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Preface 

This thesis focusses on synthesis, characterization, thorough study of the magnetic and 

hyperfine properties along with exploration of application potential of some Zn based nano 

and micro ferrite systems. Ferrite nanoparticles are among the most important magnetic 

materials that have fascinated the scientific community not only with their interesting 

magnetic features but also their widespread application in various fields. The magnetic 

properties of these nanoparticles are governed by two key factors viz., finite size effects and 

surface effects. The most studied finite size effect is superparamagnetism in which individual 

nanoparticles act as giant paramagnetic atom with rapid response to applied magnetic field 

and almost negligible hysteresis. These features make them suitable candidates in the field of 

biomedical application. However, these nanoparticles are associated with unavoidable issues 

like agglomeration and chemical instability which limit their application. Some of the surface 

effects include presence of surface canted spins, spin-glass like behaviour, increase in surface 

anisotropy and exchange bias effect due to presence of uncompensated spins. Ferrite 

nanoparticles displaying exchange bias phenomenon are in huge demand in the fields of 

permanent magnets, recording media and spintronics. So, it is seeming that the need of the 

hour is to explore ways to retain the discrete features beneficial for various fields alongside 

overcoming the factors limiting their extensive usage. In this regard, emphasis has been laid 

on the study of evolution of magnetic properties with doping of different concentrations of 

cobalt in nanosized Zn ferrite systems and manufacture of microstructures by self-assembly 

of Co-Zn ferrite nanoparticles. 
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Chapter-1 delves into the background and genesis of the present work. This chapter also 

includes some elementary aspects of nanomagnetism. Furthermore, the evolution in the 

intrinsic magnetic properties of different mixed Co-Zn ferrites and their utility in the fields of 

magnetic recording, catalysis and photocatalysis have also been dealt with. 

Chapter-2 describes synthesis procedures like co-precipitation method, high energy ball 

milling method and solvothermal method adopted in the thesis. Characterization 

techniquesviz., powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), high 

resolution transmission electron microscopy (HRTEM), Energy-dispersive x-ray 

spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), UV-Vis and diffuse 

reflectance spectroscopy (DRS), photoluminescence (PL) spectroscopy, dynamic light 

scattering (DLS), zeta potential, dc magnetic, Mössbauer spectroscopy along with catalytic 

and photocatalytic studies are also discussed in detail. 

Chapter-3 reports a detailed study on the effects of mechanical activation caused by high 

energy ball milling on the structural, magnetic and hyperfine properties of nanosized 

Co0.5Zn0.5Fe2O4 having three different particle sizes 63 (M1), 25 (M2) and 17 nm (M3) 

synthesized by chemical coprecipitation method. The theory of magnetic domains has been 

exploited to explicate the trend in coercivity. The effects of mechanical activation on cation 

redistribution and magnetic property of M2 have been investigated by infield Mössbauer 

spectroscopic measurements and verified by theoretical analysis of experimental results of 

Rietveld refinement of powder x-ray diffraction data in conjugation with dc magnetic study. 

The sample M2 may be used to design magnetic coding and sensing devices as it is capable 

of encoding, preserving and recalling binary numbers through magnetic field change.  
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Chapter-4 deals with the comparison of the structural, morphological, magnetic and 

hyperfine properties of ZnFe2O4solid (ZFMS) and hollow (ZFMH) microspheres synthesized 

by simple solvothermal technique. ZFMS, formed by self-assembly of nanoparticles, displays 

superparamagnetic character predominantly along with collective magnetic excitations at 

room temperature. ZFMH exhibits single crystal like dotted selected area electron diffraction 

pattern and is magnetically well-ordered atroom temperature. Interestingly, ZFMH displays 

Verway transition in magnetization versus temperature studies. Moreover, cation vacancy is 

also evident in ZFMH from XPS and Mössbauer spectroscopic measurements. 

Chapter-5 focusses on the electrochemical study of nanosized Co0.5Zn0.5Fe2O4 synthesized 

by hydrothermal method. The sample exhibits pseudocapacitive behaviour and can act as a 

supercapacitor.   

Chapter-6 reports that the particle size, cation redistribution, surface spin disorder and strain 

induced anisotropy play a pivotal role in shaping the magnetic and hyperfine properties of 

nanosized Co0.8Zn0.2Fe2O4 samples with different particle size viz., 23 nm (CZ1), 34 nm 

(CZ2) and 42 nm (CZ3) prepared bycoprecipitation method followed by high energy ball 

milling and subsequent thermal treatment. A reliable way of estimating cation distribution 

through infield Mössbauer spectroscopic study and dc magnetization measurement in 

conjugation has been shown in this chapter. Sample CZ1 exhibits exchange bias effect. All 

three samples display excellent catalytic activity in the multicomponent reaction for the 

synthesis of coumarin-3-carboxamide.  

Chapter-7 deals with the structural, magnetic, hyperfine and optical properties of 

Co0.5Zn0.5Fe2O4 microspheres synthesised by template-free solvothermal technique. It has 

been shown that microspheres are mostly monodisperse and formed by self-assembly of  

 



CoZn sFe:0. nanoparticles. The microspheres possess both direct and indirect trans 
and are havi ing ositive surtace change. They are ferrimagnetic in nature 

Moreove sample acts as an eticient catalvst in the degradation of Congo Red dye even under 

Mnitions. The photocatalvtic study suggests that the sample can be suitably e.. 

ettheient. magnetically separable, recvclable photocatalyst for removal of Congo Red 

aquvus solution. 

Chapte prsents the conclusion drawn from the research work included in this k. 

the furure scope and prospect of the present work. 
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Chapter 1 
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1.1 Background and genesis of the problem 

In this era of nanoscience and nanotechnologies, newer scientific revelations are 

taking place almost every day to make human life easier. The prefix ‘nano’ refers to a Greek 

etonym nanos meaning ‘dwarf’. Simply, nanoscience refers to the study of matter on the nano 

regime (~ 10-9 m), while nanotechnology utilizes the principles of nanoscience to develop 

devices [1]. Fig. 1 shows the size variation of nanomaterials. The National Nanotechnology 

Initiative (NNI) in the United States defines Nanotechnology as “a science, engineering, and 

technology conducted at the nanoscale (1 to 100 nm), where unique phenomena enable novel 

applications in a wide range of fields, from chemistry, physics and biology, to medicine, 

engineering and electronics” [2]. This definition suggests the presence of two conditions for 

nanotechnology: The first is a topic of scale i.e., nanotechnology deals with the control of 

shape and size of matter at nanometer scale and the second topic has to do with novelty i.e., 

nanotechnology nurtures the properties at nanoscale to its advantage as per the industrial need 

and demand [3].The Nobel laureate Richard P. Feynman, referred to as the father of 

nanotechnology, made the hypothesis “Why can’t we write the entire 24volumes of the 

Encyclopedia Britannica on the head of a pin?” during his famous lecture entitled “There’s 

Plenty of Room at the Bottom” at the California Institute of Technology (Caltech) in 1959 

[4]. Norio Taniguchi, a Japanese scientist first defined the term “nanotechnology” in 1974 as 

follows: “nanotechnology mainly consists of the processing of separation, consolidation, and 

deformation of materials by one atom or one molecule” [5].  

