showed single 

domain behavior. The sintered samples also showed single domain nature as indicated by the 

Hopkinsons peak, which is characteristically observed for particles which are neither too 

small to be superparmagnetic nor too large to be multi domain. The Curie temperature, T c  of 

the studied Co-Zn ferrites was found to decrease with increase in zinc concentration. The Tc 

was lower for the nanoferrites as compared to the bulk for samples prepared by precursor 

technique. However, the T c  values of the nanoferrites were found to be higher for the samples 

prepared by the combustion method. 

■ d.c. electrical resistivity studieson Co-Zn ferrites indicate that the resistivity 
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increases with increases in zinc concentration. The nano samples showed higher resistivity as 

compared to the bulk counterparts. This was observed for both types of samples. The 

dielectric measurements on the Co-Zn samples showed that the dielectric constant decreases 

with increase in zinc concentration. The values decrease with increasing frequency as 

expected and also increases with increase in temperature, however the increase is prominent 

only at lower frequencies. The dielectric values obtained for the nanosize samples by 

precursor combustion method were higher than those prepared by combustion method. The 

dielectric loss decreases with increasing frequency however it increases at a certain frequency 

and then decreases. This maxima in the dielectric loss is compositional dependent hence tends 

to vary. 

° The permeability studies carried out at room temperature on the sintered Co-Zn 

ferrites indicate that the initial permeability initially increases at lower frequency and then 

decreases as frequency is increased and almost remains constant at higher frequencies. The 

initial permeability measured with varying temperature shows an increase in values as 

temperature is increased, it increases sharply as it approaches Curie temperature and then 

drops at the Curie point. The Curie temperature of the samples determined by permeabilty 

studies closely matches with those obtained from a.c. susceptibilty measurements. 

• The Mossbauer spectra of the nanoferrites are, marked by the presence of a central 

doublet and two magnetically split sextets for all values of x (except x = 1). The relative area 

of the central paramagnetic doublet increases whereas the relative area of magnetic sextets 

decreases with increase in the zinc doping. However it is seen that doublet character is more 

pronounced in case of the 'as prepared' samples by combustion method as compared to the 

same samples by precursor combustion method. This is owing to the superparamagnetic state 
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in dominant part of the particles. The Mossbauer spectra of the bulk ferrites exhibit two 

normal Zeeman-split sextets for x < 0.4. The mid-composition shows broad sextets features of 

relaxation effect. The samples with x > 0.8 exhibit paramagnetic spectra with only a central 

doublet. It is also observed that, with the increasing zinc concentration, there is a transition 

from magnetically ordered ferromagnetic state (characterized by a sextet) to a paramagnetic 

state (characterized by a doublet). Isomer shift values of all samples indicate that Fe is in the 

Fe3+  ionic state and the Quadrupole splitting (A) values for tetrahedral and octahedral sites of 

the 'as prepared' and sintered ferrites are nearly 0.00 'm/s indicating the overall presence of 

cubic symmetry at both sites. 

■ EXAFS studies carried out on the 'as prepared' and sintered Co0.5Zn0.5Fe204 ferrite 

samples prepared by precursor method and combustion method revealed, distortion in the 

nanoferrites especially the one prepared by precursor method. The bond distances, 

coordination number and the disorder factor calculated using the theoretical model matches 

with the expected value except for the nanoferrites. 

■ Gas sensing studies carried out on the thick films of some of the selected samples 

showed sensitivity towards H2S and NH 3  mostly. Some of the samples showed good gas 

sensing activity even at lower gas concentrations at room temperature. Fast response and 

quick recovery were some of the features of the 'as prepared' thick films studied for their 

sensor properties. The samples which were prepared by two different methods even though 

had the same composition, they showed sensitvity to different test gases and at varying 

operating temperature thus confirming the influence of the synthesis method on the properties 

of the material. 
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Chapter 4 

Solid State Properties, Spectroscopic and Gas Sensing Measurements of 

Cobalt Nickel Ferrite 

4.1. Introduction 

The metal ferrites although are among the best studied materials, currently there is a 

renewed interest in the preparation and characterization of these materials in a nanocrystalline 

state owing to their vast application potential. The functional properties of ferrites were found 

to be very sensitive to their cation composition and their microstructure i.e crystallite size and 

specific surface area. These parameters strongly depend on the synthesis conditions. Efforts 

are also centered towards the study of mixed ferrites since they present a wide choice in its 

properties which can meet different kinds of need. Most of the property studies carried out on 

the cobalt nickel ferrites is limited to the case in which the cobalt concentration is low (x < 

0.5) [58,128]. The studies on the Co-Ni ferrite with high cobalt concentration especially on 

the nanosized Co-Ni ferrite are few [8,60,63,130-132] hence this system provides lot of scope 

for research as many of its properties and behavior have not been fully understood. The 

present chapter concentrates on the synthesis and characterization of the nanocrystalline 

cobalt nickel ferrite prepared by two different chemical methods viz. precursor combustion 

method and combustion method. This work also examines the effect of synthesis conditions 

on the microstructural and other property based parameters as well as the gas sensing 

performance of these mixed ferrites. 
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4.2. Experimental 

Nanostructured cobalt nickel ferrite Coi_ xNi,,Fe204 (x=0-1.0) in steps of 0.1, has been 

prepared by the precursor combustion technique via autocatalytic decomposition of the 

precursor, cobalt nickel ferrous fumarato-hydrazinate and by combustion method using 

hexamethylenetetramine as the fuel. The changes seen in the property based parameters are 

quite noteworthy. The precursors have been analyzed by IR, TG-DTA and chemical analysis 

and its formula has been fixed accordingly. After appropriate heat treatment, the 'as prepared' 

(nano) ferrite and the sintered (bulk) ferrite were characterized by various methods such as X-

Ray Diffraction, Infrared Spectroscopy, SEM, TEM, BET surface area analysis etc. Solid 

state studies such as d.c. electrical resistivity, magnetic hysteresis, a.c. susceptibility 

measurements, dielectric properties and initial permeability of the Co-Ni ferrite samples were 

carried out. Mossbauer and EXAFS measurements were also carried out on selected samples. 

Thick films of some selected 'as prepared' samples were fabricated and studied for their gas 

sensing performance. 

4.3 Results and Discussion 

4.3.1. Synthesis by Precursor method 

The detail synthesis of the precursors, cobalt zinc ferrous fumarato-hydrazinate is 

given in Section 2.2. of chapter 2. 

4.3.1.1. Formula Fixation of Precursor 

The cobalt nickel ferrous fumarato hydrazinate precursors have been analysed by chemical 

analysis, Infrared spectroscopy and TG-DTA analysis, and the chemical formula has been 

fixed accordingly. 
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4.3.1.1-a) Chemical Analysis: 

Chemical analysis of the precursors has been carried out to determine their hydrazine 

content. The precursors were chemically analysed by titrimetry, to determine their hydrazine 

content using KI03 as the titrant [70]. The precursors were also analyzed by chemical 

methods to determine its metal content. The percentage of cobalt, nickel, and iron in the 

precursors match closely with the calculated values (Table 4.3.1.1) considering Col_ 

xNixFe2(C41-1204)3.6N2H4 as the general formula. Similarly, the observed mass loss in total 

mass loss studies (--800°C) matches with the calculated value based on the above mentioned 

formula. 

Table 4.3.1.1. Chemical analysis and total weight loss data of cobalt nickel ferrous fumarato- 

hydrazinate precursors, Coi_xNixFe2(C411204)3.6N2H4  (x=0.0-1.0) 

`x' 

Coi_xNixFe2(C4H204)3.6N2114 

% Hydrazine 	Total Mass Loss 	% Cobalt 	% Nickel 	% Iron 

0.0 26.45 (27.25) 66.6 (66.70) 8.35 (8.36) - 15.8 (15.85) 

0.1 26.87 (27.25) 66.6 (66.70) 7.46 (7.53) 0.80 (0.83) 15.7 (15.85) 

0.2 26.03 (27.25) 66.5 (66.70) 6.62 (6.69) 1.64 (1.67) 15.8 (15.85) 

0.3 26.72 (27.25) 66.5 (66.71) 5.82 (5.85) 2.53 (2.50) 15.8 (15.85) 

0.4 26.64 (27.25) 66.6 (66.71) 4.98 (5.02) 3.29 (3.33) 15.7 (15.85) 

0.5 26.83 (27.26) 66.7 (66.71) 4.12 (4.18) 4.16 (4.16) 15.8 (15.85) . 

0.6 26.32 (27.26) 66.6 (66.71) 3.31 (3.35) 5.01 (5.00) 15.7 (15.85) 

0.7 26.04 (27.26) 66.7 (66.72) 2.43 (2.51) 5.82 (5.83) 15.8 (15.85) 

0.8 26.96 (27.26) 66.7 (66.72) 1.63 (1.67) 6.63 (6.66) 15.8 (15.86) 

0.9 26.12 (27.26) 66.7 (66.72) 0.80 (0.84) 7.45 (7.50) 15.8 (15.86) 

1.0 26.79 (27.26) 66.7 (66.72) - 8.32 (8.33) 15.8 (15.86) 
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4.3.1.1-b) Infrared Analysis 

The infrared spectra of the complexes (Fig.4.3.1.1) show three absorption bands in the region 

-3190-3310 cm -1  due to the N-H stretching frequencies. The N-N stretching frequencies at 

-977 cm-I  proves the .bidentate bridging nature of the hydrazine ligand unequivocally [80]. 

The asymmetric and symmetric stretching frequencies of the carboxylate ions are seen at 

-1650 cm -1  and -1370 cm 1,  respectively with the Ay (vasy-vsy.) separation of 280 cm -1 , which 

indicate the monodentate linkage of both carboxylate groups in the dianion. The IR data 

confirms the formation of the complexes, cobalt nickel ferrous fumarato-hydrazinate. 

4000 
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Fig.4.3.1.1 Infrared spectra of the complexes, Coi_xNixFe2(C41-1204)3.6N2H4(x=0.0-1.0) 
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4.3.1.1-c) TG-DTA Analysis 

The thermal studies of the cobalt nickel fumarato hydrazinate precursors was carried 

simultaneous differential thermal analysis (DTA) and thermogravimetric (TG) analysis. The 

TG-DTA decomposition patterns of Coi_„Ni.Fe2(C4H204)3.6N2F14 (x=0.0-1.0) are shown in 

Fig.4.3.1.2a and b. 
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Fig.4.3.1.2a TG-DTA pattern of the complexes, Coi_xNixFe2(C411204)3.6N2114 (x=0-0.5) 
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Fig.4.3.1.2b TG-DTA pattern of the complexes, Col ,,NixFe2(C4H204)3.6N2H4 (x=0.6-1.0) 

The TG curve of all the complexes, from RI-900 °C shows either two or three mass 

loss regions. All the samples show a prominent two-step mass loss except for those having 

x=0.0, 0.5 and 1.0 which show prominently three-step mass loss. The DTA shows the 

corresponding exothermic peaks. The precursors decompose by dehydrazination of the six 
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hydrazine molecules followed by decarboxylation hence the two mass loss regions in the TG 

curve and corresponding two exothermic peaks in DTA. Few thermograms show small endo 

hump in the beginning due to loss of adsorbed hydrazine. However, some samples depending 

on their thermal stability decompose differently as evident from the TG-DTA patterns. 

The precursor with x=0 shows a mass loss of 8.98 % and 17.98 % from RT to 98 °C 

and from 98 °C to 170°C due to the loss of two and four N2H4 molecules, respectively. The 

DTA curve shows a small exothermic hump at 96.5 °C followed by a sharp exothermic peak at 

162.8°C due to dehydrazination, as explained. The major mass loss of 38.45% from 170 °C to 

320°C was due to decarboxylation of the dehydrazinated precursor. DTA curve shows one 

sharp peak in this region at 316.4°C due to oxidative decarboxylation. 

The precursor with x=0.1 shows a two step decomposition pattern, the mass loss of 

25.65 % from RT to 180 °C is due to the loss of six N2H4 molecules. The DTA curve shows a 

sharp exothermic peak at 158.1 °C due to dehydrazination, as explained. The major mass loss 

of 38.37% from 180°C to 320°C was due to decarboxylation of the dehydrazinated precursor. 

DTA curve shows one sharp peak in this region at 315.4 °C due to oxidative decarboxylation. 

A marginal mass loss was observed from 320 °C to 900°C. 

However, the precursor having the composition x=0.2, loses one N2H4 molecule first 

at 85.5 °C followed by loss of five N2H4 molecules at 174.8 °C as seen in the DTA curve while 

the TG shows mass losses of 4.45% from RT to 90 °C and 22.7% from 90°C to 175°C due to 

dehydrazination. The major mass loss due to decarboxylation was found to be 35.26 % from 

175°C to 320°C a corresponding sharp exothermic peak at 317 °C is seen in the DTA curve. A 

marginal mass loss of 3.89 % is also observed in the TG curve from 320 °C to 900°C. 

151 



The precursor with composition x=0.3 decomposes with a three step decomposition 

pattern, dehydrazination followed by decarboxylation. The TG shows mass losses of 9.05 % 

from RT to 95°C and 18.11% from 95 °C to 170°C due to loss of two and four N2H4 

molecules, respectively. Corresponding DTA peaks are observed at 93.2 °C (exothermic 

hump) and at 162.3 °C. The peak due to decarboxylation is observed at 318.7 °C and the TG 

shows a mass loss of 36.17 % from 170 °C to 320°C. A marginal mass loss of 3.27 % is 

observed from 320°C to 900°C. 

The precursor with x=0.4 also shows a two step decomposition pattern, the mass loss 

of 27.15 % from RT to 165 °C is due to the loss of six N2H4 molecules. A slope change is 

observed in the TG curve during dehydrazination at —85 °C which indicates that the loss of the 

six hydrazine molecules is not simultaneous. A small exo hump in the DTA supports this 

argument. The DTA curve shows a sharp exothermic peak at 159.3 °C due to dehydrazination. 

The major mass loss of 36.80 % from 165 °C to 330°C in TG was due to decarboxylation of 

the dehydrazinated precursor. DTA curve shows a corresponding sharp peak at 303.5 °C due to 

oxidative decarboxylation. A marginal mass loss of 2.66 % was observed from 330 °C to 

900°C. 

The precursor with composition x=0.5 decomposes with a three step decomposition 

pattern. The TG shows mass losses of 9.12 % from RT to 95 °C and 18.10 % from 95 °C to 

320°C due to loss of two and four N2H4 molecules respectively. Corresponding DTA peak is 

observed at 188.1 °C. The peak due to decarboxylation is observed at 314.5 °C and the TG 

shows a mass loss of 35.26 % from 320 °C to 360°C. A marginal mass loss of 4.29 % is 

observed due to the unburned carbon from 360 °C to 900°C. 
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The samples with x=0.6, 0.7, 0.8 and 0.9 decompose via two-step process. For x=0.6, 

the loss of all six hydrazine molecules take place from RT-190 °C. The mass loss of 27.42 % is 

seen in the TG curve due to dehydrazination. The corresponding DTA peak is observed at 

161.2°C. The decarboxylation takes place from 190 °C to 340°C. The TG shows a mass loss of 

37.15 % with corresponding DTA peak at 311.4 °C. 

For x=0.8, the loss of six hydrazine molecules takes place from RT-190 °C. The 

mass loss of 26.62 % is seen in the TG curve due to dehydrazination. The corresponding DTA 

peak is observed at 152.9 °C. The decarboxylation takes place from 190 °C to 325°C. The TG 

shows a mass loss of 38.15 % with corresponding DTA peak at 309.0 °C. A marginal mass 

loss of 1.30 % is observed from 340 °C to 900°C. The decomposition pattern of sample x=0.7 

is nearly similar to the sample x=0.8 in all respect. So also, for x=0.9, the dehyrazination of 

the six hydrazine molecules takes place from RT-180 °C. The TG shows a mass loss of 26.57 

% with the corresponding exothermic peak in the DTA at 149.2 °C. Decarboxylation of the 

dehyrazinated precursor takes place between 180 °C to 340°C. The DTA shows an 

enxothermic peak in this region at 311.7 °C. The TG shows a mass loss of 38.88 %. 