The Romans have been known to use nanoparticles in fourth century AD, one of the 

most interesting examples of nanotechnology in the ancient world [6]. For example, the 

Lycurgus cup (Fig.2(a)), oldest example of dichroic glass, represents one of the most 

wonderful accomplishments in ancient glass industry [7]. Dichroic glass portrays two 

dissimilar types of glass, which alters color in certain lighting conditions [8]. The observed  
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Fig. 1 Size variation of nanomaterials [6] 

dichroism can be attributed to the existence of nanoparticles. X-ray studies divulged that this 

dichroic glass comprises of silver-gold nanoparticles along with some amount of copper 

dispersed in a glass matrix [7,9]. These nanoparticle composites produce different color 

combinations depending on their size and scattering effect [7,9]. Such effects have also been 

observed in late medieval church windows (Fig. 2(a)) and can be attributed to the blend of 

silver-gold nanoparticles into the glass [6]. The Renaissance pottery was created by Italians 

during 16th century by employing nanoparticles [10]. Sir Michael Faraday explored the 

unique optical and electronic properties of colloidal suspensions of “Ruby” gold by 

synthesizing and examining their characteristics [11]. He demonstrated the conditions under 

which gold nanoparticles produce different-colored solutions [11]. 

 

 

 

 

 

(a)                                                                    (b) 

Fig. 2 (a) Lycurgus cup and (b) Medieval church windows 
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There was slow progress in the field of nanotechnology since Feynman conceived the 

ideas of nanoscience within science fraternity until 1981 when physicists Gerd Binnig and 

Heinrich Rohrer discovered Scanning Tunneling Microscope at IBM Zurich Research 

Laboratory [12,13]. After sometime, in 1990, Don Eigler and his colleagues used Scanning 

Tunneling Microscope to tune thirty-five single xenon atoms on a nickel surface and shaped 

the letters of IBM logo [14]. The invention of Scanning Tunneling Microscope revolutionized 

the field of nanoscience and further led to the development of the atomic force microscope 

and scanning probe microscopes [15,16]. In the subsequent times, nanoscience and 

nanotechnology advanced in the field of computer science to decrease the size of a normal 

computer from the size of a room size to portable laptops. Miniaturization of complex 

electrical circuits down to nanoscale level led to significant improvments in mobile phone 

technology and other modern electronic devices of day-to-day uses. One of the most 

fascinating areas of application of nanoscience is biomedical field [17]. During recent times, 

nanotechnological revelations in biology related fields such as diagnosis, drug delivery, and 

molecular imaging are being thoroughly researched and have delivered exceptional results 

[17]. Such examples of “nanopharmaceuticals” comprise nanomaterials for drug delivery and 

nanoparticles with antimicrobial activities or hierarchical nanostructures used as markers 

detection like nanobiochips, nanoelectrodes, or nanobiosensors [18]. Extraordinary 

improvements have also been made in the field of nano-oncology by developing the 

efficiency of conventional chemotherapy drugs for a series of destructive human cancers 

[19,20]. These progresses have been accomplished by aiming the tumor site with several 

functional nanoparticles [19,20]. Even more recently, there have been through studies on 

nanomaterials for usage in both ex vivo and in vivo purposes in biotechnology and 

biomedicine, respectively. These applications take benefit of the fact that the saturation 

magnetization and coercivity can be modified at the nanoregime. This tuning can be achieved 
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via size, shape and surface modification, and also by the addition of surfactants on the 

magnetic nanoparticles that can be guided or modulated by external magnetic fields [21]. In 

present times, technological developments have led to utilization of magnetic nanoparticles to 

design permanent magnets in large-scale applications, such as electrical vehicles and wind 

turbines based on the concept of “exchange-spring nanocomposite magnet” [21]. Fig. 3 

shows the development in nanoscience and nanotechnology. 

Fig. 3 Development in nanoscience and nanotechnology 

Magnetic nanoparticles are of great significance for the scientific community owing 

to their applicability in a plethora of disciplines, including magnetic fluids, catalysis, 

biomedicine, magnetic resonance imaging, magnetic data storage, and environmental 

refurbishment [22-30]. In most of the envisioned nanotechnological applications like 

nanoscale electronics, magnetic separation techniques and magnetic resonance imaging, to 

name a few; the nanoparticles perform best when they are below a critical size [31]. Magnetic 

nanoparticles possess single domain below the critical volume of domain wall formation, 

resulting in large magnetic moments per unit volume i.e., displays superparamagnetic 

behavior. Such individual entities act like a giant paramagnetic atom exhibiting negligible 

remanence and almost zero coercivity at room temperature [31]. These properties are 

beneficial in various technological fields and can be tuned as per the requirement of the 
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applications. Moreover, these processes can be studied using simple theoretical models 

involving their responses in the presence of external magnetic fields [21]. Rising new 

nanotechnologies surround around combination of magnetic and electrical properties of the 

nanoparticles, which display multifunctional properties and are under through investigation. 

It is likely that in terms of applications as sensors and magnetic memory devices, magnetic 

nanocomposites and multilayered materials will be in the forefront [21]. It may be noted that 

these magnetic nanomaterials have garnered a lot of interest due to their noteworthy 

elementary properties that render them fit for assorted technological applications [31].  

 

Fig.4 Different types of nano/micro structures 
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 In case of magnetic data storage device fabrication, entry of a small amount of 

magnetic nanoparticles into the system may increase the storage density largely [32]. 

Nanosized magnetic particles are prospective candidates to be used in magnetic resonance 

imaging as contrast agents, biosensors, supercapacitors, electronic devices (radio frequency 

transformer cores, microwave absorber, filters, choke etc.), ferrofluids, magnetic refrigerants, 

high performance permanent magnets and also in biology and medical applications such as 

cancer therapy, drug-targeting, hyperthermia etc. [33 - 42]. These magnetic nanoparticles are 

highly useful in biological application such as bacteria detection, protein purification, toxin 

decorporation etc. [43 – 45]. Soft magnetic materials such as Sendust alloys, Fe-Co-/Fe-Ni- 

based alloys, iron/low-carbon steel, soft ferrites, Fe-Si steels etc. are ideal for power 

management, microelectronics and sensing devices owing to their high permeability and low-

loss properties [46]. Magnetic nanomaterials having complex morphology such as nanotubes, 

nanorods, naowires etc. [47 – 49] are widely used in nanotechnological devices, tunable 

microfluid channels with magnetic control, magnetized nano-tips for magnetic force 

microscopes etc. [50 – 52]. Nowadays, efforts have been made to develop and understand the 

characteristics of iron based magnetic nanoparticles by improving their applicability in 

various field as they exhibit remarkable enhancement in their magnetic properties compared 

to other types of magnetic nanomaterials [53, 54]. Apart from above mentioned common 

applications these iron based magnetic nanomaterials are widely used in therapeutic and 

clinical diagnostic applications as well [55, 56].  
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Fig.5 Application of nanoscience and nanotechnology [6] 

Inspite of having a long list of interesting applications and widespread applicability, 

these nanoparticles unfortunately suffer from a problem of inherent instability over longer 

periods of time [31]. As a result of this, the nanoparticles lean to form aggregates in order to 

minimize their surface to volume energy. Moreover, bare metallic nanoparticles get easily 

oxidized in air due to their high chemical activity, thus leading to loss of magnetic property 

and dispersibility. Moreover, surface effects can render these nanoparticles less magnetic 

with respect to their bulk [31]. These surface effects involve different mechanisms such as 

the presence of a magnetically dead layer on the particles surface, the occurrence of canted 

spins on the surface, or appearance of a spin-glass-like behavior in the system of canted spins 

[31]. To stabilize the surface of the bare magnetic nanoparticles against possible deterioration 

of their properties with subsequent time, methods of enveloping their surface with organic 
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species like surfactants or polymers, inorganic layer like silica or carbon, or noble metal 

coatings like gold are undertaken either during or after the synthesis process. It may be noted 

that these shielding shells not only stabilize the nanoparticles, but render them 

multifunctionality. For example, organic ligands employed to stabilize the surface of 

magnetic nanoparticles have been found to influence their magnetic properties by modifying 

the anisotropy energy barrier and magnetic moment of the metal atoms located at the 

nanoparticle surface [57]. Cobalt colloidal particles stabilized with organic ligands have 

displayed a large anisotropy energy value in contrary of reduced magnetic moment [57]. 

Moreover, a coat of silica has been found to obstruct diffusion of chemicals from inside of 

the nanoparticles to outside, thus, lowering the lethal effect of nanoparticles towards 

biological cells [58]. Apart from this, silica coating on nanoparticles also display enhanced 

optical properties [59]. Depending on the nature of coating and the bonding between the 

nanoparticle and the coating material, variation in magnetic properties has been observed 

[60]. For example, gold-coated cobalt nanoparticles have displayed lower magnetic 

anisotropy energy values as compared to uncoated particles, whereas iron nanoparticles with 

gold coating has shown enhancement in anisotropy energy, a consequence of alloy formation 

with the gold [57]. Coating of magnetic nature on a magnetic nanoparticle typically has a 

striking influence on the magnetic properties. The interactions among the two different 

magnetic phases result in exchange bias effect most commonly [61]. Furthermore, self-

assembly of nanomaterials to fabricate hierarchical nanostructures is another way of 

stabilizing the intrinsic instability of magnetic nanoparticles alongwith development of 

functional nanomaterials [62]. These structures have found widespread applicability in the 

fields of nanotechnology, imaging techniques, biosensors, biomedicine etc. [62]. Self-

assembly process can be achieved by using a nanostructured surface (template) or external 

fields (field-directed or field-assisted assembly) [63]. Self-assembled nanostructures have 
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excelled as facile and efficient materials in the field of development of novel drug delivery 

systems (DDSs) [16]. 

Ferrite nanomaterials are one of the most fascinating members of the domain of 

magnetic nanomaterials not only due to their importance from the view point of fundamental 

science but also due to their extensive application in a variety technological fields ranging 

from biomedical to hardware industry [64]. Ferrites can be categorized further into spinels, 

garnets and hexaferrites, but our arena of discussion in the thesis shall be limited to spinel 

ferrites only. The spinel ferrite structure MFe2O4 has a cubic close-packed arrangement of 

oxygen atoms with M2+ and Fe3+ at two different crystallographic sites viz., tetrahedral (A) 

and octahedral [B] sites. Due to difference in coordination of the metal atoms with oxygen 

ions at the two sublattice of the spinel structure, there is an inherent asymmetry between two 

sites. There are eight (A) sites and 16 [B] sites in the spinel lattice. Depending on the 

occupations of cations in the two sites, the spinel ferrites are futher subdivided into normal, 

inverse and mixed ferrites, respectively [65]: 

(i) The structure having only M2+ cations in the tetrahrdral (A) site and Fe3+ ions in 

the octahedral [B] site are referred to as normal spinel.  

(ii) The structure having only Fe3+ ions in the tetrahrdral (A) site and both M2+ cations 

and Fe3+ ions simultaneously in the octahedral [B] site are referred to as inverse spinel.  

 (iii) Typically, the distribution of M2+ and Fe3+ ions among the (A) and [B] sites are 

random and thus referred to as mixed spinel.  

Classically, spinel ferrites are ferrimagnetically ordered. The spins at (A) and [B] sites 

are aligned antiparallel to one another. But due to difference in the number of sites, a net 

moment of spins arises resulting in ferrimagnetic ordering for the crystal. The choice of metal 

ions and their distribution between the (A) and [B] sites allows a tunable magnetic system 

[66]. 
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Nanostructured spinel ferrites display fascinating magnetic properties like 

superparamagnetism, spin-glass like behavior, collective magnetic state and spin canting 

effect [64-73]. The magnetic properties of nanosized spinel ferrites are strongly reliant on the 

shape, size, purity, stability, size distribution, morphology, surface spin alignment and cation 

distribution among (A) and [B] sites of the spinel lattice. Furthermore, the synthesis 

procedure adopted is of utmost importance in determining the magnetic characteristics. Thus, 

choice of appropriate synthesis technique is of tremendous importance for tuning magnetic 

quality in order to produce superior quality samples with enhanced physical properties and 

industrially applicable features. Generally, the synthesis procedures of these nanoparticles are 

mainly classified into two sub-categories i.e. 'bottom-up' and 'top-down' process [6,70]. In 

case of nanostructured ferrites, coprecipitation, thermal decomposition, self-assembly process 

viz., hydrothermal and solvothermal methods are most frequently used 'bottom-up' synthesis 

techniques while 'top-down' synthesis methods include mechanical milling technique and 

pulsed laser ablation [6,70]. Fig. 6 shows the two basic synthesis approaches. 

 

 

 

 

 

 

 

 

 

 

Fig.6. Bottom-up and top-down synthesis approach [6] 
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The particle size, shape and morphology can be controlled with the help of suitable 

synthesis route and adjustment of reaction parameters, thus, indirectly shaping the magnetic 

properties of the nanometric ferrites [75 – 78]. The self-assembly processes like 

hydrothermal/solvothermal methods have been employed to synthesize self-assembled 

hierarchical spinel ferrite nano- and micro – structures of controllable size and morphologies 

[79-81]. Self-assembly of these magnetic nanoparticles into distinct hierarchical structures is 

an important condition for achieving eventual control over their properties and to realize their 

multifunctionality [81]. In contrast to nonmagnetic nanoparticles, magnetic particles have 

dipolar forces, which are directional in nature and thus, provide facile control over self-

assembly and directed assembly strategies. The collective physical properties of these self-

assembled structures, having size closer to that of protein molecules, are promising for future 

biomedical applications [82]. Moreover, it is anticipated that these magnetic nano- and 

microstructure assembles shall find significant usage in high density information storage with 

extremely high areal density and spintronic devices as well. A pre-requisite for these 

applications is a higher degree of control and large scale uniformity of these structures, which 

needs development of specialized synthesis techniques.  

Nanosized ferrites typically display superparamagnetic behavior along with moderate 

saturation magnetization and they are magnetically guidable, separable and removable as they 

can react to the change in external magnetic fields very promptly. Additionally, they can be 

easily dispersed in a liquid medium and will not get agglomerated if the interparticle 

interactions are weak [83 – 87]. These make them suitable candidates in the fields of 

biomedicine, drug delivery, biosensing, catalysis, photocatalysis, wastewater treatment, 

ferrofluids and supercapacitor etc. [88 - 95]. In case of biomedical applications such as, in 

magnetic resonance imaging (MRI), cancer treatment etc, it has been observed that the spinel 

ferrites need to be in superparamagnetic state at room temperature [96]. Superparamagnetic 
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nanoparticles of ferrites can flip the direction of their spin in response to the external 

alternating magnetic field and as a result magnetic energy is converted into thermal energy 

that make ferrite nanoparticles useful in hyperthermia technique advantageous for killing of 

cancer cells [97, 98]. It may be noted that decrease in magnetization with the reduction of 

size and intrinsic unstable spontaneous magnetization strictly restricts their application in 

magnetic storage devices. Upon reduction of size of ferromagnetic or ferrimagnetic materials 

below a critical limit the magnetic anisotropy energy responsible for holding the 

magnetization in a particular direction becomes comparable to or less than the thermal energy 

of the system and the magnetic moment of such particles starts flipping randomly which in 

turn leads to superparamagnetism. Superparamagnetic nanoparticles do not show any 

hysteresis above blocking temperature. Moreover, ferrite nanoparticles exhibit spin canting 

effect which reduces the magnetization of these systems further. However, lowering of 

magnetization due to surface spin canting and unstable spontaneous magnetization at room 

temperature owing to the superparamagnetic character severely limit the applications of 

nanosized ferrite systems in the field of magnetic recording media. For application in 

recording media, high saturation magnetization and presence of coercivity at room 

temperature along with stability of magnetization are key requirements [67, 99 - 101]. The 

possible solution to the aforementioned problem is to beat superparamagnetism by 

enhancement of anisotropy energy and counteracting the affect of spin canting by tuning the 

cation distribution favourably. Another solution can be to overshadow the superparamagnetic 

character and spin canting effect by assembling of the nanoparticles into desirables structures 

with high saturation magnetization and coercivity. 