The precursor with composition x=1.0 decomposes with a three step pattern. The TG 

shows mass losses of 22.42 % from RT to 90°C due to the loss of five hydrazine molecules. In 

the second step loss of the remaining one molecule of hydrazine as well as the partial 

decomposition of fumarate takes place. The TG shows a mass loss of 17.64 % from 90 °C to 

180°C due to this. Corresponding exothermic peak in the DTA is observed at 146.7 °C. The 

remaining fumarate decomposes from 180 °C to 320°C exothermically. The TG shows a mass 

loss of 25.57 % with a corresponding DTA peak at 306.0 °C. 
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Fig.4.3.1.3. Infrared spectra of 'as prepared' Coi_,,Ni.Fe204 (x=0.0-1.0) 
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4.3.1.2. Characterization of 'as prepared' and 'sintered' Co-Ni ferrite 

4.3.1.2-a) Infrared Analysis 

The FTIR spectra of the 'as prepared' Co-Ni nanoferrites and bulk 'sintered' ferrites 

_are shown. in Fig.4.3.1.3 and Fig 4.3.1.4 respectively. Two main metal-oxygen bands are 

observed for all spinel ferrites. The highest v1 which is attributed to the intrinsic stretching 

vibrations of the metal at the tetrahedral site is observed between 615-600 cm -1  and the lowest 

v2  band which corresponds to the octahedral stretching vibrations is seen between 411-399 

cm-1  for the 'as prepared' ferrite. For the 'sintered' ferrite, the vi and v 2  are observed between 

620-605 and 415-405 cm-1  respectively. 

The vi increases linearly with increase in nickel concentration which is also reported 

by other investigators [62]. This shift may be due to a change in the Fe 3+-02" internuclear 

distance. Ni2+  ions have an octahedral site preference, while Co 2+  and Fe3+  ions can occupy 

both octahedral and tetrahedral sites, so increasing Ni 2+  concentration forces Fe 3+  ions into the 
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tetrahedral sites [631 Also, it is observed that the nanoferites have lower v1 and v2 values 

which shift to higher wavenumber upon sintering. 

Fig.4.3.1.4. Infrared spectra of sintered Coi,Ni.Fe204 (x=0.0-1.0) 

4.3.1.2-b) X-Ray Diffraction 

The room temperature XRD patterns of all 'as prepared' and sintered cobalt-nickel 

ferrites are shown in Fig.4.3.1.5. and Fig 4.3.1.6. The 'as prepared' samples show peak 

broadening indicative of nanosized particles whereas sintering brings about increase in grain 

growth giving rise to sharp well defined peaks characteristic of the cubic structure and spinel 

type lattice of cobalt nickel ferrite. From the XRD data, the lattice constant a, was calculated 

which decreases linearly with increase in Ni concentration (Table.4.3.1.2 and 4.3.1.3). This 

decrease is due to the substitution of Co 2+  by Ni2+  ions, and since the ionic radii of Co 2+  (0.78 

A) is larger than Ni 2+  (0.74 A) and Fe 3+  (0.67 A) ions, this leads to a decrease in the lattice 

parameter. 
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Fig.4.3.1.5. XRD pattern of 'as prepared' Coi_ xl\ii,,Fe204 (x=0.0-1.0) 
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Fig.4.3.1.6. XRD pattern of sintered C01_,NixFe204 (x=0.0-1.0) 
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Table 4.1.2. Lattice constant (a), X-ray Density (p x), particle size (t), ionic radii at tetrahedral 

site (rA ), ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), octahedral bond 

length (B-0), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of 'as prepared' 

Co 1  ,NixFe204 (x=0.0-1.0) 

`x' a 

(A) 

(1,, 

(glcm3) 

t rA 

(A) 

TB  

(A) 

A-0 

(A) 

B-0 

(A) 

LA 

(A) 

LB 

(A) 
0.0 8.4949 5.08 15.6 0.489 0.774 1.928 2.074 3.678 3.007 

0.1 8.4936 5.08 15.2 0.489 0.773 1.927 2.074 3.678 3.007 

0.2 8.4851 5.10 13.2 0.487 0.771 1.925 2.072 3.674 3.004 

0.3 8.4827 5.10 15.4 0.487 0.761 1.925 2.071 3.673 3.003 

0.4 8.4792 5.11 14.5 0.486 0.770 1.924 2.070 3.671 3.002 

0.5 8.4787 5.11 12.3 0.486 0.770 1.924 2.070 3.671 3.001 

0.6 8.4684 5.13 13.4 0.484 0.767 1.922 2.068 3.667 2.998 

0.7 8.4630 - 5.14 12.5 0.482 0.766 1.920 2.066 3.664 2.996 

0.8 8.4611 5.14 12.4 0.482 0.765 1.920 2.066 3.664 2.995 

0.9 8.4539 5.16 14.6 0.480 0.764 1.918 2.064 3.661 2.993 

1.0 8.4458 5.17 15.3 0.479 0.762 1.916 2.062 3.657 2.990 

Furthermore, the lattice constant of nanoferrites was found to be less than that of its 

bulk counterpart and is attributed to the particle size effect which causes surface stress. The 

surface stress causes small particles to be in a state of compression where the internal pressure 

is inversely proportional to the radius of the particle [30].The X-Ray density was computed 

from the values of the lattice parameter. It can be seen from Table.4.3.1.2 and 4.3.1.3 that the 

X-Ray density increases with the increasing Ni concentration for 'as prepared' and sintered 

ferrite respectively. The mean ionic radius of the tetrahedral (A) "rA" and octahedral (B) "rB "  

site was calculated, the values are also listed. It can be seen that the bond lengths (A-O, B-0) 

and ionic radii (rA, rB) decrease with increasing the nickel content in the system, which in turn 

causes a decrease in the lattice constant. It is found that the mean ionic radius, r, decreases 

with increasing Ni content which is reflected in the decrease of lattice constant with addition 
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of nickel. Similar observations on the Co-Ni system have been reported by other investigators 

[57,62-63,66,131]. The hopping lengths in the tetrahedral site (LA) and in octahedral site (LB) 

which is the distance between the magnetic ions were calculated and the values are given in 

Table 4.3.1.2. and 4.3.1.3. It is seen that distance between the magnetic ions decreases as the 

nickel content increases. 

Table 4.1.3. Lattice constant (a), X-ray Density (p.), ionic radii at tetrahedral site (r A  ), ionic 

radii at octahedral site ( r B ), tetrahedral bond length (A-0), octahedral bond length (B-0), 

Hopping lengths in tetrahedral (LA) and octahedral (LB) site of sintered Coi,Ni,Fe204 (x=0-

1.0) 

`x' a 

(A) 
dx  

(g/cm3) 
rA 

(A) 
rB  

(A) 
A-0 

(A) 
B-0 

(A) 
LA 
(A) 

LB 

(A) 
0.0 8.4963 5.08 0.490 0.774 1.928 2.074 3.679 3.008 

0.1 8.4943 5.08 0.489 0.774 1.927 2.074 3.679 3.007 

0.2 8.4886 5.09 0.488 0.772 1.926 2.073 3.676 3.005 

0.3 8.4861 5.10 0.487 0.772 1.926 2.072 3.675 3.004 

0.4 8.4820 5.10 0.486 0.771 1.925 2.071 3.673 3.003 

0.5 8.4802 5.11 0.486 0.770 1.924 2.070 3.672 3.001 

0.6 8.4719 5.12 0.484 0.768 1.922 2.068 3.668 2.999 

0.7 8.4642 5.14 0.483 0.766 1.921 2.067 3.665 2.996 

0.8 8.4628 5.14 0.482 0.766 1.920 2.066 3.664 2.996 

0.9 8.4542 5.16 0.480 0.764 1.918 2.064 3.661 2.993 

1.0 8.4489 5.17 0.479 0.762 1.917 2.063 3.658 2.991 

4.3.1.2-c) Transmission Electron Microscopy (TEM) 

From the TEM images of the 'as prepared' cobalt-nickel nanoferrites (x = 0.2, 0.4, 0.5, 

0.6, 0.8) see Fig.4.3.1.7, it is confirmed that the particles are nanosize with the average 

particle size -12-15nm. The ferrite sample with x=0.6 have agglomerated grains of higher 

size i.e 20-30 nm, which is reflected in its lower surface area. It is also evident that the 
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particles are uniform in size and agglomerated to some extent. Particle sizes determined from 

TEM closely match with those obtained by XRD measurements using Scherrer' formula. 

Fig.4.3.1.7. TEM of 'as prepared' Coi_.,Ni xPe204 (a) x=0.2 (b)x=0.4 (c)x=0.5 (d)x=0.5 

(high resolution) (e) x=0.6 (f)x=0.8 
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4.3.1.2-d) Scanning Electron Microscopy (SEM) 

The SEM images of the sintered cobalt-nickel ferrites can be seen in Fig.4.3.1.8. The 

grains are highly crystalline with a narrow grain size distribution. The crystallite size which 

increases on sintering, was found to be between 0.2-1.0 R. 

Fig.4.3.1.8. SEM of sintered Col,NixFe204(x=0.0-1.0) 
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4.3.1.2-e) BET Surface Area 

The specific BET surface area of the 'as prepared' cobalt-nickel nanoferrites is listed 

in Table.4.3.1.4. which is on the lower side, except for x=0.1, 0.3 and 0.4 due to the 

agglomeration of the nanoparticles as evident from TEM. The lower surface area of the ferrite 

sample with x=0.6 is due to the larger grain size and excessive agglomeration. 

Table 4.3.1.4. BET Surface Area of 'as prepared' Coi_ xNi,,Fe204 (x=0.0-1.0) 

`x' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

S.A. (m2/g) 22.2 62.2 25.0 46.6 43.5 30.4 17.7 33.7 29.5 23.3 16.6 

4.3.1.2-f) Magnetic Hysteresis 

The effects of grain size reduction on the magnetic properties of cobalt nickel ferrites 

were investigated. The M„ Mr, and He  values for 'as prepared' and 'sintered' are listed in 

Table 4.3.1.5. The lower values of saturation magnetization of nanoparticles of the 'as 

prepared' cobalt nickel ferrite as compared to the submicron particles of the bulk Co-Ni 

ferrites is due to the inert or dead layer at the surface of the nanoparticles that prevents the 

core ferromagnetic spins to align along the field direction. Another reason is the canted spins 

or spin glass like layer at the surface of the nanoparticles that arises due to larger fraction of 

surface to volume atoms in small particles [133]. Fig 4.3.1.9. and 4.3.1.10 shows the 

hysteresis curve of the 'as prepared' and sintered Coi,Ni xFe204  (x=0-1.0) respectively. It is 

seen that the Ms  values decreases with increase in nickel content (Table 3.1.5). The Ms  is 

dependent on the cobalt concentration. The Co 2+  ions have a higher magnetic moment (3 Rs) 

than Ni2+  (2 ii.B) thus shows high Ms  value in the cobalt rich samples. As Co ll-  is replaced by 

Ni2+  at the octahedral sites, Ms  values gradually decrease. If one assumes the Fe 3+  (5 RB) to be 
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evenly distributed between the tetrahedral and octahedral sites, this gives a net magnetic 

moment of 2 1.43 per molecule for nickel ferrite and 3 1.43 per molecule for cobalt ferrite. Thus 

the increasing nickel concentration will undoubtedly decrease the saturation magnetization of 

the Ni doped cobalt ferrite. Similar observations have been reported by other investigators. 

[8]. 

Fig.4.3.1.9. Hysteresis plot of 'as prepared' Coi_,Ni,Fe204 (x=0.0-1.0) 
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Fig.4.3.1.10. Hysteresis plot of sintered Coi,Ni,Fe204 (x=0.0-1.0) 
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Table 4.3.1.5. Saturation magnetization (Ms), retentivity (Mr), coercivity (HO, of 'as 

prepared' and sintered Coi,Ni xFe204 (x=0.0-1.0) 

4
x

, 

`As Prepared' `Sintered' 

At 
(emu/g) 

Mr 

(emu/g) 

H, 

(Oe) 

Ms 

(emu/g) 

Mr 

(emu/g) 

H, 

(Oe) 

0.0 48.55 47.79 1895.18 65.77 41.71 1072.04 

0.1 43.50 30.03 1448.67 65.22 32.18 814.75 

0.2 47.03 46.06 1615.07 64.33 36.00 922.41 

0.3 40.23 33.07 1401.61 62.66 42.16 938.46 

0.4 37.63 21.41 1045.61 61.87 30.55 838.56 

0.5 36.99 28.26 1106.25 59.17 35.32 660.86 

0.6 42.46 31.12 924.00 56.31 36.40 611.17 

0.7 41.42 32.90 822.96 54.79 32.96 552.90 

0.8 37.17 24.28 632.53 51.67 28.41 393.56 

0.9 36.32 19.84 445.20 49.17 24.59 295.21 

1.0 35.34 14.58 271.73 48.13 21.08 184.65 

The coercivity, Flc, was found to be quite large for the nanosized ferrite as compared 

to the bulk. The He  decreases with increase in Ni concentration which may be attributed to the 

lower magnetocrystalline anisotropy of N,i 2+  than Co 2+ ions which in turn leads to lower 

coercivity according to the Stoner Wohlfarth model for nanoparticles [130]. The decrease in 

coercivity is well illustrated in the hysteresis plots (Fig.4.3.1.9 and Fig.4.3.1.10) of cobalt-

nickel ferrites. 

4.3.1.2-g) A.C. Susceptibility 

Inorder to investigate the magnetic phase transition behavior of cobalt-nickel ferrites, 

a.c. susceptibility measurements were carried out on the samples by subjecting them to a 
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finite temperature. The results gave an insight in the way the nanoparticles undergo the 

magnetic phase transition from the ferrimagnetic to paramagnetic state. The plots of thermal 

variation of normalized (xT/xRT) low field ac susceptibility (x) illustrate this behavior. 

Fig.4.3.1.11. and Fig.4.3.1.12 shows the temperature dependence of the a.c. magnetic 

susceptibility for 'as prepared' and 'sintered' Co-Ni ferrites. 
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Fig.4.3.1.11. AC susceptibility plot of 'as prepared' Co i_ xNixFe204 (x=0.0-1.0) 

The maximum in magnetization behaviour just below the T c  in the presence of a small 

field is referred to as the Hopkinson effect and has been observed for nanocrystalline single 

domain cobalt ferrite particles [89] as well as nickel ferrite particles [90]. The Hopkinson 

effect is observed in nanocrystalline single domain particles where the size of the particles is 

neither very small to be superparmagnetic nor very large to be multidomain in nature. In this 

case, for the cobalt nickel ferrites, the Hopkinson peak is distinctly seen for the 'as prepared' 
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and sintered samples indicating single domain nature of the particles. Further, as the nickel 

content increases, the Hopkinson peak diminishes. Substitution of Ni in cobalt ferrite reduces 

the coercive force and as a result peak value decreases. 

Fig.4.3.1.12. AC susceptibility plot of sintered Coi,Ni xFe204  (x=0.0-1.0) 

For SD particles, IL is large whereas it tends towards zero for SP particles [92]. The 

Curie temperatures of the nano and bulk cobalt nickel ferrites determined through the high 

temperature susceptibility measurements are listed in Table 4.3.1.6. 

Table.4.3.1.6. Curie temperature of 'as prepared' and sintered Coi,,,Ni xFe204 (x=0.0-1.0) 

i x , 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

T, (K) 'Nano' 731 737 743 748 753 758 761 763 783 785 789 

T, (K) 'Bulk' 750 753 759 763 771 776 779 782 791 795 803 
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The -Te  increases with increase in Ni concentration. This is due the increase in the A-B 

interaction caused by the replacement of Fe 3+  by Nil+  at the B sites thereby leading to the 

transfer of Fe 3+  from B site to A site. It is known that the Curie temperature of nanoparticles 

depends on both size and shape conditions. But amongst these, the temperature suppression is 

strongly influenced by the particle size and the shape effect is comparably minor. The Curie 

temperature, Tc, of the nanoferrite was found to be less than the corresponding bulk one. 

However, this may not be the case always since it depends on the preparation conditions. Few 

reports are present in the literature which explains the Curie temperature suppression as a size 

and shape effect for ferromagnetic nanoparticles [134-136] 

4.3.1.2-h) D.C. Electrical Resistivity 

The variation of d.c. resistivity log p with temperature 10 3/T is shown in Fig.4.3.1.13. 

and Fig.4.3.1.14. for the 'as prepared' and sintered cobalt nickel ferrites respectively. The d.c. 

electrical resistivity was found to increase with increase in Ni 2+  ions from x=0.0-1.0. 

According to Shabasy [137] the increase in resistivity may be due to the fact that Ni 2+  ions 

prefer to occupy the octahedral site B whereas Fe 3+  ions occupy both the A and B sites. On 

increasing the Ni 2+  concentration, the Co +2  ion concentration at the A and B sites decreases. 