It has been reported that the unfavorable effects of superparamagnetism and spin 

canting can be overcome by enhancing the anisotropy energy and judiciously readjusting the 

cations within the spinel ferrites in appropriate manner, respectively [67,69,71,72,102-106]. 
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Recently, efforts have been made to achieve this goal. It has been found that the nanosized 

Co0.2Zn0.8Fe2O4 [73] ferrites synthesized by high energy ball milling method exhibit much 

better magnetization, magnetic order, magnetic ordering temperature and coercivity 

compared to their nanometric counterparts synthesized by conventional chemical routes. The 

history dependent magnetic property (memory phenomenon) in the dc magnetic measurement 

has been observed in these types of Co-Zn ferrites due to their broad distribution of particle 

size and the strong interparticle interaction [67, 73]. Nanosized Co0.3Zn0.7Fe2O4 synthesized 

by chemical coprecipitation method followed by high energy ball milling values has shown 

substantially higher values of magnetic parameters as compared to its counterparts 

synthesized by conventional chemical methods [107]. It has been shown that nanosized 

Ni0.5Zn0.5Fe2O4 prepared by high energy ball milling with different milling parameters 

exhibits lowering of magnetic ordering temperature [69]. Single spinel phase Co1-

χZnχFe2O4+γ synthesized by coprecipitation followed by thermal treatment has shown 

controlled modification of size resulting in applicability of this sample for magnetic fluid 

hyperthermia in a self-controlled regime [108]. Moreover, efforts have been made to 

synthesize submicron sized ferrites with high saturation magnetization through formation of 

hierarchical self-assembled and monodispersed solid and hollow microspheres of ferrites 

composed of superparamagnetic nanoparticles. These microspheres have been found to be 

highly interesting because they not only enhance the overall magnetization but also preserve 

the superparamagntic character of the constituent nanoparticles. It has been observed the 

morphologies, crystallite sizes, magnetic properties of self-assembled ferrite microspheres 

were strongly affected by modification in the reaction conditions [79,82,109-117]. 

Manganese and zinc ferrite microspheres display superparamagnetic behavior while the 

cobalt and nickel microspheres show ferrimagnetic behavior [112].  It is supposed these 

structures can be considered as promising materials for drug loading and magnetically drug 
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delivery systems [112]. Yu et al., have proposed that self-assembled mesoporous cobalt and 

nickel ferrite spherical clusters have the prospective to be utilized in various applications, 

including catalysis, sensors, drug delivery, and rechargeable lithium batteries [115]. 

Recently, zinc ferrites have also received great interest due to their widespread 

application potential in fields of magnetic and electromagnetic devices, photocatalysis, solar 

cells etc. [86]. For example, ZnFe2O4 nanoparticles can be used as colorimetric biosensors for 

the recognition of urine glucose due to its intrinsic peroxidase-like activity of the 

nanoparticles [86]. ZnFe2O4 nanorods displayed a good photocatalytic sensing toward the 

disintegration of methylene blue dye [118]. ZnFe2O4 nanospheres exhibited excellent acetone 

sensing capability [119]. Hollow ZnFe2O4 nanospheres exhibited higher saturation 

magnetization and coercivity as compared to zinc ferrite nanosheets [120]. Moreover, the 

electromagnetic and consequently microwave adsorption properties of hollow ZnFe2O4 

nanospheres are appreciable [120]. Zn-Doped Fe3O4 Hollow Nanospheres have proved to be 

an excellent material for high-frequency and biomedical applications [121]. Generally, zinc 

ferrite exhibits normal spinel structure with structural formula i.e., the tetrahedral (A) site 

does not contain Fe3+ ions. As a result, the oxygen mediated intersublattice super exchange 

interaction is not effectual here and zinc ferrite behaves ferrimagnetically only below 9 K 

(Néel temperature) [65]. However, some nanosized zinc ferrites exhibit ferrimagnetic 

coupling between tetrahedral (A) and octahedral [B] sites due to migration of Fe3+ ions from 

[B] to (A) sites [65]. This cation redistribution promotes enhancement of saturation 

magnetization and ordering temperature of nanosized zinc ferrites compared to its bulk 

counterparts [65]. It has been reported that submicron sized ZnFe2O4 clusters display 

superparamagnetic properties with a relative large saturation magnetization value. 

In the last few decades, researchers have strongly emphasized on the synthesis and 

study of cobalt-zinc ferrite nanoparticles and their heterostructures as well because of their 
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extensive applications encompassing a wide variety of technological and industrial fields 

[122-124]. Zinc substituted cobalt ferrites are a class of magnetic nanomaterials, which have 

exhibit high value of permeability, low power losses, permittivity, saturation magnetization, 

coercivity, resistivity, and other favorable properties that make them suitable candidates for 

applications in various fields [125-135]. These ferrites are also used in biomedical areas such 

as magnetic resonance imaging and cancer treatments [137-140]. In the field of electronics, 

zinc substituted cobalt ferrites are used to make transducers, transformers, biosensors, and 

sensors [141-143]. In addition to these beneficial features, they are also found in our day-to-

day electronic and electrical appliances as well [144-147]. The properties of these soft ferrites 

are highly tunable as per their application just by choice of appropriate synthesis procedure 

[122]. As a result, there is a persistent progression within the shape and size control of these 

ferrites. Additionally, efforts are being made to control the morphological and physical 

properties of these ferrites by applying various methods of synthesis like co-precipitation 

process [148], sol-gel method [149], conventional ceramic method [150], citrate precursor 

method [151], hydrothermal [152], auto-combustion [153], solid-state reaction method [154], 

and microemulsion [155]. Owing to the engrossing features of Co-Zn ferrites amidst the 

group of mixed ferrites, the research commune has focused their attention in their studies. 

In this backdrop, the study of structural, microstructural, magnetic and hyperfine 

properties of some Zn-based nano- and micro- ferrites appears to be interesting in 

understanding the principles underlying the complex magnetic phenomena displayed by such 

systems along with examination of their application possibilities. This thesis focuses on the 

comprehensive study of the structural, microstructural, optical, magnetic and hyperfine 

properties of the Co0.5Zn0.5Fe2O4, Co0.8Zn0.2Fe2O4 nanoparticles and Co0.5Zn0.5Fe2O4, 

ZnFe2O4 solid and hollow microspheres with the aim to analyze the fundamental mechanisms 

behind the phenomena of superparamagnetism, spin glass-like behavior and collective 
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magnetic excitations in these samples, elucidate the influence of morphology and spin 

canting on the their magnetic behavior and explore their applications as magnetic memory, 

catalyst and photocatalyst.  

Nanostructured ferrite systems exhibit many unique magnetic features such as 

superparamagnetism, magnetic anisotropy, interparticle interactions, spin glass like behavior, 

spin canting effect, collective magnetic state etc. Before discussing the aforementioned 

phenomena of ferrite nanomagnets, it would be prudent to discuss the basic aspects of 

magnetism in brief. Furthermore, some works carried out on the areas of magnetic storage 

devices, catalysis and photocatalysis using Zn based ferrites have also been discussed as the 

application potential of the samples given in this thesis have been explored in these areas. 

1.2. Basics of magnetism 

 Magnetism is one of the oldest regimes of physics. In the year 1600, Dr. William 

Gilbert hypothesized that the earth itself is a large magnet after thorough and systematic 

study. Subsequently, a number of historical contributions have helped to outline the modern 

science of magnetism. In recent times, any phenomenon related to magnetism finds its root at 

atomic level and the underlined mechanism is governed by the quantum mechanical 

phenomenon. After conducting a series of experiments, scientists divided different materials 

in following categories [65,156-158]: 

a) Diamagnetic materials are those that reduce the density of magnetic line of forces 

while exposed in an external field and results in negative susceptibility. It is a very 

weak effect in which the externally applied magnetic field lessens the effective 

current of the electronic orbit and thus produces a magnetic moment opposite in the 

direction of the external field.  

b) Paramagnetic materials display very feeble magnetization under the action of an 

external magnetic field. In these materials, the atoms have incomplete atomic shell 
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resulting in a permanent magnetic moment. So, the magnetic moments have a strong 

tendency to align themselves along the direction of the applied external magnetic 

field. However, the thermal energy tries to interrupt the alignment of the moments 

towards the field direction and the thermal fluctuation leads to only partial alignment 

in the field direction giving rise to small positive value of magnetic susceptibility. 

c) Ferromagnetic materials possess spontaneous magnetization even in the absence of an 

external magnetic field. The spontaneous magnetization persists only below the 

ferromagnetic transition temperature or Curie temperature and above it the magnetic 

moments get randomly oriented due to thermal fluctuations resulting in destruction of 

magnetic ordering within the sample. The magnetization of these materials increases 

with the increase in external magnetic field upto a certain value called the saturation 

magnetization above which there is no change in magnetization with further increase 

in field value. The relationship of magnetization and externally applied field is non-

linear, i.e., ferromagnetic materials display hysteresis behavior. The residual 

magnetization that persists even after the field is switched off called the remnant 

magnetization. Coercivity of the sample is the magnitude of field required to be 

applied along the direction opposite to easy direction of magnetization to bring the 

magnetization of the sample to zero. According to the high and low coercivity 

magnetic materials are classified into hard and soft magnetic materials, respectively. 

The shape of the hysteresis loop along with the values of coercivity and saturation 

magnetization is a subject of interest from technological application view point. 

d) Antiferromagnetic materials have two sub-lattices in a unit cell whose magnetizations 

are equal and opposite in direction necessary for the maintaining minimum energy 

state. Thus, the neighboring moments balances each other which results in zero net 

magnetization. The temperature above which the saturation magnetization of 
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antiferromagnetic materials disappears i.e., thermal energy precludes spin moment 

alignment, is the Néel temperature of the system.  

e) Ferrimagnetic materials are a special case of antiferromagnetic materials in which two 

sub-lattices in a unit cell have different atomic arrangement (tetrahedral and 

octahedral) as a result of which a net magnetization persists. In ferrites the interaction 

between the (A) and [B] site cation is oxygen mediated and is called superexchange 

interaction. 

1.3. Magnetic dynamics in nano-regime 

1.3.1 Concept of anisotropy energy in nanomagnets 

 The magnetic properties of a material and their application potential in technological 

fields revolve around the concepts behind the factors controlling the field dependence of 

magnetization of these substances. Among all the factors, magnetic anisotropy portrays a 

significant role in governing the shape of the hysteresis loop and is utilized, very often, in the 

fabrication of most magnetic materials of industrial importance. Simply speaking, 

“anisotropy” in nanomagnets refers to the directional dependence of their magnetic 

properties. Anisotropy energy of ferromagnetic crystal acts in such a way that it is easy to 

magnetize the sample along certain definite crystallographic axes, which consequently are 

known as the easy axis of magnetization; while the directions along which it is most difficult 

to magnetize the sample are called hard direction of magnetization [157,159]. There are 

mainly four different kind of magnetic anisotropy: 

1. Magnetocrystalline anisotropy 

 Magnetocrystalline anisotropy depends on the spin-orbit coupling and strongly 

influenced by the geometry of the crystal [156]. The most common types of crystal 

anisotropy are uniaxial anisotropy for hexagonal crystals and cubic anisotropy for the cubic 

crystals. The uniaxial anisotropy energy is given by the expression: 
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where K1 and K2 are the anisotropy constants, V is the particle volume and θ is the angle 

between the symmetry axis and magnetization [65]. In reference to ferromagnetic materials, 

K1 is significantly higher than the subsequent higher order terms and so only the first term of 

the energy expression is considered in maximum cases. Consequently, the uniaxial anisotropy 

energy for single domain particle is given by  

 

here K is termed as effective anisotropy constant. This expression indicates the presence of 

two local energy minima separated by energy KV. 

In case of the system with cubic symmetry, the anisotropy energy can be expressed with the 

help of direction cosines (α1, α2, α3): 

 

Where, α1 = sinθ cosφ, α2 = sinθ sinφ and α3 = cosθ with θ and φ being the polar and 

azimuthal angles, respectively. The value of anisotropy energy generally lies between 102 to 

107 Jm-3. The value of anisotropy energy is lower in case of crystals having high symmetry 

and higher for crystals with lower symmetry [156]. 

2.  Shape anisotropy: 

 The shape of the nanoparticles is a factor behind arousal of anisotropy in them. 

Ideally, a perfectly spherical single domain particle doesnot possess any shape anisotropy as 

the demagnetization factors are isotropic in all direction. However, it is easier to magnetize a 

non-spherical particle along a long axis rather than a shorter one as the demagnetizing field is 

comparatively smaller in the longer direction. A detailed discussion concerning the shape 

anisotropy can be found in the original article proposed by Stoner and Wohlfarth [160]. For a 

particle with uniaxial anisotropy along the z axis the shape anisotropy energy density can be 

expressed by a simple formula  
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Where Nx and Nz are the demagnetization factors along the equatorial and the polar axis, 

respectively.  

3. Surface anisotropy: 

 In a fine particle system, surface to volume ratio is very high, resulting in significantly 

higher magnetic contribution from the surface as compared to the bulk of the same particle. 

The main origin of surface anisotropy is the breach of symmetry and decline of nearest 

neighbor coordination in the surface region. With the reduction in particle size, the magnetic 

contribution from the surface regions becomes more prominent and thus, the surface 

anisotropy energy plays a crucial role in shaping the magnetic character of the sample. In 

case of nanoparticles, surface anisotropy energy presides over the magnetocrystalline and 

magnetostatic energy. The surface anisotropy energy for cubic symmetry is given by [161]  

 

where θ is the angle between the direction of magnetic moment and normal to the surface. 

The value of Ks depends upon the magnetostriction constants λ100 and λ111 and is of the order 

of magnitude 0.1 to 1 erg/cm2 [162]. Surface anisotropy can be studied with the help of 

Mössbauer spectroscopy. 

4. Stress anisotropy: 

 There is a change in the dimensions of a substance when exposed to a magnetic field, 

and this effect is called magnetostriction [65]. The anisotropy arising due to magnetostrictive 

effect is known as stress anisotropy. Stress alone can give rise to an axis of magnetization 

[65]. Therefore, in the presence of stress, anisotropy must be taken into consideration, along 

with any other anisotropy that is present. The stress anisotropy energy can be written as,  
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where  is the stress anisotropy constant and θ is the angle between spontaneous 

magnetization and applied stress σ [65]. Stress anisotropy energy adopts a key responsibility 

in modifying the nanoscale magnetic properties of material and its effect is well-pronounced 

in mechanically activated magnetic nanoparticles. 