This leads to the migration of some Fe 3+  ions from the B site to the A site. As a result the 

number of Fe3+  and Fe2+  ions at the B sites, which are responsible for electrical conduction in 

ferrites decreases. Consequently the resistivity increases. Therefore it may be said that 

resistivity increases with Ni 2+  concentration. The plots also show a change in slope which 

indicates change in the conduction mechanism. The first region from room temperature to 400 

K is attributed to conduction due to impurity, voids, etc. as the temperature is increased above 

400 K slow migration of Fe 3+  ions from A site to B site starts. Migration of Fe 3+  ions to B site 
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increases Fe 3+-Fe2+  hopping probability at the octahedral site, which results in decreased 

resistivity values. The amount of Fe 3+  ions being migrated increases up to 700 K and then 

saturates. This leads to an anomalous change in slope at around 573-560 K. [138]. However, 

this anomalous behaviour is not discernable in the sintered ferrite. This may be attributed to 

the cation distribution, it is expected that in Ni-Co ferrite both the Ni l'.  and Co2+  ions to 

occupy octahedral site and Fe3+  ions to occupy tetrahedral and octahedral site Kim et al. 

[139] based on Mossbauer spectra analysis reported that part of the divalent ions may occupy 

tetrahedral site in Ni-Co ferrite. Altering the cation distribution between the chemically 

inequivalent sites will not lead to change in the crystal structure and chemical composition but 

will affect the electrical properties. These results suggest that a ferrite with a particular 

composition may have different distribution in its bulk phase than in its nanocrystalline phase. 

Furthermore, the nanoferrites showed lower resistivity as compared to the sintered ferrites. 

Fig.4.3.1.13. d.c. resistivity plot log p vs 10 3/T of 'as prepared' Coi,NixFe204 (x=0.0-1.0) 
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Fig.4.3.1.14. d.c. resistivity plot log p vs 103/T of sintered 	 (x=0.0-1.0) 

4.3.1.2-i) Dielectric Studies 

The dielectric constant v/s Log Frequency plot of the 'as prepared' as well as sintered 

cobalt-nickel ferrites is shown in Fig.4.3.1.15 and Fig.4.3.1.16. The plot shows that dielectric 

constant decreases with increasing frequency and at higher frequency it almost remains 

constant. This behavior is explained based on the Koop's phenomenological theory of 

dispersion based on the Maxwell-Wagner interfacial polarization model for inhomogeneous 

dielectric structure. It was assumed that the solid consists of well conducting grains separated 

by poorly conducting layers. This model explains a strong dispersion in dielectric constant C 

and a relaxation peak in dielectric loss, tan 5 at low frequencies. Thus it is known that the 

dielectric constant of polycrystalline ferrites is related to the average grain size of the 
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specimens of the same composition [92]. The dielectric constant is found to be in the order of 

104  for the 'as prepared' Co-Ni ferrites as compared to that of the sintered Co-Ni ferrites 

which were in the order of 10 3 . The dielectric constant is dependent on the composition of the 

sample. The dielectric constant decreases with increase in Ni l+.  concentration. As pointed out 

by Iwauchi [96] there is a strong correlation between the conduction mechanism and the 

dielectric behavior of ferrites. In case of cobalt ferrite, the number of ferrous ions which take 

part in the electron exchange Fe 2+  4-* Fe3+  and hence responsible for the polarization, are 

maximum. Therefore a high value of the dielectric constant is expected for cobalt ferrite. As 

the nickel content in the mixed Co-Ni ferrites is increased, the number of ferrous ions on the 

octahedral sites which are available for polarization decreases resulting in a continuous 

decrease in the dielectric constant. The frequency dispersion studies suggest that the grains of 

different sizes contribute differently to the value of dielectric constant and its relaxation 

frequency. Moreover, the results can be correlated to the resistivity studies, the electrical 

resistivity increases with increase in nickel content. This increase in resistivity is because of 

the decrease in the number of ferrous ions on the octahedral sites which play a dominant role 

in the mechanisms of conduction and dielectric polarization. The polarization decreases with 

the increase in frequency and then reaches a constant value due to the fact that, beyond a 

certain frequency of the external field, the electronic exchange Fe 2+  4-4 Fe3+ cannot follow the 

alternating field. Also, in a low frequency regime, dipolar/interfacial/surface polarization 

plays a dominant role (than ionic or electronic polarization) in determining the dielectric 

properties of ferrite materials. In 'as prepared' samples, there is a finite contribution from 

surface polarization, which gives an initial high value that decays rapidly with frequency as it 

cannot follow the higher applied frequency. This special observation is evidenced from the 
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Fig.4.3.1.15. Plot of dielectric constant vs. log f for 'as prepared' Coi_ xNixFe204 (x=0-1.0) 
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Fig.4.3.1.16. Plot of dielectric constant vs. log f for sintered Co1_ xNi,,Fe204 (x=0-1.0) 
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Fig.4.3.1.17 and 4.3.1.18 shows the variation of dielectric loss, tan 8, with frequency 

for the 'as prepared' and sintered cobalt nickel ferrites. It can be seen that there is a maxima in 

the tan 8 of the 'as prepared' samples. However, the frequency at which it appears varies with 

the composition of the sample. According to Iwauchi [96] the conduction mechanism and the 

dielectric behavior are correlated. The conduction mechanism in n-type ferrites is considered 

as due to hopping of electrons between Fe 2+  and Fe3+  in contrast to the p-type samples where 

the conduction is due to the hopping of holes between Co l' and Co2+  ions. As such, when the 

hopping is nearly equal to that of the externally applied electric field, a maximum of loss 

tangent may be observed [40]. In comparison, the sintered samples also show a continuous 

decrease in tan 8 with increase in frequency with maxima at varying frequency depending on 

the sample composition. However, it can be seen that the samples show a small relaxation 

peak at —1 MHz irrespective of the sample composition. It is expected that tan 5 would 

increase with decrease in relaxation time for a given frequency. Therefore, as the relaxation 

time decreases with increase in temperature, tan S increases. However, with further increase in 

temperature, tan 8 shows a decline after a certain maximum value. This behavior is typical of 

relaxation losses [140]. 
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Fig.4.1.17. Plot of tan 8 vs. log f for 'as prepared' Coi_ xNixFe2,04 (x=0.04.0) 
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Fig.4.1.18. Plot of tan 8 vs. log f for sintered Coi_xNixFe204(x=0.0-1.0) 

Fig.4.3.1.19. shows the variation of dielectric constant at 100 kHz with temperature 

(room temperature to 550 K) of the 'as prepared' cobalt nickel ferrites. The dielectric constant 

increases gradually with increasing temperature upto a certain temperature, which is 

designated as the dielectric transition temperature Td. However, beyond this temperature the 

dielectric constant decreases gradually and then remains constant upto —600 K and then again 

increases at higher temperatures for some compositions. Although some investigators relate 

the transition temperature to the Curie temperature [40], that may not be so in this case since 

the peak observed are much below the Curie temperature. It is observed that the dielectric 

constant increases rapidly at high temperature for lower frequencies. The increase in dielectric 

constant at higher temperature in case of Co-Ni nanoferrite has been reported by Mathe et al. 

[138], which is attributed to the effect of interfacial polaraization. The dielectric consatant of 

any material, in general, is due to dipolar, electronic, ionic and interfacial polarizations. At 

low frequencies dipolar and interfacial polarizations are known to play the most important 

role. Both these polarizations are strongly temperature dependent. Dipolar polarization 
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decreases with increase in temperature whereas interfacial polarization increases with 

temperature due to the creation of crystal defects. 

Fig.4.1.19. Variation of dielectric constant with temperature at 100 kHz for 'as prepared' Col_ 

,Ni,Fe204 (x=0.0-1.0) 

The increase in the dielectric constant with increase in temperature at low frequencies 

suggests that the effect of temperature is more pronounced on the interfacial than on the 

dipolar polarization. At higher frequencies, electronic and ionic polarizations are the main 

contributors and their temperature dependence is insignificant [138]. Fig.4.3.1.20. and 

Fig.4.3.1.21 show the dielectric constant vs. temperature at different frequencies for a 

representative sample (x=0.5) of 'as prepared' and sintered cobalt nickel ferrite respectively. 

Besides, the polarizability of the individual metal ions also contributes to the dielectric 

constant. The polarizability of metal ions depends on the number of electrons in their outer 

electronic shells as well as their Goldscmidt radii [140]. Greater the number of electrons in 

their outer electronic shells and greater the Goldscmidt radius, greater the polarization 

expected. From these considerations, the polarizability of the cations in the ferrite would be in 

the order; Fe2-1-> co2+>Ni2+> zn2+> Fe3+ . 	2 Zn-+  and Fe3+  ions would not lend themselves to 
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polarization easily 'on account of their stable completely filled and half-filled 3-d shells, 

respectively [140]. The observed dielectric constant is the overall result of the effect of the 

sum of the contribution of all these factors. 
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Fig.4.3.1.20. Variation of E at different 	Fig.4.3.1.21. Variation of E at different 

Fig.4.3.1.22. Variation of dielectric constant with temperature at 100 kHz for sintered 

Coi..xl•lixFe204 
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Fig.4.3.1.22 shows the variation of dielectric constant at 100 kHz with temperature of 

the 'sintered' cobalt nickel ferrite. The dielectric constant increases gradually with increasing 

temperature, the sintered samples do not show any distinct temperature change at lower 

temperatures. The behavior at higher temperature is same as the nanoferrites. 

4.3.1.2-j) Initial Permeability 

The initial permeability, pi, for the 'sintered' cobalt nickel samples was measured at 

varying frequency as well as at varying temperature. No reports of permeability studies are 

available in the literature on this system. Fig.4.3.1.23. shows the room temperature gi versus 

log frequency plot. It is observed that pi initially increases slightly at lower frequencies and 

then decreases and almost remains constant at higher frequencies. 

log f 

Fig.4.3.1.23. Plot of pi vs. log f for 'as prepared' ferrite Coi_ xNixFe204(x=0.0-1.0) 

Fig.4.3.1.24 shows the pi versus temperature plot of the sintered Co-Ni ferrite samples, 

a variety of pi — T plots are obtained for different compositions. It is seen that pi increases 
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gradually at first and then rapidly as it approaches T c. At the Curie point the 1.ti drops sharply, 

and then remains constant with further increase in temperature. The temperature variation is 

observed prominently for the initial compositions (x<0.5), however for the end compositions 

the Tc  is not discernable, since the Curie point lies beyond the studied temperature range. The 

Curie temperature obtained from this measurements match closely with those obtained by ac 

susceptibility measurements. The permeability increases with increase in Ni 2+  concentration 

as seen from the gi — T plots. 
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Fig.4.3.1.24. Variation of initial permeability with temperature at 10 kHz for sintered 

Coi,NixFe204 (x=0.0-1.0) 

4.3.1.2-k) Mossbauer Spectroscopy 

Room temperature Mossbauer measurements were performed on the 'as prepared' and 

sintered Coi,NixFe204 with x varying from 0 to 1. Figs.4.3.1.25 and Fig.4.3.1.26, corresponds 

to the MOssbauer spectra of 'as prepared' and sintered Co-Ni ferrite samples respectively. The 

spectra show a double sextet pattern for all the samples. The Mossbauer spectra were fitted 
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with NORMOS-SITE program and the results obtained for the hyperfine parameters, i.e 

isomer shift (IS), quadrupole splitting (QS), Hyperfine field (Hhf), Inner line width (F) and 

Relative Area (RA) are listed in Table 4.3.1.7. 
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Fig.4.3.1.25. Mossbauer spectra of 'as prepared' (nano) Coi_xNixFe204 

(x=0.0,0.2,0.4,0.5,0.6,0.8,1.0) 
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Fig.4.3.1.26. Mossbauer spectra of sintered (bulk) Coi_ xl•lixFe20 

(x=0.0,0.2,0.4,0.5,0.6,0.8,1.0) 

The sextet pattern arises due to the ferromagnetic component. The outer sextet shows 

a larger isomer shift which can be interpreted as due to the difference in the Fe 3+-02-  inter-

nuclear separation normally larger for [B] site ions as compared to that for (A) site ions [14]. 

The isomer shift and a larger hyperfine field for the same site helped in assigning the outer 

sextet to the octahedral sites and the inner sextet to the tetrahedral sites. The hyperfine 
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magnetic fields at the two sites for both 'as prepared' and sintered Co-Ni ferrite samples show 

reasonably the same trend of HhfA and HhJB  which in general increases with the increase in 

Ni2+substitution. The rate of increase of the hyperfine fields at both the sites is found to be 

slow. The larger hyperfine fields assigned to the B-sites is attributed to the dipolar field 

resulting from the deviation from cubic symmetry and also from the covalent nature of the 

tetrahedral bonds [142]. Similar results have been obtained by Malik et al. on nickel ferrite 

nanoparticles [143]. The lower hyperfine field values for Fe 3+(tet) compared to Fe 3+ [oco in Col-

,NixFe204 is explained on the basis of average sublattice magnetization by Shukla et al. [99]. 

Table 4:3.1.7. Isomer shift (IS), Quadrople splitting (QS), Hyperfine field (Hhf), Inner line 

width (F), Relative Area (RA) of nanosize and bulk Coi,NixFe204 

Sextet A: tetrahedral, sextet B: octahedral site. 

Ni 

x 

Fe sites 

As Prepared ferrite (Nano) Sintered ferrite (Bulk) 

IS 	QS 

(8) mm/s (A) mm/s 

Hhf 

kG 

F 

mm/s 

RA 

(%) 

IS 	QS 	Hhf 

(8) mm/s (A) mm/s kG 

F 
mm/s 

RA 

(%) 

0.0 Sextet A 0.167 - 0.018 489.1 0.335 81.5 0.160 - 0.009 492.7 0.302 60.1 
Sextet B 0.292 - 0.036 518.1 0.737 18.5 0.270 - 0.008 520.8 0.422 39.9 

0.2 Sextet A 0.167 - 0.024 488.3 0.389 78.9 0.153 - 0.007 493.7 0.293 59.6 
Sextet B 0.300 - 0.025 519.3 0.459 21.1 0.273 - 0.022 523.2 0.485 40.4 

0.4 Sextet A 0.160 - 0.001 488.9 0.335 71.0 0.146 - 0.014 493.4 0.371 52.0 
Sextet B 0.291 0.019 518.3 0.470 29.0 0.248 - 0.022 523.2 0.449 48.0 

0.5 Sextet A 0.157 - 0.002 488.3 0.390 76.3 0.147 - 0.010 492.4 0.281 51.2 
Sextet B 0.267 - 0.014 519.6 0.381 23.7 0.252 - 0.020 523.2 0.435 48.8 

0.6 Sextet A 0.145 - 0.003 486.2 0.365 70.7 0.150 - 0.001 492.4 0.355 50.2 
Sextet B 0.271 - 0.001 519.6 0.453 29.3 0.250 - 0.002 523.3 0.363 49.8 

0.8 Sextet A 0.144 - 0.005 490.7 0.386 62.9 0.140 - 0.000 492.8 0.307 51.1 
Sextet B 0.261 - 0.026 524.5 0.325 37.1 0.254 - 0.017 525.6 0.370 48.9 

1.0 Sextet A 0.132 0.011 492.1 0.374 56.1 0.130 0.007 492.4 0.405 53.3 
Sextet B 0.259 - 0.021 524.1 0.386 43.9 0.249 - 0.022 525.9 0.293 46.7 
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From a molecular field model, there are six exchange parameters between tetrahedral 

Fe3+  (A), octahedral Co 2+  (IV) and Fe3+  (B") when x = 0. The chemical formula for ferrite is 

(A)[13 /13/04. It leads to antiferromagnetic exchange [100]. The Fe 3+-02--Fe3+  superexchange 

interaction is stronger than that of the Fe 3+-02--Co2+. Average normalized magnetization 

(magnetization per Fe 3+  ion) of Fe3+ [,,c0 sublattices is more than that of Fe 3+fteo sublattices. 

This is because of the following reasons: Each Fe 3+(tet) ions has on an average one half of its 

inter sublattice magnetic bands with Co 2+  and the other half with Fe 3+  ions whereas each 

Fe3+ [oct] ions has all of its inter sublattice magnetic bands with Fe 3+  ions [101]. With Ni 

doping, there is a slight increase in Hhf compared to CoFe2O4 due to the migration of Fe 3+ 

 from the B sites to the A sites. Hyperfine splitting values (Hhf) for 'as prepared' Co-Ni ferrites 

are lower than the sintered ferrite. Isomer shift (8) values for all values of x of 'as prepared' 

Co-Ni ferrite samples are 0.167-0.132 mm/s for tetrahedral and 0.300-0.259 mm/s for 

octahedral, B with respect to a-Fe metal foil (8 = 0.00 mm/s). Isomer shift (8) values for all 

values of x of 'sintered' Co-Ni ferrite samples are 0.160-0.130 mm/s for tetrahedral and 

0.273-0.248 mm/s for octahedral with respect to a-Fe. These values indicate that Fe is in Fe 3+ 

 ionic state [103]. The change in 8 values relative to the bulk is attributed to the change in 

Fe3+-02-  distance correspondingly at A and B sites due to crystal distortion. When the distance 

of the ligand oxygen to iron is shorter in the oxygen polyhedra, greater is the s-electron 

density at the Fe-nucleus, which results in lowering of isomer shift and vice versa [99]. 

Quadrupole splitting (A) values for tetrahedral and octahedral sites of most as prepared and 

sintered ferrites are nearly 0.00 mm/s indicating the overall presence of cubic symmetry at 

both sites. 
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4.3.1.2-1) EXAFS Studies 

From the EXAFS data, we tried to study the effect of the dopants on the local structure 

around the Fe sites as well as the degree of distortion in the structure of nanosized ferrites. In 

the present study, representative samples prepared by precursor technique and combustion 

method were studied. The samples were given the following nomenclature: NP5 (Nano) 'as 

prepared' and NS5 (Bulk) sintered Co0.5Ni0.5Fe204 prepared by precursor combustion method. 

NC5 (Nano) and SN5 (Bulk) sintered Co0.5Ni0.5Fe204 prepared by combustion method. The 

samples have been studied only at the Fe K-edge, the Co and Ni K-edge data has been omitted 

due to its poor quality. For simulation of the theoretical EXAFS spectra of the samples, the 

structural parameters for the inverse cubic spinel magnetite (Fe 304) have been obtained from 

reported values in the literature [104]. The bond distances, co-ordination numbers (including 

scattering amplitudes) and disorder (Debye-Waller) factors ( 0-2 ), which .  give the mean-square 

fluctuations in the distances, have been used as fitting parameters and the best fit results of the 

above parameters have been summarized in Table 4.3.1.8. Fig.4.3.1.27 shows the 

experimental EXAFS 1.1(E) vs E spectra of the samples studied. 

It is well known that magnetite (Fe304) has an inverse spinel structure [105] in which 

oxygens form a face centered, cubic close packed array, with one Fe l+  per formula unit (pfu) 

at a tetrahedrally coordinated position and Fe 2+  and the remaining Fe 3+  randomly distributed 

at an octahedrally coordinated position, the ratio of Fe in tetrahedral and octahedral sites 

being 1:3 [104]. The EXAFS technique does not distinguish between the two differently 

coordinated Fe sites and yields an average coordination around the central Fe atom. 
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Fig. 4.3.1.27 Experimental EXAFS 1.1(E) vs E for Co0.5Ni0.5Fe204 for 'as prepared' and 

sintered ferrite by precursor technique and combustion method. 

The theoretical EXAFS spectra has been generated assuming the model described in 

[104] namely Fe-0 at 1.889 A (tetrahedral site), Fe-0 at 2.058 A (octahedral site) and Fe-Fe 

at 2.968 A (octahedral site) in order to fit the first two peaks (upto 3.5 A from the central Fe 

atoms) obtained in the Z(R) versus R spectra of our samples. 

According to the above model, assuming 1:3 ratio of occupancy of Fe at the 

tetrahedral to octahedral sites, the coordination number (CN) of the first Fe-0 shell 

(tetrahedral site) should be 1.34 and the coordination number for the next two shells are 4 

each. It has been found that for all the samples being discussed here, the above three 

coordination have been represented by two peaks in the EXAFS spectra (one peak for the first 
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two shells and another peak for the 3" 1  shell) as shown in Fig. 4.3.1.28. The best fit results for 

the four samples have been presented in Table 4.3.1.8. 

Table 4.3.1.8 Best fit.parameters for Co, Zn doped spinel systems at Zn and Fe K-edge 

Fe-K edge 

Sample R (A) N a2  

NP-5 (nano) Fe-0 1.939 1.3 0.0030 
Fe-0 2.178 4.0 0.0055 
Fe-Fe 3.268 2.8 0.0270 

NS-5 (bulk) Fe-0 1.901 1.4 0.0005 
Fe-0 2.138 4.7 0.0002 
Fe-Fe 3.038 2.2 0.0050 

NC-5 (nano) Fe-0 1.939 1.3 0.003 
Fe-0 2.158 4.0 0.010 
Fe-Fe 3.268 2.0 0.028 

SN-5 (bulk) Fe-0 2.009 1.3 0.0001 
Fe-0 2.208 4.0 0.0004 
Fe-Fe 3.368 3.5 0.0001 

It can be seen that the bond distances of all samples are slightly higher than that 

expected for pure magnetite (Fe304) sample as given above. This can be accounted for by the 

fact that the dopant cations (Co and Ni) introduce distortions in the Fe sites and their sizes 

being larger compared to Fe, also cause slight increase in the bond distances. 

The first shell and second shell coordination numbers are largely in accordance with 

the expected values. The third shell CN is less than 4 for all the samples, the lower CN is due 

to the replacement of some Fe ions by the dopant cations of Co and Ni. The lower CN in case 

of nanomaterials compared to the bulk samples also indicates that nanomaterial samples have 

been more effectively doped compared to their bulk counterparts. By comparing the 6 2  values 

(Debye—Waller factor) we find that the nanomaterial samples are more disordered than the 
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Fig. 4.3.1.28 FT-EXAFS at Fe K-edge of Co05Ni05Fe204 for 'as prepared' and 

sintered ferrite by precursor technique and combustion method 
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4.3.1.3. Application of 'as prepared' Cobalt Nickel Ferrites 

a) Thick Films and Gas Sensing Performance 

The 'as prepared' samples of cobalt nickel ferrites were studied to find out their 

potential as gas sensors. Thick films of some selected compositions of the 'as prepared' 

ferrites were fabricated by screen printing technique to explore their gas sensing potential. 

Among the various test gases, the films mainly showed response towards H2S and NH3. The 

films although showed some response towards other gases like CO2, H2, C12 and LPG the 

values were quite less. Nevertheless, these studies can serve as benchmarks towards the 

development of good sensor materials. 

/--V characteristics of Coo2Nio.8Fe204 (CNF-2) film are observed to be symmetrical in 

nature (Fig.4.3.1.29), indicating the ohmic nature of silver contacts. Fig.4.3.1.30 shows the 

variation of log (conductivity) with reciprocal temperature of the CNF-2 film. 

Fig.4.3.1.29 I-V characteristics of 
	

Fig.4.3.1.30 Conductivity-temperature 

CNF-2 film. 	 profile of CNF-2 film. 

The conductivity values of the ferrite sample increases with operating temperature. It 

is nearly linear to 1/T in the range from 30°C to 400°C except at initial lower temperature due 
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to loss of adsorbed moisture. The increase in conductivity with increasing temperature could 

be attributed to the negative temperature coefficient of resistance and semiconducting nature 

of the CNF-2 film. 

Fig.4.3.1.31 depicts the variation of response to H2S gas (500 ppm) with operating 

temperature of CNF-2 ferrite thick film. The largest response was observed to be 13.52 at 

250°C. The H2S response at 250 °C temperature is expected to be monitored by adsorption-

desorption of oxygen species on the surface of the film. H2S gas upon exposure gets oxidized 

after interaction with the adsorbed oxygen species on the surface of the film. This would 

decrease the film resistance, giving a response at 250 °C. Below 250°C, the H2S gas gets 

oxidized weakly giving lower response. When temperature was raised above 250 °C, the gas 

which can exposed on the surface of the film, may oxidized before reaching the surface of the 

film or the film surface chemistry was not favorable to sense the gas at such a high 

temperature. 

Fig.4.3.1.31 Variation of gas response with 

op. temp. for Co0.2Ni0.8Fe204  film 
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Fig.4.3.1.32 Selectivity for NH3 gas 

from mixture of gases for CNF-2 film 
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Fig.4.3.1.32 depicts the selectivity of CNF-2 sensor for H2S (500 ppm) gas at room 

temperature. The sensor showed high selectivity to H2S against LPG, CO2, H2, NH3 and C12 

gases. The selective response to H2S gas (500 ppm) among other gases may be attributed to 

the surface reactivity for adsorption and desorption of the H2S gas on the surface of the thick 

film. 

Fig.4.3.1.33 shows the variation of log (conductivity) with reciprocal temperature of 

the Co0.5Ni0.5Fe204 (CNF-5) film. The conductivity values of the ferrite sample increases with 

operating temperature. It is nearly linear to 1/T in the range from 30 °C to 450°C. The increase 

in conductivity with increasing temperature could be attributed to the negative temperature 

coefficient of resistance and semiconducting nature of the CNF-5 film. 

Fig.4.3.1.33 Conductivity-temperature profile of CNF-5 film 

Fig.4.3.1.34 depicts the selectivity of CNF-5 sensor for H2S (100 ppb) gas at room 

temperature. The sensor showed high selectivity to H2S against LPG, CO2, 1-12, NH3 and C12 

gases. The selective response to H2S gas (100 ppb) among other gases may be attributed to the 

surface reactivity for adsorption and desorption of the H 2S gas on the surface of the thick film. 
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Fig.4.3.1.34 Selectivity for H2S gas from mixture of gases for CNF-5 film 

The variation of gas response of the CNF-5 sample with H25 gas concentration upto 

160 ppb at 50°C was studied by exposing the films to varying concentrations of H2S. For the 

CNF-5 sample, the response values were observed to increase continuously with increasing 

the gas concentration up to 100 ppb at 50 °C. The rate of increase in response was relatively 

larger up to 100 ppb, but smaller beyond 100 ppb. Thus, the active region of the sensor would 

be up to 100 ppb. 

Fig.4.3.1.35 depicts the variation of response to H2S gas (100 ppb) with operating 

temperature of CNF-5 ferrite thick film. The largest response was observed to be 22.62 at 

50°C. The H2S gas response is expected to be monitored by adsorption-desorption of oxygen 

species on the surface of the film. The exposure to H2S gas would decrease the film 

resistance, thereby giving a response at a particular temperature. As the temperature is 

increased, the gas which is exposed to the film may get oxidized before reaching the surface 

or the film surface chemistry may not be favorable to sense the gas at high temperature. The 

response and recovery profiles of CZF-5 sensor are represented in Fig.4.3.1.36. The response 

was quick (— 4 s) to 100 ppb of H2S, while the recovery was comparatively slow (— 12 s). A 
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negligible quantity of the surface reaction products and its high volatility explain its quick 

response to H 2S and comparatively slow recovery to its initial chemical status. 

25 
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Fig.4.3.1.35 Variation of gas response 	Fig.4.3.1.36 Response-recovery profile of 

with op. temp. for CNF-5 film 	 the CNF-5 sensor. 

The gas sensing mechanism is generally explained in terms of conductance change 

either by adsorption of atmospheric oxygen on the surface and/or by direct reaction of lattice 

oxygen or interstitial oxygen with test gases. In the former case, the atmospheric oxygen 

adsorbs on the surface by extracting electrons from the conduction band to form superoxides 

or peroxides, which are mainly responsible for the detection of the test gases. At higher 

temperature, the atmospheric oxygen 02 adsorbs on the surface of the thick film. It captures 

the electrons from the conduction band as: 

	

02 (air) + 2e-  --+ 20 (film surface) 	(above 150°C) 

	

02 (air) + 	02 (filmsurface) 	 (upto 150°C) 

It would result in decrease in conductivity of the film 	 When H2S on exposure reacts with 

oxygen during heating, the following reaction takes place, ultimately converting the H2S to 

water molecules and oxides of sulfur in vapor form as: 

-to 

3  5  

•20— 
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n 112S (gas) + 3n 0 (film surface) 	n H2O (gas) + n SO2 (gas) + 3n e (cond.band)  (above 150°C) 

n H2S (gas) + 3/2n Oi (ads) 	n H2O (gas) + n SO2 (gas) 	3n e (cond.band)  (upto 150°C) 

This shows the n-type conduction mechanism. For complete combustion, 1 mol of H2S 

- 	. requires three times the amount of oxygen and will produce the same number of water 

molecules. The entire surface of the sensor material is covered with chemisorbed oxygen ions 

02, 02-, 0-  and 02-  depending on temperature as shown: 

0 	
upto 150°C

) 0
_ upto  450°C

> 2 0 	 > 
_ Above 450 0C 2 — 

2 (RT) 	 2  

The adsorbed oxygen ions create space-charge region near the film surface at high 

temperature by extracting the electrons from the material. H2S being a reducing gas, reacts 

with the adsorbed oxygen ions on the surface and re-injects the electrons back to the material, 

thereby increasing the conductance of the film. The fast response may be due to the fast 

oxidation of H2S into H2O and SO2. After evaporating water molecules from the film surface, 

the film recovers to its original chemical status. 

Fig.4.3.1.37 shows the I-V characteristics of the Co0oNi0.3Fe204 (CNF-7) film and is 

observed to be symmetrical in nature, indicating the ohmic nature of silver contacts. 
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Fig.4.3.1.37 I-V characteristics of 	Fig.4.3.1.38 Conductivity-temperature 

CNF-7 film. 	 profile of CNF-7 film. 
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Fig.4.3.1.38 shows the variation of log (conductivity) with reciprocal temperature of 

the CNF-7 film. The conductivity values of the ferrite sample increase with operating 

temperature. The increase in conductivity with increasing temperature could be attributed to 

the negative temperature coefficient of resistance and semiconducting nature of the CNF-7 

film. 

Fig.4.3.1.39 depicts the selectivity of CNF-7 sensor for NH3 (300 ppm) gas at room 

temperature. The sensor showed highest selectivity to NH3 against LPG, CO2, C2H5OH, H2, 

H2S and C12 gases with ethanol showing next highest sensitivity at room temperature. The 

variation of response to NH 3  gas (300 ppm) with operating temperature of CNF-7 ferrite thick 

film is shown in Fig.4.3.1.40. The largest response was observed to be 6.32 at 450 °C. 

Fig.4.3.1.39 Selectivity for NH3 gas from Fig.4.3.1.40 Variation of gas response 

mixture of gases for CNF-7 film 	with op. temp. for CNF-7 film 

Fig.4.3.1.41 shows the variation of log (conductivity) with reciprocal temperature of 

the Co0.8Ni0.2Fe204 (CNF-8) film. The conductivity values of the ferrite sample increase with 

operating temperature linearly from room temperature to 450 °C. The increase in conductivity 

with increasing temperature could be attributed to the negative temperature coefficient of 
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resistance and semiconducting nature of the film. The variation of gas response of the CNF-8 

sample with NH3 gas concentration at room temperature is represented in Fig.4.3.1.42. 

Fig.4.3.1.41 Conductivity-temperature 	Fig.4.3.1.42 Variation of gas response 

profile of CNF-8 film. 	 with gas conc. for CNF-8 film. 

This film was exposed to varying concentrations of NH3. For the CNF-8 sample, the 

response values were observed to increase continuously with increasing the gas concentration 

up to 100 ppb at room temperature. The plot shows three regions, the first region (I) is the 

cutoff region, in this region the gas response is quite less and almost remains same. The 

second region (II) is the cutoff region, where the gas response increases with increase in 

concentration. The third region (III) is the saturation region, as the name suggests, the film's 

response towards the gas remains constant as the multilayers of gas molecules on the sensor 

surface, at the higher gas concentration, results into saturation in response beyond 100 ppb 

gas. 

Fig.4.3.1.43 depicts the selectivity of CNF-8 sensor for NH3 (100 ppb) gas at room 

temperature. The sensor showed high selectivity to NH 3  against LPG, CO2, C2H5OH, H2, H2S 

and C12 gases. 
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Fig.4.3.1.43 Selectivity for NH3 gas from mixture of gases for CNF-8 film 

Fig.4.3.1.44 depicts the variation of response to NH 3  gas (300 ppm) with operating 

temperature of CNF-8 ferrite thick film. The largest response was observed to be 9.15 at room 

temperature. The ammonia response at room temperature is expected to be monitored by 

adsorption of moisture on the CNF-8 film. The cumulative effect would decrease the film 

resistance, giving a response to ammonia gas at room temperature. At room temperature, there 

would be no oxygen adsorption. Therefore, the oxygen adsorption—desorption mechanism is 

not employed to sense the NH3 gas. When raising the temperature above room temperature, 

the moisture from the film surface evaporates and hence the response would decrease further. 