1.3.2 Superparamagnetism 

 In an ensemble of uniaxial, single-domain nanoparticles, the anisotropy energy 

density can be written as: 

 

where K is the anisotropy constant and θ is the angle between spontaneous magnetization and 

the direction of easy axis [65]. For a particle of volume V, an energy barrier ΔE = KV needs 

to be overcome in order to reverse its magnetization. Practically, any material possesses 

fluctuations of thermal energy constantly occurring on a microscopic scale. In 1949, 

Professor Néel pointed out that below a particular size ΔE becomes extremely small such that 

energy fluctuations can surmount the anisotropy forces and spontaneously flip the direction 

of magnetization of those particles, even in the absence of an applied field. If a field is 

applied, then the external field will try to align the moments, while thermal energy will tend 

to misalign them. This resembles the behavior of a normal paramagnetic system, but with a 

noteworthy exception. The magnetic moment of such systems in the presence of a magnetic 

field is exceptionally high and such a behavior is termed as superparamagnetism. 

 Although superparamagnetism is usually observed in ultra-fine particles, the magnetic 

properties get strongly modified if the particle sizes are too small such that most of the atoms 

lie on the surface. In that case, relaxation of the magnetic moment takes place but it would be 

apt to apply the superparamagnetic model. So there exists a specific range of the particle sizes 

within which magnetic nanoparticles display superparamagnetism.  
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 The magnetic behaviour displayed by the fine particles also depends on the window 

time (τm) of the experimental technique. When τm >> τ, the relaxation appears so fast that no 

time average of the magnetization orientation is recorded. In this case the magnetic moment 

of the particle maintains thermal equilibrium distribution of orientations akin to Langevin 

paramagnet but with a notable distinction that magnetic moment of the particle ~ 105 times 

the atomic moment and the assembly of particles behaves like a paramagnetic material. On 

the other hand when τm << τ, the relaxation appears so slow (blocked state), with respect to 

the particular experimental method, the ensemble of particles behaves like an ordered 

magnetic state. Transition from superparamagnetic to ordered (quasi-static) magnetic state 

occurs with lowering of temperature. The blocking temperature, separating these two states, 

is defined as the temperature at which τm = τ. The blocking temperature with respect to a 

distinct experimental method depends on the particle size. As particle size increases the 

blocking temperature also increases. Moreover for a particular superparamagnetic sample, the 

blocking temperature also depends on the window time of the experimental technique and 

increases with decreasing window time. 

1.3.3. Interparticle Interaction and Spin Glass Behavior 

 The interparticle interactions are inevitable in an assembly of magnetic nanoparticles. 

Most common interactions present in an assembly of magnetic nanoparticles are dipole-

dipole interaction, exchange and superexchange interactions [65]. They are strongly 

influenced by the volume concentration and can be lessened by doping non-magnetic 

substances [163]. Magnetic dipolar interactions are omnipresent [164]. For a metallic 

nanocomposite matrix, RKKY interactions take place. In case of an insulating matrix, 

superexchange interaction can survive by relying on the type of bonding at the particle–

matrix boundary. The superexchange interactions are long-ranged, whereas the exchange 

interactions exist up to short distance. In ferrite systems, the superexchange interactions are 
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mediated via oxygen anion. The determination of the interaction effects on the overall 

magnetic behavior of an assemblage of nanoparticles is extremely complex [162] because 

there are many factors at play. The disordered arrangements of particles with volume 

distributions and thermal fluctuations further team up the complication of the problem. 

 The immediate effect of particle-particle interaction is the alteration of the anisotropy 

energy barrier. Another probable effect of the interactions is a complete change of regime in 

which the magnetic properties are no longer relevant to superparamagnetism [165]. Some 

studies have established the inception of spin glass behaviour [166-168] at low temperatures 

when the magnetic dynamics is primarily governed by random dipolar interactions. Thus, it is 

clear that the idealistic situation of non-interacting superparamagnetic ensemble of fine 

particles may not be stringently applicable when we consider a real sample. Thus, in the 

presence of interactions (both dipolar and exchange), it is very difficult to define the 

individual anisotropy energy barrier for each particle. As a result, a possibility of spin-glass 

like behavior may exist at low temperature. 

1.3.4. Collective Magnetic State 

 In an assembly of non-interacting magnetic nanoparticles, each particle has its own 

energy barrier (EB) and a distinct blocking temperature TB. It may be noted that TB is always 

lower than the Curie temperature TC for any system.  The energy barriers of individual are no 

longer distinct in the presence of interparticle interactions. The superparamagnetic model can 

still be applied to such systems if the dynamics of the magnetic moment ‘m’ is governed by 

its own EB, certainly tuned by the interactions. A changeover towards a collective magnetic 

state [169-172] will take place if it is difficult to define EB individually for the particles. Then 

a mean energy barrier of the nanoparticle assembly (Eass) with multiple minima in the phase 

space will arise. For different experimental techniques, the TB can be either shift upwards 

(shorter τ) or downwards (larger τ). If TB increases with interactions [173-175], 



  Chapter 1 

24 
 

paramagnetic, superparamagnetic, blocked and collective states will appear with increase in 

temperature. In the blocked state, the magnetic ordering cannot be ferromagnetic as the 

arrangement of particle magnetic moments is disordered. However, a transition from 

superparamagnetic state to ferromagnetic state is expected [176,177] when the exchange type 

interactions are present and the local anisotropy is insignificant with respect to the 

interactions. The concept of superparamagnetic and collective states of magnetic 

nanoparticles is explained by Dormann et. al., [159]. According to them, at low temperature, 

the crystal lattice is disordered and the anisotropy is at random. In this condition, the 

anisotropy energy barrier for each individual particle becomes trivial and spin relaxation is 

presided by the anisotropy of the assembly resulting in collective state at low temperature. 

 Although the transition from the superparamagnetic to the collective state has been 

discussed, the evaluation of the properties of the collective state is quite challenging. 

Principally the experiments on fine particle assemblages have usually been carried out with 

zero-field cooled magnetization (MZFC) and Mössbauer spectroscopy. However for MZFC, τ is 

not uniquely known and for Mössbauer spectroscopy there is difficulty in determining TB due 

to the lack of a unique line shape model for particles experiencing superparamagnetic 

relaxation. In addition, the two τ values are different. Furthermore, the assessment of the 

effects of interparticle interactions and particle size distribution add to the complexities. In 

spite of these shortcomings, there is a general agreement that the collective state has spin 

glass- like behaviour because of the arbitrary nature of the interactions. In many cases the 

term cluster glass [178,179] has been used, though the properties have been analyzed on the 

superparamagnetic model. Finally it might be said that magnetic nanoparticles show a 

progressive inhomogenous freezing (or blocking) via a thermally activated process, which 

might lead to a collective state at low temperatures. 
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1.4. Application prospects of Zn based ferrites  

 In recent past, nano and micro- ferrites have drawn considerable interest due to their 

potential technological application in magnetic storage devices, magnetic resonance imaging, 

drug delivery, hyperthermia, catalysis, ferrofluids, photocatalytic degradation of toxic dyes, 

environmental remediation etc. [31,180-185]. Based on the works on this thesis, the memory 

effect, catalysis and photocatalytic activity of nano/micro sized Zn based ferrites have been 

discussed. 

1.4.1. Memory or Ageing Effect 

 The single domain magnetic nanoparticle assemblages display a astonishing 

phenomenon of history-dependent magnetic memory which can be recorded through dc 

magnetization versus temperature experiment [186,188-190]. In this study, the system is 

gradually cooled down from a high temperature, in presence of an external magnetic field. 