The selective ammonia response of the sensor at room temperature can be 

explained by the surface reaction processes. It is well known that the thick film consists of an 

appropriate number of grains connected to each other through grain boundaries. This leads to 

the formation of barrier height among the grains and hence increases the resistance in the 

absence of target gas. A few moles of H2O from air (moisture) could be expected to adsorb on 

the surface of the film at room temperature. Upon exposure to ammonia, a remarkable 

decrease in the resistance of the sensor was observed, which may be due to the surface 
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reaction of ammonia with physisorbed H2O or by proton conductivity via NH 4+  cations. The 

acidity on the sensor surface would form NH4 +  cations, which constitutes the proton 

conductivity leading to a crucial decrease of the resistance. This would decrease the barrier 

height among the•CZF grains: 

NH3(g) H2O(surface) —> NH4 011(volatile) 	 ( ....at Room Temp.) 

Ammonium hydroxide NH4OH produced during the surface reaction is volatile in nature [DR. 

Patil et al / Sensors and Actuators B 126 (2007) 368-374]. The high volatility of NH4OH explains the quick 

response and fast recovery of the sensor. 

The response and recovery profiles of CNF-8 sensor are represented in Fig.4.3.1.45 

The response was quick (— 4 s) to 100 ppb of H2S, while the recovery was fast (— 16 s). The 

fast response may be due to faster reaction of the gas. A negligible quantity of the surface 

reaction products and its high volatility explain its quick response to NH3 and comparatively 

slow recovery to its initial chemical status. 

Fig.4.3.1.44 Variation of gas response with 	Fig.4.3.1.45 Response-recovery profile of 

op. temp. for CNF-8 film 	 the CNF-8 sensor. 
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I—V characteristics of Co09Nio.1Fe204 (CNF-9) film are observed to be symmetrical in 

nature (Fig.4.3.1.46), indicating the ohmic nature of silver contacts. Fig.4.3.1.47 shows the 

variation of log (conductivity) with reciprocal temperature of the film. The conductivity 

values of the ferrite sample increase with operating temperature. The increase in conductivity 

with increasing temperature could be attributed to the negative temperature coefficient of 

resistance and semiconducting nature of the film. 

Fig.4.3.1.46 I-V characteristics of 

CNF-9 film 
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Fig.4.3.1.48 Selectivity for NH3 gas. 	Fig.4.3.1.49 Variation of gas response 

for CNF-9 film 	 op. temp. for CNF-9 film 
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Fig.4.3.1.48 depicts the selectivity of CNF-9 sensor for NH 3  (300 ppm) gas at room 

temperature. The sensor showed high selectivity to NH3 against LPG, CO2, C2H5OH, H2, H2S 

and C12 gases. Fig.4.3.1.49 depicts the variation of response to NH 3  gas (300 ppm) with 

operating temperature of CNF-9 ferrite thick film. The largest response was observed to be 

7.82 at 450°C. 

4.3.2 Synthesis by Combustion method 

4.3.2.1. Characterization of 'as prepared' and 'sintered' Co-Ni ferrites 

The cobalt nickel ferrites by combustion method were prepared using metal nitrates as 

the oxidizer and hexamethylenetetramine as the fuel according to the procedure given in 

section 2.2 of Chapter 2. 

4.3.2.1-a) Infrared Analysis 

The FTIR spectra of the 'as prepared' Co-Ni nanoferrites and bulk 'sintered' Co-Ni 

ferrites are shown in Fig.4.3.2.1 and Fig.4.3.2.2. Apart from the high frequency v 1  and low 

frequency v2  metal-oxygen bands, an absorption band at -1380 cm -1  is seen in the spectra of 

the 'as prepared' ferrites which is due to the undecomposed ions [123]. The 'as prepared' 

ferrites show high frequency v1 at -585-568 cm -1  and the low frequency v2 at -415-405 cm 1, 

whereas the sintered ferrite shows v1 at -600-615 cm -l and v2 at -415-405 cm -1 . The v1 

increases linearly with increase in nickel concentration. It is found that on sintering, v1 and v2 

shifts to higher wavenumber. 
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Fig.4.3.2.1. Infrared spectra of 'as prepared' Coi_„Ni,,Fe204 (x=0.0-1.0) 
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Fig.4.3.2.2. Infrared spectra of sintered Co i_xNixFe204 (x=0.0 - 1.0) 
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4.3.2.1-b) X-Ray Diffraction 

The room temperature XRD patterns of all the 'as prepared' and sintered cobalt nickel 

ferrite samples are shown in Fig.4.3.2.3. and Fig.4.3.2.4 respectively. All the samples 

revealed a cubic structure without any ambiguous reflections. The peak broadening is quite 

prominent for the 'as prepared' samples indicative of nanosized particles. octahedral site (LB) 

which is the distance between the magnetic ions were calculated and the values are given in 

Table 4.3.2.1 and 4.3.2.2. It is seen that distance between the magnetic ions decreases as the 

nickel content increases in the cobalt nickel ferrites. 
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Fig.4.3.2.3. XRD pattern of 'as prepared' Coi,NixFc204 (x=0.0-4.0) 
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Fig.4.3.2.4. XRD pattern of 'as prepared' Coi,Ni.Fe204 (x=0.0-1.0) 

The sintered ferrites show sharp peaks characteristic of the cubic structure and spinel 

type lattice. From the XRD data, the lattice constant a, was calculated which decreases 

linearly with increase in Ni concentration (Table.4.3.2.1 and 4.3.2.2.). This decrease is due to 

the substitution of Co2+  by Ni2+  ions, and since the ionic radii of Col'.  (0.78 A) is larger than 

Ni2+  (0.74 A) and Fe3+  (0.67 A) ions, this leads to a decrease in the lattice parameter. 

Furthermore, the lattice constant of nanoferrites was found to be less than that of its bulk 

counterpart and is attributed to the particle size effect which causes surface stress. The surface 

stress causes small particles to be in a state of compression where the internal pressure is 

inversely proportional to the radius of the particle [30]. The X-Ray • density was computed 
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from the values of the lattice parameter. It can be seen from Table.4.3.2.1 and 4.3.2.2 that the 

X-Ray density increases with the increasing Ni concentration. The mean ionic radius of the 

tetrahedral (A) "rA" and octahedral (B) "rB" site was calculated, the values are listed in Table 

4.3.2.1 and 4.3.2.2 for 'as prepared' and sintered ferrite, respectively. It can be seen that the 

bond lengths (A-0, B-0) and ionic radii (rA, rB) decrease with increasing the nickel content 

in the system, which in turn causes a decrease in the lattice constant. It is found that the mean 

ionic radius, r, decreases with increasing Ni content which is reflected in the decrease of 

lattice constant with addition of nickel. Similar observations on the Co-Ni system have been 

reported by other investigators [57,62-63,66,131]. The hopping lengths in the tetrahedral site 

(LA) and in 

Table 4.3.2.1. Lattice constant (a), X-ray Density (p ),), ionic radii at tetrahedral site (rA ), 

ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), octahedral bond length (B-

O), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of 'as prepared' 

Coi,Ni,Fe204 (x=0.0-1.0) 

`,‘"a' 

(A) 

d„ 

WOO 

t 

(nm) 
• 	rA 

(A) 

rB  

(A) 

A-0 

(A) 

B-0 

(A) 
LA 

(A) 
LB 

(A) 
0.0 8.3729 5.30 13.4 0.463 0.743 1.900 2.044 3.625 2.964 

0.1 8.3686 5.31 11.9 0.462 0.742 1.899 2.043 3.623 2.962 

0.2 8.3648 5.32 14.3 0.461 0.741 1.898 2.042 3.622 2.961 

0.3 8.3615 5.33 13.2 0.460 0.740 1.897 2.041 3.621 2.960 

0.4 8.3561 5.34 12.6 0.459 0.739 1.896 2.040 3.618 5.958 

0.5 8.3357 5.38 10.7 0.455 0.734 1.891 2.035 3.609 2.951 

0.6 8.3318 5.39 13.2 0.454 0.733 1.891 2.034 3.608 2.950 

0.7 8.3305 5.39 12.9 0.454 0.733 1.890 2.034 3.607 2.949 

0.8 8.3292 5.39 10.1 0.453 0.732 1.890 2.034 3.607 2.949 

0.9 8.3281 5.39 14.7 0.453 0.732 1.890 2.033 3.606 2.948 

1.0 8.3272 5.40 14.9 0.453 0.732 1.889 2.033 3.606 2.948 
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Table 4.3.2.2. Lattice constant (a), X-ray Density (p.), particle size (t), ionic radii at 

tetrahedral site (rA ), ionic radii at octahedral site ( rB), tetrahedral bond length (A-0), 

octahedral bond length (B-0), Hopping lengths in tetrahedral (LA) and octahedral (LB) site of 

sintered Co 1,NixFe204 (x=0.0-1.0) 

`2c"a' 

(A) 
dx 

 (g/cm3) 
rA 

(A) 
rB  

(A) 
A-0 

(A) 
B-0 

(A) 
LA 

(A) 
LB 

(A) 
0.0 8.5087 5.05 0.492 0.777 1.931 2.077 3.684 3.012 

0.1 8.4985 5.07 0.490 0.775 1.928 2.075 3.680 3.008 

0.2 8.4944 5.08 0.489 0.774 1.927 2.074 3.678 3.007 

0.3 8.4853 5.10 0.487 0.771 1.925 2.072 3.674 3.004 

0.4 8.4769 5.11 0.485 0.769 1.923 2.070 3.671 3.004 

0.5 8.4744 5.12 0.485 0.769 1.923 2.069 3.669 3.000 

0.6 8.4677 5.13 0.483 0.767 1.921 2.067 3.666 2.997 

0.7 8.4597 5.15 0.482 0.765 1.920 2.065 3.663 2.995 

0.8 8.4580 5.15 0.481 0.765 1.919 2.065 3.662 2.994 

0.9 8.4545 5.16 0.481 0.764 1.918 2.064 3.661 2.992 

1.0 8.4486 5.17 0.479 0.762 1.917 2.063 3.658 2.991 

4.3.2.1-c) Transmission Electron Microscopy (TEM) 

From the TEM images of the 'as prepared' ferrites (x = 0.2, 0.4, 0.6, 0.8) see 

Fig.4.3.2.5, it is confirmed that the particles are nanosized with the average particle size --10-

15 nm. It is evident that the particles are almost spherical and tend to agglomerate. Particle 

size of the Co-Ni ferrites determined from TEM closely match with those obtained by XRD 

measurements. 

202 



20 um 

  

 

10 inn 

  

   

co] 

20 inn 

rat 

20 nut 

    

Fig.4.3.2.5 TEM of 'as prepared' Coi_.,Ni.,Fe204(a)x=0.2 (b)x=0.4 (c)x=0.6 (d)x=0.8 

4.3.2.1-d) Scanning Electron Microscopy (SEM) 

The grain size increases on sintering and was found to be in the range of 0.2-0.8 µ as 

seen in the SEM images (Fig.4.3.2.6.). It was also observed that the particle size decreases 

with increase in nickel concentration in the sintered cobalt nickel ferrites. 
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Fig.4.3.2.6. SEM of sintered CoNiYe204(a)x=0.0 (b)x=0.2 (c)x=0.4 (d)x=0.5 (e)x=0.6 

(e)x=0.8 

4.3.2.1-e) BET Surface Area 

The specific BET surface area of the 'as prepared' Co-Ni nanoferrite is listed in 

Table.4.3.2.3 which is relatively high although there is agglomeration of the nanoparticles as 

evident from TEM. The compostions Co0.7Ni0,3Fe204 and Co0.3NiO3Fe204 have very high 
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surface area of 98.6 and 81.5 m 2/g respectively. These results are dependent on the mode of 

preparation and the nature of the nanoparticles. 

Table 4.3.2.3. BET Surface Area of 'as prepared' Coi_xNUe204 (x=0.0-1.0) 

`x' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

S.A.(m2/g) 43.9 52.7 50.7 98.6 46.1 63.4 53.9 81.5 56.5 44.5 48.8 

4.3.2.1-f) Magnetic Hysteresis 

Fig. 4.3.2.7 and Fig.4.3.2.8 shows the hysteresis curve of the 'as prepared' and 

`sintered' Coi_.,Ni.,Fe204 (x=0.0 - 1.0), respectively. The Ms, Mr, and values for 'as 

prepared' and 'sintered' Co-Ni ferrite are listed in Table 4.3.2.4. The lower values of 

saturation magnetization of nanoparticles of the 'as prepared' Co-Ni ferrite as compared to the 

submicron particles of the bulk is attributed to the surface effects as explained earlier. It is 

seen that the Ms  values decreases with increase in nickel content (Table 4.3.2.4). The Ms  is 

dependent on the cobalt concentration, Co 2+  ion having a higher magnetic moment (3 14) than 

Ni2+  (21.4) thus shows high Ms  value initially but as Co2+  is replaced by Ni 2+  at the octahedral 

sites, Ms  values gradually decrease. The coercivity, H e, was found to be quite large for the 

nanosized ferrite compared to the bulk as expected. The 11, decreases with increase in Ni 

concentration which may be attributed to the lower magnetocrystalline anisotropy of Ni 2+  than 

Co2+  ions which in turn leads to lower coercivity according to the Stoner-Wohlfarth model for 

nanoparticles [130] 
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Fig.4.3.2.7. Hysteresis plot of 'as prepared' Coi,Ni xFe204 (x=0.0-1.0) 
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Fig.4.3.2.8. Hysteresis plot of sintered Coi_ xNixFe204 (x=0.0-1.0) 
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Table 4.3.2.4. Saturation magnetization (M s), retentivity (Mr), coercivity (Hc), of 'as 

prepared' and sintered Coi,Ni,Fe20 4  (x=0.0-1.0) 

, 3E ,  

`As Prepared' 'Sintered' 

n 
(emu/g) 

Mr 

(emu/g) 

He 	- 

(Oe) 

Ms 

(emu/g) 

Mr 

(emu/g) 

He 

 (emu/g) 

0.0 20.15 11.55 1304.05 72.01 35.06 649.65 

0.1 20.05 10.77 1285.25 67.57 33.67 682.11 

0.2 16.79 8.26 1230.52 67.55 37.59 600.94 

0.3 14.15 7.54 1108.10 62.75 33.14 555.26 

0.4 14.92 5.80 896.17 62.37 33.95 563.79 

0.5 17.79 8.60 937.55 56.34 28.96 540.10 

0.6 14.38 7.50 908.79 56.08 32.06 488.76 

0.7 13.26 6.33 788.93 55.02 31.68 422.74 

0.8 13.73 5.38 626.35 50.60 27.16 366.16 

0.9 13.22 5.85 513.67 49.2 24.58 295.21 

1.0 14.00 4.96 344.78 48.75 22.60 260.63 

4.3.2.1-g) A.C. Susceptibility 

Fig.4.3.2.9 and Fig.4.3.2.10 shows the temperature dependence of the magnetic 

susceptibility for 'as prepared' and 'sintered' ferrite. The Hopkinson peak is prominently seen 

for the sintered cobalt-nickel ferrites. Since the Hopkinson effect is observed in 

nanocrystalline single domain particles where the size of the particles is neither very small to 

be superparmagnetic nor very large to be multidomain in nature, this indicates that the 

sintered samples are single domain in nature. The peak is not quite discernable incase of the 

`as prepared' samples owing to their superparamagnetic nature. The replacement of Co l'.  by 

Ni2÷  beyond x=0.5 diminishes the Hopkinson effect. 
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Fig.4.3.2.9. a.c. susceptibility plot of 'as prepared' Coi,NixFe204 (x=0.0-1.0) 

Fig.4.3.2.10. AC susceptibility plot of sintered Coi_xNi xFe204 (x=0.0-1.0) 
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The Curie temperatures of the nano and bulk Co-Ni ferrites determined through the 

high temperature susceptibility measurements are listed in Table 4.3.2.5. The T c  increases 

with increase in Ni concentration. This is due the the increase in the A-B interaction caused 

by the replacement of Fe3+  by Ni2+  at the B sites thereby leading to the transfer of Fe 3+  from B 

site to A site. It is known that the Curie temperature of nanoparticles depends on both size and 

shape conditions. But amongst these, the temperature suppression is strongly influenced by 

the particle size and the shape effect is comparably minor. The Curie temperature, T c, of the 

nanoferrites was found to be less than the corresponding bulk one. 

Table 4.3.2.5. Curie temperature of 'as prepared' and sintered Coi,Ni.,Fe204 (x=0-1.0) 

4 x 9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Tc (K) 'Nano' 728 739 745 750 755 762 770 773 778 780 820 

Tc (K) 'Bulk' 739 744 747 754 759 767 778 779 781 787 795 

4.3.2.1-h) D.C. Electrical Resistivity 

The variation of d.c. resistivity as a function of temperature for all the compositions 

studied is shown in Fig.4.3.2.11 and Fig.4.3.2.12 for the 'as prepared' and sintered Col-

xNixFe204 (x=0.0-1.0), respectively. As can be seen, the samples show a change in slope in the 

lower temperature region at —390-420 K, which may be due to the change in the conduction 

mechanism. The d.c. electrical resistivity was found to increase with increase in Ni 2+  ions 

from x=0.0-1.0. The increase in resistivity may be due to the fact that Ni 2+  ions prefer to 

occupy the octahedral site B whereas Fe 3+  ions occupy both the A and B sites. On increasing 

the Ni2+  concentration, the Co +2  ion concentration at the A and B sites decreases. This leads to 
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the migration of some Fe 3+  ions from the B site to the A site. As a result the number of Fe 3+ 

 and Fe2+  ions at the B sites, which are responsible for electrical conduction in ferrites 

decreases. Consequently the resistivity increases. The plots of the 'as prepared' ferrite show a 

change in slope which indicates change in the conduction mechanism. The whole plot shows 

four linear regions as follows: (i) room temperature to 420 K (ii) 420 K to 570 K (iii) 570 K to 

723 K and (iv)723 K to 873 K. In the light of literature it is expected that there should not be 

any break in the slope in the 420-833 K range [140]. But in the present case such anomalous 

behavior is observed in the temperature range of 570-723 K and needs to be explained. 

Similar observations have been reported by Mathe et al. [138] for Co-Ni nanoferrites and the 

anomalous behavior is explained on the basis of Fe 3+  ion migration. The first region from 

room temperature to 420 K is attributed to conduction due to impurity, voids, etc. Above 420 

K upto the Curie temperature is the second region which is attrihuted to the ferromagnetic 

region of conduction. Above Curie temperature is the anomalous third region followed by the 

fourth region which is attributed to the paramagnetic region. To explain the anomalous 

behavior we need to look at the cation distribution of the Co-Ni ferrite. As the temperature is 

increased above 420 K slow migration of Fe 3+  ions from A site to B site starts. Migration of 

Fe3+  ions to B site increases Fe 3+-Fe2+  hopping probability at the octahedral site, which results 

in decreased resistivity values. The amount of Fe 3+  ions being migrated increases up to 700 K 

and then saturates. This leads to the anomalous change in slope at around 570-723 K. This 

anomaly is more prominently seen for the 'as prepared' ferrite and in some cases for the 

sintered ferrite. This may be due to the cation distribution which tends to differ from the bulk 

when the size is reduced. Furthermore, the nanoferrites showed lower resistivity as compared 

to the sintered ferrites which was not as per the expected trend. It has been reported [144,145] 
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that the resistivity of a polycrystalline material in general increases with decreasing grain size. 

Smaller grains imply a larger number of insulating grain boundaries which act as a barrier to 

the flow of electrons. Smaller grains also imply smaller grain—grain surface contact area and 

therefore a reduced electron flow. As expected, the grain size increases with the increase in 

temperature. Based on the above arguments the resistivity of the ferrites is expected to 

decrease with the increase in grain size [146] However, a reverse trend is observed in the 

present work. The comparatively lower value of resistivity in the 'as prepared' samples is 

possibly due to the presence of lattice defects. This anomaly been explained on the basis of a 

correlated hopping model, wherein the conductivity is directly proportional to the number of 

lattice defects which in turn contributes to the hopping mechanism. Since the sintered samples 

possess fewer defects as compared to the 'as prepared' samples, the conductivity ultimately 

decreases or resistivity increases [146]. This suggests that the effect of structure has a greater 

influence, which is more significant than that of the anticipated effect of grain size. 

Fig.4.3.2.11. d.c. resistivity plot of 'as prepared' Coi_ xNi,Fe204 (x=0.0-1.0) 
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Fig.4.3.2.12. d.c. resistivity plot of sintered Coi,NixFe2,04 (x=0.0 - 1.0) 

4.3.2.1 -i) Dielectric Studies 

The dielectric constant v/s log Frequency plot of the 'as prepared' as well as sintered 

cobalt nickel ferrites is shown in Fig.4.3.2.13 and Fig.4.3.2.14. The plot shows that dielectric 

constant decreases with increasing frequency and at higher frequency it almost remains 

constant. This behaviour is explained based on the Koop's phenomenological theory of 

dispersion based on the Maxwell-Wagner interfacial polarization model for inhomogeneous 

dielectric structure. It was assumed that the solid consists of well conducting grains separated 

by poorly conducting layers. This model explains a strong dispersion in dielectric constant 

and a relaxation peak in dielectric loss, tan 5 at low frequencies. Thus it is known that the 

dielectric constant of polycrystalline ferrites is related to the average grain size of the 

specimens of the same composition [92]. The dielectric constant is found to be in the order of 
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104  for the 'as prepared' Co-Ni ferrite as compared to that of the sintered ferrite which in the 

order of 103  and is composition dependent. The dielectric constant decreases with increase in 

Nils.  concentration. As pointed out by Iwauchi [96] there is a strong correlation between the 

conduction mechanism and the dielectric behavior of ferrites. In case of cobalt ferrite, the 

number of ferrous ions which take part in the electron exchange Fe 2+ H  Fe3+  and hence 

responsible for the polarization, are maximum. Therefore a high value of the dielectric 

constant is expected for cobalt ferrite. As the nickel content in the mixed Co-Ni ferrites is 

increased, the number of ferrous ions on the octahedral sites which are available for 

polarization decreases resulting in a continuous decrease in the dielectric constant. The 

frequency dispersion studies suggest that the grains of different sizes contribute differently to 

the value of dielectric constant and its relaxation frequency. Moreover, the results can be 

correlated to the resistivity studies, the electrical resistivity increases with increase in nickel 

content. This increase in resistivity is because of the decrease in the number of ferrous ions on 

the octahedral sites which play a dominant role in the mechanisms of conduction and 

dielectric polarization. The polarization decreases with the increase in frequency and then 

reaches a constant value due to the fact that, beyond a certain frequency of the external field, 

the electronic exchange Fe 2+  4—> Fe3+  cannot follow the alternating field. Also, in a low 

frequency regime, dipolar/interfacial/surface polarization plays a dominant role (than ionic or 

electronic polarization) in determining the dielectric properties of ferrite materials. In 'as 

prepared' samples, there is a finite contribution from surface polarization, which gives an 

initial high value that decays rapidly with frequency as it cannot follow the higher applied 

frequency. This special observation is evidenced from the high dielectric constant values for 

the 'as prepared' samples which promptly decrease with frequency. 
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Fig.4.3.2.13. Plot of dielectric constant vs. log f for 'as prepared' Coi_ xNi,Fe204(x=0-1.0) 
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Fig.4.3.2.14 Plot of dielectric constant vs. log f for sintered Coi,Ni.,Fe204(x=0.0-1.0) 
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Fig.4.3.2.15 and Fig.4.3.2.16 shows the variation of dielectric loss, tan 8 with log 

frequency for the 'as prepared' and sintered cobalt nickel ferrites. It is seen that some of the 

`as prepared' samples show a maxima towards lower frequencies and the frequency at which 

it appears is dependent on the composition. Moreover, a small relaxation peak in the tan 8 of 

the 'as prepared' and sintered samples is observed at higher frequencies. The frequency at 

which the peak appears again varies with the composition of the sample which in turn is 

related to its conduction mechanism. However, it is observed that the peak in the tan 8 appear 

at -.700-800 kHz in most of the samples. It is expected that tan 8 would increase with decrease 

in relaxation time for a given frequency. Therefore, as the relaxation time decreases with 

increase in temperature, tan 8 increases. However, with further increase in temperature, tan 8 

shows a decline after a certain maximum value. This behavior is typical of relaxation losses 

[140]. 
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Fig.4.3.2.15. Plot of tan 8 vs. log f for 'as prepared' Coi_,Ni xFe204 (x=0.0-1.0) 
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Fig.4.3.2.16. Plot of tan S vs. log f for sintered Coi,Ni,Fe204 (x=0.0-1.0) 

Fig.4.3.2.17 shows the variation of dielectric constant at 100 kHz with temperature 

(room temperature to 773 K) of the 'as prepared' cobalt nickel ferrite. The dielectric constant 

increases gradually with increasing temperature, although a few compositions show a slight 

decrease at lower temperatures. 
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Fig.4.3.2.17. Variation of dielectric constant with temperature at 100 kHz for 'as prepared' 

Coi,NixFe204 (x=0.0-1.0) 
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The temperature-dependent behavior of dielectric constant is due to the role played by 

the different polarizations of the material. The dielectric constant in ferrites is attributed to 

four types of polarizations: interfacial, dipolar, atomic and electronic. At lower frequencies at 

which all four types of polarizations contribute, the rapid increase in dielectric constant with 

temperature is mainly due to interfacial and dipolar polarizations, which are strongly 

temperature dependent. In case of the interfacial polarization, this is due to the accumulation 

of charges at the grain boundary, an increase in polarization results as more and more charges 

reach the grain boundary with increase in temperature. Beyond a certain temperature the 

charges acquire adequate thermal energy to overcome the resistive barrier at the grain 

boundary and conduction takes place resulting in decrease in polarization. This interfacial 

polarization occurs up to frequencies of around 1 kHz, with possibly some contribution from 

the dipolar polarization also as the temperature increases. The relatively insignificant 

variation of dielectric constant with temperature observed at higher frequencies is ascribable 

to atomic and electronic polarizations, which are independent of both frequency and 

temperature. Besides, the polarizability of the individual ions also contributes to the dielectric 

constant hence the dielectric constant observed would be the overall result of the effect of the 

sum of the contribution of all these factors [140]. This is clearly observed in the dielectric 

plots at different frequencies of representative sample (x=0.5) of 'as prepared' and sintered 

Co-Ni ferrite (Fig.4.3.2.18 and Fig.4.3.2.19) 
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Fig.4.3.1.18. Variation of C at different 	Fig.4.3.1.19. Variation of C at different 

frequencies for 'as prepared' ferrite 	frequencies for sintered ferrite 

Fig.4.3.2.20 shows the variation of dielectric constant at 100 kHz with temperature of 

the 'sintered' cobalt nickel ferrite. The dielectric constant increases gradually with increasing 

temperature, from -.600-660 K and rapidly after that upto 750 K. Due to the limitations of the 

instrumental set up further higher temperature measurements could not be done. 
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Fig.4.3.2.20. Variation of dielectric constant with temperature at 100 kHz for sintered 

Col _xl\li,Fe204 (x=0.0-1.0) 
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Fig.4.3.2.21. Plot of initial permeability vs. frequency for sintered 

Coi_xNi,Fe204 (x=0.0-1.0) 

14- 

12-V 

0 

4.3.2.1-j) Initial Permeability 

The initial permeability, p., for the 'sintered' samples was measured at varying 

frequency as well as at varying temperature. There are hardly any literature reports of 

permeability studies available on this system. Pippin et al. reported the initial permeability 

processes in Co-Ni-Mn ferrites of various densities [147] and found that the permeability 

increases with the density. The initial permeability values reported were also quite low. 

Fig.4.3.2.21 shows the room temperature versus log frequency plot of sintered Co-Ni 

ferrites. It is observed that gi initially increases slightly at lower frequencies and then 

decreases and almost remains constant at higher frequencies. 
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(Fig.4.3.2.22). 
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Fig.4.3.2.22 shows the Ili versus temperature plot of the sintered Co-Ni ferrite samples. 

A variety of pi – T plots are obtained for different compositions. It is seen that j_ti increases 

gradually at first and then rapidly as it approaches T c. At the Curie point the Ili drops sharply, 

and then remains constant with further increase in temperature. The temperature variation 

with Curie point is observed prominently for the initial Co-Ni ferrite compositions (x<0.4), 

however for the higher compositions the T e  is not discernable, since the Curie point lies 

beyond the studied temperature range. The Curie temperature obtained from this 

measurements match closely with those obtained by ac susceptibility measurements. The 

permeability increases with increase in Ni l' concentration as seen from the µ i  plots 
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Fig.4.3.2.22. Variation of initial permeability with temperature at 100 kHz for sintered 

Coi,Ni,Fe204 (x=0.0-1.0) 
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4.3.2.1-k) Mossbauer Spectroscopy 

MOssbauer measurements were performed at room temperature for the 'as prepared' 

and sintered Coi_xNixFe204 samples with x=0.0-1.0. Fig.4.3.2.23 and Fig.4.3.2.24 correspond 

to the 'as-prepared' and sintered Co-Ni samples respectively. 
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Fig.4.3.2.23. MOssbauer spectra of 'as prepared' (nano) Coi_,,NixFe204 
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Fig.4.3.2.24. MOssbauer spectra of sintered (bulk) Col..,NiYe204 

A prominent doublet is observed at the center of spectra along with a weak sextet 

pattern for the 'as prepared' ferrites. The doublet pattern arises from the relaxation of the Fe 

in cobalt nickel ferrite, which have a relaxation time i less than TL, which is the Larmor 

precession time of the nuclear magnetic moment. The doublet is indicative of the 

superparamagnetic behavior of the smaller sized particles. The sextet pattern in the 
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background is attributed to the larger sized particles [143]. The 'as prepared' Co-Ni ferrite 

samples show a doublet along with sextet pattern, whereas the bulk sintered samples show a 

well resolved double sextet pattern. The MOssbauer spectra of the Co-Ni ferrites were fitted 

with NORMOS-SITE program and the results obtained for the hyperfine parameters, i.e 

isomer shift (IS), quadrupole splitting (QS), Hyperfine field (Hhf), Inner line width (F) and 

Relative Area (RA) are listed in Table 4.3.2.6. The data reveals that with increase in nickel 

concentration the doublet character incase of the 'as prepared' Co-Ni ferrite samples 

increases. However as the particle size is increased upon sintering, the doublet character 

disappears completely and a well resolved double sextet pattern is seen due to greater 

ferromagnetic contribution. The outer sextet shows a larger isomer shift which can be 

interpreted as due to the difference in the Fe 3+-02" inter-nuclear separation normally larger for 

[B] site ions as compared to that for (A) site ions [14]. The isomer shift and a larger hyperfine 

field for the same site helped in assigning the outer sextet to the octahedral sites and the inner 

sextet to the tetrahedral sites. The hyperfine magnetic fields at the two sites for both 'as 

prepared' and sintered Co-Ni ferrite samples show reasonably the same trend of HhfA and HhfB 

which increases with the increase in Ni 2+substitution. The rate of increase of the hyperfine 

fields at both the sites is found to be slow. The larger hyperfine fields assigned to the B-sites 

is attributed to the dipolar field resulting from the deviation from cubic symmetry and also 

from the covalent nature of the tetrahedral bonds [142]. Similar results have been obtained by 

other investigators on nickel ferrite nanoparticles [142-143]. Isomer shift (8) values for all 

values of x of as 'prepared' Co-Ni ferrite samples are 0.205-0.063 mm/s for tetrahedral, 

0.815-0.263 mm/s for octahedral B and 0.226-0.220 mm/s for doublet with respect to a-Fe 

metal foil (8 = 0.00 mm/s). Isomer shift (8) values for all values of x of 'sintered' Co-Ni 
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ferrite samples are 0.156-0.114 mm/s for tetrahedral, 0.259-0.219 mm/s for octahedral with 

respect to a-Fe. These values indicate that Fe is in Fe 3+  ionic state [103]. Quadrupole splitting 

(A) values for tetrahedral and octahedral sites of the 'as prepared' and sintered Co-Ni ferrites 

are nearly 0.00 mm/s indicating the overall presence of cubic symmetry at both sites. 