The magnetization of the system is measured as a function of temperature. The cooling is 

stalled as temperature is reached half way and the field is turned off for few hours before 

being reinstated. As the system is again heated from a temperature lower than the earlier one, 

then wiggles are observed in magnetization data at those temperatures where H was turned 

off, thus, recording a memory of the temperature changes. Such behaviour can be explained 

in two ways. Firstly, it can be ascribed to the aging phenomena accompanied by memory 

effects [186]. This elucidation cores on the frustration of the magnetic moments of the 

particles caused by dipole-dipole interactions resulting in deep energy vales arresting the 

system for extended times [187]. An alternate source for this memory effect can be accredited 

to broad distribution of particle size [188-190]. The polydispersive nature of the particle 

volume leads to a widespread distribution of blocking temperatures. The memory effect i.e., 

wiggles at all temperature steps arise as the system is halted at those temperatures, which lie 

within blocking temperatures of different sized particles. 
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1.4.2. Catalysis 

 In recent years, eco-friendly catalyst materials and benign solvents have engrossed the 

attention of scientific community owing to green chemistry view point and thus lead towards 

advancement of sustainable measures [191,192]. In connection to this aspect, nanocatalysts 

have materialized as of the most important sustainable resources pertaining to their good 

catalytic activity modulated by their small size, large surface area, selectivity, recovery and 

reusability [192-194]. Furthermore, the magnetic nanoparticles have appeared as a great 

player in the field of nanocatalysts citing their magnetic properties and the simplicity of 

recouping and recycling of the catalysts after reaction completion [195-201]. Thus, the loss of 

catalyst related to traditional filtration and centrifugation methods can be avoided and thus 

supports the principles of green chemistry [202]. In particular, catalysis by nanoparticles of 

transition metal elements such as Cu, Fe, Ni etc. has garnered huge interest due to their large 

surface area and unique thermal, chemical, electronic, magnetic and optical properties [203-

207]. The environmentally benign Ni-NiO nanoparticles have shown fascinating catalytic 

activities [208]. Ferrite nanoparticles have emerged as excellent photocatalysts in the 

chemical reactions like C‐C coupling [209], reduction [209], oxidation [209] and 

multicomponent reactions [210] mainly due to their eco-friendly nature, ease of access and 

price affordability. Current studies have revealed that composites with mixed ferrites are 

talented catalysts for electrocatalytic reactions concerning numerous redox reactions [209]. 

Nansized CoFe2O4 proved to be an effective catalyst in a Knoevenagel condensation reaction 

of assorted aldehydes [211]. CoFe2O4 nanocrystals catalyzed aerobic oxidation of 

cyclohexane to cyclohexanol or cyclohexanone under solvent-free conditions [212]. Iron and 

iron-cobalt oxide nanoparticles catalyzed breaking down of methanol into H2 and CO was 

[213]. Zinc ferrite nanoparticles showed high efficiency and selectivity towards synthesis of 

chalcones by means of Claisen—Schmidt condensation reaction [214]. 
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NiFe2O4 nanoparticles acted as an excellent catalyst in the Kneovenagel condensation of 

aldehydes and methylene compounds under mild conditions [215]. These features make the 

spinel ferrites beneficial from industrial, economical and environmental point of views. In the 

present thesis, we have reported the synthesis of coumarin-3-carboxamide via 

multicomponent reaction with the help of nanosized Co0.8Zn0.2Fe2O4 as an indispensible 

catalyst. 

1.4.3. Photocatalysis 

Photocatalysis comprises two types of applications broadly: (i) degradation of organic 

pollutant or dyes from different water bodies [216] and (ii) light energy conversion 

corresponding to water splitting [217,218]. Spinel ferrite nano and micro- ferrites are in the 

limelight owing to their ability to eliminate pollutants from wastewater through 

photodegradation process. For this process, ferrites are used as photocatalysts directly or by 

grouping with semiconducting materials and in presence of oxidants such as H2O2 [90,219]. 

Dyes are one the major pollutants comprised of organic compounds and are dumped by 

industries in water bodies causing environmental pollution. These pollutant dyes can be 

removed from water by their photocatalytic degradation [220-225]. The organic compounds 

forming major ingredients in these pollutants can be degraded to CO2 and water through 

photocatalytic reactions without generation of additional waste or byproducts [220]. There 

are series of chemical reactions in photocatalysis procedure that also affect its surrounding 

nature [220,226]. These reactions take place between the catalysts and the medium in the 

presence of irradiation ranging from ultraviolet to visible light. This irradiation causes 

excitation of atoms of photocatalysts such that electrons can jump from valence band to 

conduction band, leaving equal number of holes at the valance band. These electron hole 

pairs accelerate further oxidation and reduction process involved in photocatalytic reactions 

which produces radical oxygen species [227]. These radicals can degrade the organic 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
https://www.sciencedirect.com/topics/chemistry/condensation
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/carbene
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compounds of the dyes and may convert them into CO2, water, and other gaseous chemicals 

without any formation of byproducts. Moreover, electron hole pairs can originate hydrogen 

gas through several chemical reactions that may be utilized as an energy resource [228]. 

Schematic diagram of photocatalytic mechanism depicted in Figure 4. The photocatalysis 

process can be efficient when the following factors come into account, which are the power 

of the irradiation [229], the choice of catalyst material [230], the chemical [231] and physical 

[232] nature of the medium. Moreover, photocatalysts should have large surface area [233] 

and good optical properties such that photocatalysts with proper band gap energy can be a 

good absorber to absorb radiation sufficiently [234]. It should be noted that photocatalytic 

activity can be monitored with the addition of dopants or metal ions [235].  

 

Figure 4. Schematic diagram of photocatalytic mechanism [165]. 

Spinel ferrites have excelled as photocatalysts because transition metal produces ions 

in the octahedral [B] sites that exchange with the tetrahedral (A) sites of spinel structure to 

improve their photocatalytic activity [226]. Moreover, spinel ferrite composite with polymers 

and oxides boosts the photocatalytic activity as well as enhances their chemical stability in 

basic and acidic medium [236-239]. The spinel ferrites are desirable for the degradation of 

pollutants in water under visible light irradiation through photocatalytic reactions as they 
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have appropriate band gap energy for absorption of visible light [240-244]. Although 

ZnFe2O4 are widely used in photocatalytic activity under visible light irradiation, but poor 

quantum efficiency of ZnFe2O4 reduces its photocatalytic performance significantly [245]. It 

has been observed that the photocatalytic activity of ZnFe2O4 under visible light can be 

increased by modulating its cation distribution through doping of Co2+ ions in proper 

stoichiometry. It may be note that Co substituted zinc ferrite either possess narrow energy 

band gap compared to that of zinc ferrite or may have metastable states within the energy 

band gap, which shifts the absorption band towards visible region. Thus, Co1-xZnxFe2O4 

exhibits excellent photocatalytic performance under visible light irradiation [246]. In the 

present thesis, we have reported the photocatalytic activity of Co0.5Zn0.5Fe2O4microspheres 

synthesized by solvothermal method for the degradation of Congo Red under dark, visible 

and UV light irradiation. 