Table 4.3.2.6. Isomer shift (IS), Quadrople splitting (QS), Hyperfine field (Hhf), Inner line 

width (F), Relative Area (RA) of 'as prepared' and sintered Coi_xNixFe204 (x=0-1.0) 

Ni 

x 

As Prepared oxide (Nano) Sintered Oxide (Bulk) 

Fe sites 	IS 	QS' 

(8) mm/s (A) mm/s 

Hid  

kG 

F 

mm/s 

RA 

(%) 

IS 	QS 	Hhf 

(8) mm/s (A) mm/s kG 

F 

mm/s 

RA 

(%) 

0.0 Doublet 	0.223 0.721 0.548 30.5 
Sextet A( wo 0.197 - 0.037 490.8 0.844 69.5 0.114 0.013 487.6 0.314 77.2 
Sextet B10 	 0.219 0.021 514.3 0.438 22.8 

0.2 Doublet 	0.223 0.722 	 0.615 32.0 
Sextet Aoe ) 0.205 - 0.018 493.4 0.560 68.0 0.116 0.000 489.3 0.476 74.0 
Sextet Bloco 	 0.227 - 0.017 517.7 0.287 26.0 

0.4 Doublet 	0.220 0.697 0.510 48.7 
Sextet Aoeo 0.204 - 0.005 496.2 0.679 51.3 0.156 0.000 490.8 0.259 57.6 
Sextet B[oct] 	 0.257 0.008 521.9 0.526 42.4 

0.5 Doublet 	0.225 0.712 	 0.569 33.4 
Sextet A.( teo 	0.183 - 0.033 493.9 0.448 42.9 0.151 - 0.000 490.5 0.346 59.3 
Sextet B[0 c]  0.815 0.309 475.6 0.433 23.7 0.259 - 0.002 520.9 0.423 40.7 

0.6 Doublet 	0.221 0.728 	 0.582 43.0 
Sextet A(teo  0.109 - 0.037 494.4 0.450 19.5 0.155 - 0.003 491.7 0.312 55.7 
Sextet B10co 0.323 0.107 495.9 0.957 37.5 0.250 - 0.016 524.1 0.495 44.3 

0.8 Doublet 	0.224 0.717 0.531 49.1 
Sextet A0,0 0.063 - 0.076 497.7 0.190 18.3 0.141 - 0.001 491.3 0.297 52.3 
Sextet B[oct] 0.294 0.030 501.0 0.192 32.6 0.240 0.007 524.9 0.359 47.7 

1.0 Doublet 	0.226 0.716 	 0.558 47.1 
Sextet A0,0 0.174 - 0.047 489.6 1.024 37.7 0.123 0.012 492.1 0.401 53.4 
Sextet B[act] 0.263 - 0.080 515.8 0.204 15.2 0.244 - 0.011 526.2 0.408 46.6 

4.3.2.1-1) EXAFS Studies 

EXAFS studies of representative samples prepared by the combustion method have 

been conducted at the Fe K-edge. The detail results and discussion are given section 

4.3.1.2-1 for the purpose of comparison with the samples prepared by precursor technique. 
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4.3.2.2. Application of 'as prepared' Cobalt Nickel Ferrite 

a) Thick Films and Gas Sensing Performance 

Thick films of the 'as prepared' cobalt nickel ferrites were fabricated to study the gas 

sensing properties. Here too, only some compositions showed good sensor performance, the 

results of which are discussed herein. 

/--V characteristics of Co0.2Ni0.8Fe204 (CNF-2) film are observed to be symmetrical in 

nature (Fig.4.3.2.25), indicating the ohmic nature of silver contacts. Fig.4.3.2.26 shows the 

variation of log (conductivity) with reciprocal temperature of the CNF-2 film. The 

conductivity values of the ferrite sample increase with operating temperature after initial drop. 

The increase in conductivity with increasing temperature could be attributed to the negative 

temperature coefficient of resistance and semiconducting nature of the film. 
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Fig.4.3.2.25 I-V characteristics of 	Fig.4.3.2.26 Conductivity-temperature 

CNF-2 film. 	 profile of CNF-2 film. 

Fig.4.3.2.27 depicts the selectivity of CNF-2 sensor for NH 3  (300 ppm) gas at room 

temperature. The sensor showed moderate selectivity to NH3 against LPG, CO2, C2H5OH, H2, 

H2S and C12 gases. Fig.4.3.2.28 depicts the variation of response to NH3 gas (300 ppm) with 
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operating temperature of the thick film. The largest response was observed to be 0.577 at 

200°C. 
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Fig.4.3.2.27 Selectivity for NH3 gas from 	Fig.4.3.2.28 Variation of gas response 

mixture of gases for CNF-2 film 	with op. temp. for CNF-2 film 

Gas sensing mechanism is generally explained in terms in conductance either by 

adsorption of atmospheric oxygen on the surface and/or by direct reaction of lattice oxygen or 

interstitial oxygen with the test gases. In case of former, the atmospheric oxygen adsorbs on 

the surface by extracting an electron from conduction band, in the form of super oxides or 

peroxides, which are mainly responsible for the detection of the test gases. At higher 

temperature, it captures the electrons from conduction 

band as: 

02 (air) + 4e-  (cond.band) —4  2 02-  (film surface) 

It would result in decreasing conductivity of the film. When ammonia reacts with the surface 

of the film and adsorbed oxygen on the surface of the film, it gets oxidized to nitrogen oxide 

gas and ammonium hydroxide, liberating free electrons in the conduction band [148]. This 
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shows n-type conduction mechanism. Thus the generated electrons contribute to sudden 

increase in conductance of the thick film. 

Fig.4.3.2.29 shows the variation of log (conductivity) with reciprocal temperature of 

the Co0 •5Ni0.5Fe204 (CNF-5) film. The conductivity values of the ferrite sample increase with 

operating temperature. It is nearly linear to 1/T in the range from 30 °C to 400°C except the 

initial variation. The increase in conductivity with increasing temperature could be attributed 

to the negative temperature coefficient of resistance and semiconducting nature of the film. 

Fig.4.3.2.30 depicts the selectivity of CNF-5 sensor for H2S (100 ppb) gas at room 

temperature. The sensor showed moderate selectivity to H2S against LPG, CO 2 , C2H5OH, H2, 

NH3 and C12 gases. The selective response to H2S gas (100 ppb) among other gases may be 

attributed to the surface reactivity for adsorption and desorption of the H 2S gas on the surface 

of the thick film. 
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Fig.4.3.2.29 Conductivity-temperature 	Fig.4.3.2.30 Selectivity for NH3 gas from 

profile of CNF-5 film. 	 of gases for CNF-5 film 

Fig.4.3.2.31 depicts the variation of response to H25 gas (100 ppb) with operating 

temperature of CNF-5 ferrite thick film. The largest response of CNF was observed to be 2.39 

at 150°C. The H2S response at 150 °C temperature is expected to be monitored by adsorption- 
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desorption of oxygen species on the surface of the film. H2S gas upon exposure gets oxidized 

after interaction with the adsorbed oxygen species on the surface of the film. This would 

decrease the film resistance, giving a response at 150 °C. Below 150°C, the H2S gas gets 

oxidized weakly giving lower response. When temperature was raised above 150 °C, the gas 

which can exposed on the surface of the film, may oxidized before reaching the surface of the 

film or the film surface chemistry was not favorable to sense the gas at such a high 

temperature. 

Fig.4.3.2.31 Variation of gas response with 	Fig.4.3.2.32 Response-recovery profile of 

op. temp. for CNF-5 film 	 the CNF-5 sensor. 

The response and recovery profiles of CZF-5 sensor are represented in Fig.4.3.2.32 

The response was quick (— 10 s) to 100 ppb of H2S, while the recovery was comparatively 

slow (— 40 s). A negligible quantity of the surface reaction products and its high volatility 

explain its quick response to H2S and comparatively slow recovery to its initial chemical 

status. 

/--V characteristics of Co0.8Ni0.2Fe204 (CNF-8) film are observed to be symmetrical in 

nature (Fig.4.3.2.33), indicating the ohmic nature of silver contacts. Fig.4.3.2.34 shows the 

variation of log (conductivity) with reciprocal temperature of the CNF-8 film. The 
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conductivity values of the ferrite sample increase with operating temperature. The increase in 

conductivity with increasing temperature could be attributed to the negative temperature 

coefficient of resistance and semiconducting nature of the film. 

Fig.4.3.2.33 I-V characteristics of 

CNF-8 film. 
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Fig.4.3.2.34 Conductivity-temperature 

profile of CNF-8 film. 

Fig.4.3.2.35 depicts the selectivity of CNF-8 sensor for NH3 (300 ppm) gas at room 

temperature. The sensor showed high selectivity to NH 3  against LPG, CO2, C2H5OH, H2, H2S 

and C12 gases. Fig.4.3.2.36 depicts the variation of response to NH3 gas (300 ppm) with 

operating temperature of the thick film. The response was observed to be 6.98 at room 

temperature and a slightly larger response at 350 °C. 

Fig.4.3.2.35 Selectivity for NH3 gas 	Fig.4.3.2.36 Variation of gas response with 

from mixture of gases for CNF-8 film. 	 op. temp. for CNF-8 film. 
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The gas sensing mechanism can be explained in terms of conductance change either 

by adsorption of atmospheric oxygen on the surface and/or by direct reaction of lattice oxygen 

or interstitial oxygen with the test gases. In case of former, the atmospheric oxygen adsorbs 

on the surface by extracting an electron from conduction band, in the form of super oxides or 

peroxides, which are mainly responsible for the detection of the test gaseS. At higher 

temperature, it captures the electrons from conduction band which would result in decreasing 

conductivity of the film. When ammonia reacts with the surface of the film and adsorbed 

oxygen on the surface of the film, it gets oxidized to nitrogen oxide gas and ammonium 

hydroxide, liberating free electrons in the conduction band. 

"--V characteristics of Co09Ni0AFe204 (CNF-9) film are observed to be symmetrical in 

nature (Fig.4.3.2.37), indicating the ohmic nature of silver contacts. Fig.4.3.2.38 shows the 

variation of log (conductivity) with reciprocal temperature of the CNF-9 film. The 

conductivity values of the ferrite sample increase with operating temperature. The increase in 

conductivity with increasing temperature could. be  attributed to the negative temperature 

coefficient of resistance and semiconducting nature of the film. 
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Fig.4.3.2.37 I-V characteristics of 	Fig.4.3.2.38 Conductivity-temperature 

CNF-9 film. 	 profile of CNF-9 film. 

231 



Fig.4.3.2.39 depicts the selectivity of CNF-9 sensor for NH3 (300 ppm) gas at room 

temperature. The sensor showed high selectivity to NH3 against LPG, CO 2 , C2H5OH, H2, H2S 

and C12 gases. Fig.4.3.2.40 depicts the variation of response to NH3 gas (300 ppm) with 

operating temperature of the thick film. The response was observed to be 28.7 at room 

temperature. The ammonia response at room temperature is expected to be monitored by 

adsorption of moisture on the CNF-9 film. The cumulative effect would decrease the film 

resistance, giving a response to ammonia gas at room temperature. At room temperature, there 

would be no oxygen adsorption. Therefore, the oxygen adsorption—desorption mechanism is 

not employed to sense the NH3 gas. When raising the temperature above room temperature, 

the moisture from the film surface evaporates and hence the response would decrease further. 
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Fig.4.3.2.39 Selectivity for NH3 gas from 	Fig.4.3.2.40 Variation of NH3 gas 

mixture of gases for CNF-9 film. 	response with temp. for CNF-9 film 
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4.3.3. Influence of the synthesis method over the physical and chemical properties of Co-

Ni ferrite system. 

Once again, from the results obtained we have deduced that, the choice of the 

synthesis method is vital to the preparation of nanomaterials and its possible applications. As 

observed, most of the physical and chemical properties are influenced by the synthesis 

technique. The same material can differ drastically in its size and properties as observed from 

the studies conducted on the Co-Ni ferrite system. Also, in terms of its applicability, it is 

observed that although the material has the same chemical composition its gas sensing ability 

largely depends on the particle size and method of synthesis. This section draws out the 

differences and/or similarities observed in the property based parameters of the Co-Ni ferrites 

which have been prepared by two different synthesis routes, viz. precursor combustion 

method and combustion method. 

(i) Structural properties: The shape, size and morphology of the nanoparticles synthesized by 

the two techniques were found to vary. The partiCle size was between 12-15 nm for the 

samples prepared by the precursor combustion method; whereas it was 10-15 nm for the 

samples prepared by combustion method, as seen from the TEM images. Also, the 

agglomeration of the particles is more for the samples prepared by the precursor combustion 

method. It is believed that this is the reason for low BET surface area observed for the 'as 

prepared' Co-Ni ferrite samples by precursor combustion method as compared to those 

prepared by combustion method. From FTIR spectroscopy, it can be see that, the v1 which is 

attributed to the intrinsic stretching vibrations of the metal at the tetrahedral site increases 

linearly with increase in nickel concentration. It is found that on sintering, v1 and v2 shifts to 

higher wavenumber. 
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The Mossbauer studies show some major differences in the magnetic character of the 

nanosize 'as prepared' Co-Ni ferrites. The nano and bulk samples by precursor combustion 

method do not show any major difference, all the samples show a double sextet pattern. 

However in case of the samples prepared by combustion method, the bulk samples show a 

double sextet pattern, but the spectra of the 'as prepared' nano Co-Ni ferrites show a 

prominent doublet at the center of spectra along with a weak sextet pattern. The doublet 

pattern arises from the relaxation of the Fe in cobalt nickel ferrite, which has a relaxation time 

'I less than 'LL, which is the Larmor precession time of the nuclear magnetic moment. The 

doublet is indicative of the superparamagnetic behavior of the smaller sized particles while 

the sextet pattern is attributed to the larger sized particles. Isomer shift (8) values of 'as 

prepared' and sintered ferrite for all values of x indicate that the Fe is in the Fe 34" ionic state. 

The Quadrupole splitting (A) values for tetrahedral and octahedral sites of the 'as prepared' 

and sintered ferrites are nearly 0.00 minis indicating the overall presence of cubic symmetry 

at both sites. 

The local structure in the neighbourhood of the constituent metal cations in the 

nanoparticles and their bulk counterparts was investigated by EXAFS studies. By comparing 

the 62  values (Debye—Waller factor) we found that the nanomaterial samples were more 

disordered than the bulk samples. Also the bulk samples synthesized by the precursor method 

showed more disorder than the ones prepared by combustion method. Since the sample 

composition remains almost the same, the disorder arises mainly due to the structural disorder 

in the samples which inturn is related to the mode of synthesis. 
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(ii) Magnetic properties: Magnetic hysteresis loop measurements of the 'as prepared' as well 

as the bulk sintered Co-Ni ferrite samples reveal high saturation magnetization (M s) values in 

case of the samples by precursor combustion method, other parameters like M r  and He  was 

also relatively higher than those samples prepared by combustion method. The bulk ferrites 

by combustion method showed higher Ms  values than those by precursor combustion method. 

Curie temperature investigations by a.c susceptibility measurements revealed Tc 

suppression in case of the nanoparticles by both the methods, the 'F e  being lower than the bulk 

samples. However the T e  values were higher for the samples prepared by precursor 

combustion method. The magnetic character of the particles is also noticeable in the 

normalized plots of a.c. susceptibility vs. temperature. The nanosize samples by combustion 

method are more superparamagnetic than those obtained by precursor method. This fact is 

corroborated by Mossbauer studies. 

(iii) Electrical properties: d.c. electrical resistivity studies carried out on the 'as prepared' and 

bulk Co-Ni ferrite samples show almost same values for both, though a slight anomalous 

behavior is observed at higher temperatures in case of the 'as prepared' samples by precursor 

combustion method. This anomaly is more discernable in case of the 'as prepared' samples by 

combustion method. The dielectric constant measurements of the 'as prepared' ferrites also 

show a difference. The dielectric values obtained for the nanosize samples by precursor 

combustion method were three times lesser than those prepared by combustion method. 

(iv) Gas sensing performance: The influence of the synthesis method on the properties is 

more pronounced incase of the gas sensing activity of the 'as prepared' Co-Niferrites. In this 
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case, thick films of the samples were fabricated and tested for their gas sensing activity. It was 

observed that different samples showed sensitvity to different test gases at varying operating 

temperature. No two samples having the same composition, albeit prepared by different 

methods, showed the same behavior. 

4.4. Summary 

We can summarize the results obtained from the various studies on the cobalt-nickel 

ferrite system as follows: 

■ Although both the methods i.e precursor combustion method and combustion 

method yield nanoparticles of the Coi,Ni„Fe204 (x=0.0-1.0) ferrite, the particle size is much 

smaller in case of combustion synthesis and also gives better compositional homogeneity and 

purity of the final product. Finer particle size and less agglomeration of the ferrite powder 

prepared by combustion synthesis resulted in comparatively higher surface area. The lattice 

parameter, a, decreases with increase in nickel concentration, the a values for nanoferrites 

were less than the bulk. No fixed trend was obtained in terms of the crystallite size. 

■ From FTIR spectroscopy, it can be see that, the v 1  which is attributed to the 

intrinsic stretching vibrations of the metal at the tetrahedral site increases linearly with 

increase in nickel concentration. It is found that on sintering, v1 and v2 shifts to higher 

wavenumber. 

■ Ideally, and as observed, the saturation magnetization decreases with increase in 

nickel concentration. The values obtained for the samples by precursor combustion method 

were higher as compared to those obtained by combustion method. Other parameters like Mr 
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and 	were also relatively higher for the samples by precursor combustion method. The 

nanoferrites showed lesser values as compared to the bulk. 

■ The Curie temperature, Tc, of the studied Co-Ni ferrites was found to increase with 

increase in nickel concentration. The T c  was lower for the nanoferrites as compared to the 

bulk for samples obtained by both methods. However, the T c  values were found to be slightly 

higher for the samples prepared by the precursor combustion method. 

■ The d.c. electrical resistivity studies on the Co-Ni ferrites indicate that the 

■ resistivity increases with increases in nickel concentration. The nano samples 

showed lower resistivity as compared to the bulk counterparts. This was observed for both 

types of samples, though a slight anomalous behavior is observed at higher temperatures in 

case of the 'as prepared' samples prepared by precursor combustion method. This anomaly is 

more discernable in case of the 'as prepared' samples prepared by combustion method. 

■ Dielectric measurements on the samples showed that the dielectric constant 

decreases with increase in nickel concentration. The values decrease with increasing 

frequency as expected and also increases with increase in temperature, however the increase 

is prominent only at lower frequencies. The dielectric values obtained for the nanosize co-Ni 

ferrite samples by precursor combustion method were three times lesser than those prepared 

by combustion method. The dielectric loss decreases with increasing frequency however it 

increases at a certain frequency and then decreases. This maxima in the dielectric loss is 

compositional dependent hence tends to vary. 

■ The permeability studies carried out at room temperature on the sintered Co-Ni 

ferrites indicate that the initial permeability initially increases at lower frequency and then 

decreases as frequency is increased and almost remains constant at higher frequencies. The 
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initial permeability measured with varying temperature shows an increase in values as 

temperature is increased, it increases sharply as it approaches Curie temperature and then 

drops at the Curie point. 

■ The room temperature Mossbauer spectra for all samples show a double sextet 

pattern. However, the nano 'as prepared' samples prepared by combustion method, show a 

prominent doublet at the center of spectra along with a weak sextet pattern. The doublet is 

indicative of the superparamagnetic behavior of the small sized particles. Isomer shift values 

of all samples indicate that Fe is in the Fe 3+  ionic state and the Quadrupole splitting (A) values 

for tetrahedral and octahedral sites of the 'as prepared' and sintered ferrites are nearly 0.00 

mm/s indicating the overall presence of cubic symmetry at both sites. 

■ EXAFS studies carried out on the 'as prepared' and sintered Co0.5Ni0.5Fe204 ferrite 

samples prepared by precursor method and combustion method revealed distortion in the 

nanoferrites especially the one prepared by precursor method. The bond distances, 

coordination number and the disorder factor calculated using the theoretical model matches 

with the expected value except for the nanoferrites. 

■ Gas sensing studies carried out on the thick films of some of the selected samples 

showed sensitivity towards mostly H2S and NH3. Some of the samples showed good gas 

sensing activity even at lower gas concentrations at room temperature. Fast response and 

quick recovery are some of the features of the ferrite samples studied for sensor properties. 
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Chapter V 

Summary and Contusion 



Chapter 5 

Summary and Conclusion 

5.1 Summary 

The work presented in this thesis involves a detail study of two ferrite systems Co-Zn and Co-

Ni ferrite. These magnetic materials have been prepared via two different synthetic 

techniques, i.e. precursor combustion method and combustion method. Both methods yield 

the product in nano form and hence are well suited for the preparation of nanomaterials. The 

ferrites have been studied in their nano form as well as in the bulk state. Various 

characterization techniques were employed to do a comparative study of the 'as prepared' 

nanoferrite with its bulk counterparts. The influence of the synthesis method on the physico-

chemical properties of the material was also demonstrated. A concise report of all the findings 

of this study is given below. 

The 'as prepared' nano and the sintered bulk samples of Coi_ xZn„Fe204 (x=0- 

1.0) in steps of 0.1 were characterized by spectroscopic and solid state techniques inorder to 

get a better understanding of the properties and its behavior. Interesting facts have been 

observed as the material dimensions are reduced to nanoscale. Also much knowledge can be 

derived from the results obtained when a nonmagnetic ion like Zn is added to the magnetic 

cobalt ferrite. Although both methods yield nanoparticles of the oxide, the combustion 

method produced 8-12 nm size particles of the ferrite while the particle size of the samples 

prepared by precursor combustion method was found to be 10-20 nm and more agglomerated 

in appearance this is the reason for the lower BET surface area values of the samples prepared 

by this method. From FTIR spectra it was found that as Co 2+  gets replaced by Zn2+, the v1 

which is attributed to the intrinsic stretching vibrations of the metal at the tetrahedral site, 
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shifts to lower wavenumber. Also, the nanoferites showed lower v1 and v2 values which 

shifted to higher wavenumber upon sintering. 

The XRD data confirms the formation of monophasic oxide without any impurity 

peaks. The peak broadening is noticeable in case of the 'as prepared' samples indicating 

nanosize nature of the samples. As Zn concentration increases the lattice parameter increases , 

 in accordance with the Vegard's law. The lattice constant of nanoferrites was found to be less 

than that of its bulk counterpart. The X-ray density and other parameters like bond lengths 

and ionic radii were found to increase with increase in Zn concentration. However the values 

were slightly lesser for the nanoferrites. The particle size of the 'as prepared' ferrites 

calculated from the XRD data matches with that obtained from TEM images. 

The magnetic hysteresis measurements carried out on the samples revealed less 

saturation magnetization values for the nano samples as compared to the bulk. Also, the 

saturation magnetization was found to increase with the increase in Zn concentration upto 

x=0.3 which then decreased with further Zn addition. The coercivity values were also found 

to be higher in case of the nanoferrites and more specifically in the cobalt rich samples. The 

nature of the magnetic particles was more clearly seen from the a.c. susceptibility studies. The 

nano samples showed superparamagnetic behavior whereas the bulk samples showed single 

domain behaviour. The superparamagnetic behavior of the samples was also unmistakably 

seen in the Mossbauer spectra. The Curie temperature was also determined from the a.c. 

susceptibility measurements. The T c  of the nanoferrites was found to be less than the 

corresponding bulk one in case of the samples prepared by precursor combustion method. 

However the nano samples prepared by combustion method showed higher T c  than its bulk 

counterpart. Here, the influence of the synthesis method was quite evident. 
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The d.c. electrical resistivity was found' to increase with increase in Zn 2+  ions from 

0.0-1.0. The 'as prepared' nano samples showed higher resistivity as compared to the bulk. 

The samples showed mainly n-type semiconductivity which changes to p-type at higher 

temperatures for some samples which was determined from the Seebeck coefficient 

measurements. 

The influence of synthesis conditions was also prominently felt from the dielectric 

constant measurements. The dielectric constant was found to be quite high, in the order of 10 5 

 for the nano samples as compared to the bulk prepared by the precursor method. The samples 

by combustion method showed comparatively lesser values wherein, for the nanosamples they 

were in the order of 10 3  while for the bulk samples they were much lesser. The dielectric loss 

tangent was found to decrease with increasing frequency however, a maxima in the plot was 

seen for all the samples. The frequency at which it appeared was composition dependent. 

The initial permeability, Ili, for the 'sintered' samples was measured at varying 

frequency as well as at varying temperature. It was observed that gi initially increases slightly 

at lower frequencies and then decreases and almost remains constant at higher frequencies. 

The plot was obtained for different compositions and was observed that pi increases 

gradually at first and then rapidly as it approaches T c . At the Curie point the fli drops sharply, 

and then remains constant with further increase in temperature. The temperature variation is 

observed prominently for the mid-compositions only, however for the end compositions the 

Tc  is not discernable. The Curie temperature obtained from this measurements match closely 

with those obtained by ac susceptibility measurements. The permeability increased upto x= 

0.7 in the series and then decreased. 
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The Mossbauer studies also showed some differences in the magnetic character of the 

nanosize 'as prepared' ferrites due to the synthesis method employed. The Mossbauer spectra 

of the nanoferrites showed the presence of a central doublet and two magnetically split sextets 

_for all values of x (except x = 1). The relative area of the central paramagnetic doublet 

increased whereas the relative area of magnetic sextets decreased with increase in the zinc 

doping. However it was observed that, the doublet character was more pronounced in case of 

the 'as prepared' samples by combustion method as compared to the same samples by 

precursor combustion method. This was due to the superparamagnetic state in dominant part 

of the particles. Hence the nanosize samples by combustion method are more 

superparamagnetic than those prepared by precursor combustion method. However there was 

no much difference in the bulk samples .of both. Isomer shift values of all samples indicate 

that Fe is in the Fe 3+  ionic state and the Quadrupole splitting (A) values for tetrahedral and 

octahedral sites of the 'as prepared' and sintered ferrites are nearly 0.00 mm/s indicating the 

overall presence of cubic symmetry at both sites. 

The influence of the synthesis method on the properties was felt more while checking 

the gas sensing potential of the materials so synthesized. The thick films of the 'as prepared' 

Co-Zn ferrite were tested for different gases like CO2, NH3, LPG, H2, ethanol, H2S and C12. 

The samples showed sensitvity to different test gases at varying operating temperature, but no 

two samples with same composition showed the same behavior. If the sensitivity to a 

particular gas was common, then its operating temperature varied. This was observed for the 

samples with composition x=0.5, the sample prepared by both the methods showed sensitivity 

to H2S, but their operating temperature was quite different. The sample prepared by precursor 

method showed maximum response at 250 °C whereas the one prepared by combustion 
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method gave maximum response at room temperature. Their response and recovery time was 

also seen to differ. Similarly, the composition with x=0.8, the sample prepared by precursor 

method showed sensitivity to NH3 whereas the one prepared by combustion method was 

sensitive to CO2 Difference was also observed in the performance of the x=0.2 sample, the 

one prepared by precursor method did not show sensitivity towards any test gases, but the 

sample prepared by combustion method showed response towards ethanol. The films also 

showed quick response and fast recovery. Thus, the method of synthesis is a deciding factor 

for certain applications like gas sensing. 

Albeit similar but nonetheless important conclusions can be drawn from the results 

obtained for the Coi_.Ni,,Fe204 (x=0-1.0) system which were also prepared by precursor 

combustion method and combustion method. Both methods gave nanoparticles of the ferrite, 

but the particle size was much smaller in case of combustion synthesis and also gave better 

compositional homogeneity and purity of the final product. Finer particle size and less 

agglomeration of the ferrite powder was the reason behind the higher surface area. The lattice 

parameter, a, decreased with increase in nickel concentration, however, the a values for 

nanoferrites were less than the bulk. From FTIR spectroscopy, it was observed that the v 1 

 increases linearly with increase in nickel concentration. It is found that on sintering, v1  and v2 • 

shifts to higher wavenumber. 

Magnetic measurements showed that, the saturation magnetization decreases with 

increase in nickel concentration. The values obtained for the samples by precursor combustion 

method were higher as compared to those obtained by combustion method. Other parameters 

like Mr  and He  were also relatively higher for the samples by precursor combustion method. 

The nanoferrites showed lesser values as compared to the bulk. The Curie temperature, T c, of 
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the studied Co-Ni ferrites was found to increase with increase in nickel concentration. The Te 

was lower for the nanoferrites as compared to the bulk for samples obtained by both methods. 

However, the Tc  values were found to be slightly higher for the samples prepared by the 

precursor combustion method. 

The d.c. electrical resistivity studies indicate that the resistivity increases with 

increases in nickel concentration. The nano samples showed lower resistivity as compared to 

the bulk counterparts. This was observed for both types of samples, though a slight anomalous 

behavior was observed at higher temperatures in case of the 'as prepared' samples by 

precursor combustion method. This anomaly was more discernable in case of the 'as 

prepared' samples by combustion method. 

Dielectric measurements on the samples showed that the dielectric constant decreases 

with increase in nickel concentration. The values decrease with increasing frequency as 

expected and also increases with increase in temperature, however the increase is prominent 

only at lower frequencies. The dielectric values obtained for the nanosize samples by 

precursor combustion method were three times lesser than those prepared by combustion 

method. The dielectric loss decreases with increasing frequency however it increases at a 

certain frequency and then decreases. This maxima in the dielectric loss is compositional 

dependent hence tends to vary. 

The initial permeability, 14 studies of the sintered samples carried out at room 

temperature showed that Ili initially increases at lower frequency and then decreases as 

frequency is increased and almost remains constant at higher frequencies. The initial 

permeability measured with varying temperature shows an increase in values as temperature 
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is increased, it increases sharply as it approaches Curie temperature and then drops at the 

Curie point. 

The room temperature Mossbauer spectra for all samples show a double sextet pattern. 

However, the nano 'as prepared' samples prepared by combustion method, show a prominent 

doublet at the center of spectra along with a weak sextet pattern. The doublet is indicative of 

the superparamagnetic behavior of the small sized particles. Isomer shift values of all samples 

indicate that Fe is in the Fe 3+  ionic state and the Quadrupole splitting (A) values for 

tetrahedral and octahedral sites of the 'as prepared' and sintered ferrites are nearly 0.00 mm/s 

indicating the overall presence of cubic symmetry at both sites. 

EXAFS studies carried out on the 'as prepared' and sintered Co0.5Zn05Fe204 ferrite 

samples prepared by precursor method and combustion method revealed distortion in the 

nanoferrites especially the one prepared by precursor method. The bond distances, 

coordination number and the disorder factor calculated using the theoretical model matches 

with the expected value except for the nanoferrites. Similar observations were made for the 

Co-Ni samples viz. Co0.5Ni0i5Fe204 ferrite samples prepared by precursor method and 

combustion method. By comparing the 6 2  values (Debye—Waller factor) we found that the 

nanomaterial samples were more disordered than the bulk samples. Also the bulk samples 

synthesized by the precursor method showed more disorder than the ones prepared by 

combustion method. 

Gas sensing studies carried out on the thick films of some of the selected samples. The 

samples showed sensitivity towards various test gases but mostly towards H2S and NH3. 

Some of the samples showed good gas sensing activity even at lower gas concentrations and 

at room temperature. The gas response towards a particular gas and the operating temperature 
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was found to differ depending on the method of synthesis, though the sensitivity towards a 

particular gas was common. Fast response and quick recovery were also some of the features 

of the sensors. 

5.2 Conclusion 

A marked effect of size reduction was observed on the structural, magnetic and electric 

properties of the cobalt-zinc and cobalt-nickel ferrite. A comparison between the 'as prepared' 

nanoferrites and bulk 'sintered' ferrites provides rich insights into the fundamentals of 

nanomagnetism particularly superparamagnetism observed in the nanoferrites. Stucturally, 

apart from the obvious difference in the particle sizes of bulk and nanoferrites, much 

knowledge could be gained from the XRD lattice parameters and the Mossbauer spectroscopy 

data. Bond lengths tend to contract at the free surfaces, so the average lattice parameter of 

nanoparticles is reduced. The room temperature Mossbauer spectra of 'as prepared' and 

sintered ferrite show a transition from the magnetically ordered ferromagnetic state to a 

paramagnetic state with increasing concentration of zinc in case of Co-Zn ferrites. The spectra 

of the nanosize ferrites acquire a doublet character indicative of the superparamagnetic state 

in the dominant part of the particles. In contrast, the sextet is retained in the bulk ferrites 

though the respective hyperfine fields are largely reduced and broadly distributed for A and B 

sites. However in case of Co-Ni ferrites superparamagnetic behavior was seen only incase of 

the 'as prepared' ferrite prepared by combustion method. From Mossbauer data it was 

concluded that the Fe is in the Fe 3+  state. Size effects were also quite noticeable for d.c. 

resistivity of the samples and the dielectric measurements, wherein the nanoferrites showed 

higher resistivity than its bulk counterparts for Co-Zn samples. Incase of Co-Ni samples, the 

nanoferrites showed lower resistivity as compared to the bulk. The dielectric constant was 
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found to be quite high for the nanosamples as compared to the bulk, the synthesis method also 

seemed to play a role. The AC susceptibility studies revealed that the nanoferrites exhibited 

higher Tc  than the bulk Co-Zn ferrites contrary to popular belief that T c  decreases with 

particle size. Whereas, in the case of Co-Ni ferrites, the nano samples showed Curie 

temperature suppression. Thus, the results vary depending on the mode of preparation and 

subsequent heat treatment, a fact acknowledged by most investigators. Thus, addressing the 

key issues raised by these size dependent studies promises further advancement in 

understanding the properties of these materials in the nanometer regime. 

The study also demonstrated the influence of the synthesis method on the physico-

chemical properties of the Co-Zn and Co-Ni ferrite. This is noticed in almost all the properties 

studied and was also quite evident in the gas sensing performance of the thick films. The films 

fabricated by using the 'as prepared' ferrites showed sensitivity towards various test gases but 

particularly towards H2S and NH3. The gas response and the operating temperature varied 

depending on the synthesis method and the subsequent heat treatment. Undoubtedly, the 

method of synthesis plays a vital role in governing the properties of a material. 

The study of magnetic nanoparticles is a fertile area of research with many unresolved 

scientific problems as well as many existing and potential technological applications. To those 

interested, there is room for much more work in this area. 
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