1.5. Scope of the work 

The subject matter of the current thesis is to (i) study the structural, microstructural, 

optical, magnetic and hyperfine properties of Co0.5Zn0.5Fe2O4, Co0.8Zn0.2Fe2O4, nanoparticles 

and, ZnFe2O4 solid and hollow, Co0.5Zn0.5Fe2O4 microspheres, (ii) study the factors that led to 

the arousal of magnetic features like superparamagnetism, spin glass like behavior and 

collective magnetic state in relation to the above mentioned samples, (iii) investigate the 

application potential of these samples in the field of magnetic storage device and catalysis, 

(iv) enhance the industrial applicability of the nanosized ferrites by overcoming their innate 

superparamagnetic relaxation by development of magnetic ordering in the systems, (v) avert 

spin canting and increase saturation magnetization by regulating the cation distribution and 

forming microspheres by self-assembly of the corresponding nanoparticles. The scopes of the 

thesis are as follows: 
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(i) Synthesis of nanosized Co0.5Zn0.5Fe2O4 by coprecipitation method followed by high 

energy ball milling and hydrothermal method, Co0.8Zn0.2Fe2O4 nanoparticles by 

coprecipitation method followed by high energy ball milling and thermal treatment, ZnFe2O4 

solid and hollow microspheres, and Co0.5Zn0.5Fe2O4 microspheres by solvothermal method. 

(ii)  Structural, microstructural, optical, magnetic and hyperfine characterization of the above 

mentioned samples by using powder x-ray diffraction (PXRD), Electron microscopic 

(FESEM, TEM, HRTEM,), Fourier transform infrared spectroscopic (FTIR), UV-Vis, 

UV−vis diffuse reflectance spectroscopic (DRS), DLS and Zeta-potential, photoluminescence 

(PL), dc magnetic and Mössbauer spectroscopic measurement techniques.  

(iii) To study the effects of mechanical activation caused by high energy ball milling on the 

structural, magnetic and hyperfine properties of nanosized Co0.5Zn0.5Fe2O4. 

(iv) In-depth study on morphology dependent magnetic properties of ZnFe2O4 solid and 

hollow microspheres. 

(v) To examine the possibility of using the Co0.5Zn0.5Fe2O4 nanoparticles for storing, 

generating and retrieving binary bit pattern by utilizing the dc memory protocol. 

(vi) To examine the capacitive behavior of nanosized Co0.5Zn0.5Fe2O4 through 

electrochemical study. 

(vii) To inspect the catalytic efficiency of nanaosized Co0.8Zn0.2Fe2O4 in synthesizing 

coumarin-3-carboxamide through multicomponent reaction. 

(viii) To investigate the photocatalytic activity of Co0.5Zn0.5Fe2O4 microspheres for the 

removal of dye under dark, visible and UV light irradiation. 
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2.1 Synthesis techniques 

Nano/micro structured spinel ferrites have attracted profound attention of the 

scientific community pertaining to their basic magnetic characteristics which can be regulated 

in accordance with the industrial need by employing different techniques for their synthesis 

[1–5]. It is well-known that variation in synthesis procedures can alter the composition, 

morphology and cation distribution of the ferrites [6,7]. So, emphasis has been laid to 

develop various types of synthesis procedures which led to the generation of multifunctional 

nano/micro structured spinel ferrites interestingly [7]. Combination of two or more 

conventional synthesis methods to produce such ferrites have resulted in fascinating magnetic 

features along with widespread applicability in diverse fields such as magnetic storage 

systems, magnetic fluids, microwave absorbers, catalysts, supercapacitors, sensors and 

biomedical [6 –10]. This section includes discussion on some low-cost, facile and eco-

friendly synthesis techniques whose various combinations have been used for synthesis of our 

samples. 

2.1.1 Co-precipitation method 

Co-precipitation method is the one of the most facile, cheap, time-saving technique 

involving mild synthetic conditions to synthesize nanosized spinel ferrites [11 – 13]. The 

morphology of so formed ferrites can be governed by altering the experimental conditions, 

but it cannot be controlled well in terms of particle size and size distribution [14,15]. So, the 

precipitated product is subjected to heat treatment to achieve good crystallinity and better 

control in particle size. In this thesis, we have synthesized nanosized Co0.5Zn0.5Fe2O4 and 

Co0.8Zn0.2Fe2O4 using conventional co-precipitation method, which were further subjected 

other methods to obtain desirable products. 
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2.1.2. High energy ball milling method 

High energy ball milling method is an easy, economic and top-down method to 

synthesize iron oxide nanoparticles. This method has been able to reduce the particle size 

very successfully [15 – 18]. Additionally, it has led to development of interesting magnetic 

features in the ball-milled nanoparticles owing to modification in their surface features and 

cation distribution [19-22]. Moreover, ball milling introduces strain anisotropy and defects 

into the system resulting in novel magnetic properties [15-22]. In this thesis, we have 

synthesized nanosized Co0.5Zn0.5Fe2O4 and Co0.8Zn0.2Fe2O4 by subjecting their respective 

bulk counterparts (produced by conventional co-precipitation method) to ball milling. 

2.1.3. Solvothermal/Hydrothermal method 

Solvothermal/Hydrothermal method is a surfactant-assisted chemical method that 

involves a novel way to develop size- and shape-tailored magnetic nanocrystals by carefully 

regulating the growth processes in liquid media [23,24]. These methods may be either single-

step or more complex multiple-step solution-phase routes [25 – 27]. The particle size 

distribution, shape, morphology and crystallinity of spinel ferrites can be modified by 

adjusting the reaction time, temperature, type and amount of precursors, surfactants and metal 

ions [28 – 31]. Polymeric surfactants are used as binding agents in this process. 

Solvothermal/Hydrothermal technique is a simple, environment-friendly and one-pot reaction 

procedure to create nano/micro structured spinel ferrites which do not involve any thermal 

treatment. In this thesis, ZnFe2O4 solid and hollow microspheres (solvothermal) and 

nanosized Co0.5Zn0.5Fe2O4 (hydrothermal) have been synthesized by these techniques. 

2.2. Characterization techniques 

This section highlights the instrumental techniques that have been utilized to 

characterize the samples. Theory, working principle of the instruments and the method of 
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analysis have been discussed here. We have characterized our sample by using the following 

techniques. 

(i) Powder x-ray diffraction (PXRD) study 

(ii) Electron microscopic study 

(iii) Energy-dispersive x-ray spectroscopic (EDX) study 

(iv) X-ray photoelectron spectroscopy (XPS) study 

(v) UV−vis spectroscopic study 

(vi) Photoluminescence (PL) study 

(vii) DLS and Zeta potential 

(viii) dc magnetic study  

(ix) Mössbauer spectroscopic study  

(x) Electrochemical study and 

(xi) Photocatalytic activity study 

2.2.1. Powder x-ray diffraction study 

The powder x-ray diffraction (PXRD) pattern of the samples present in this thesis was 

recorded at room temperature by using a Bruker D8 Advance diffractometer using Cu-Kα 

(λ=1.54184 Å) radiation over the 2θ range of 20-80°. The voltage and current of the x-ray 

generator were set at 35 kV and 35 mA, respectively. The counting time and step size were 

set at 5 s/step and 0.0199°, respectively.  

DICVOL06 and TREOR90 of Fullprof2k package were utilized for indexing the 

PXRD pattern [32,33]. FINDSPACE of EXPO2009 package was used to ascertain the space 

group of the samples through the statistical analysis of their PXRD data [34,35]. Moreover, 

we have used two Rietveld based software packages viz., MAUD2.33 (Material Analysis 

Using Diffraction) [36] and GSAS (General Structure Analysis System) [37] with EXPGUI 

(graphical user interface) interface [38] to determine the structural, microstructural 
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parameters along with the phase- purity and bonding framework of the samples. In 

MAUD2.33, the initial positions of metal ions at tetrahedral (A) and octahedral [B] sites and 

O atoms were stated through their Wyckoff positions 8(b), 16(c), and 32(e), respectively. 

Moreover, the occupancies of the constituent elements and oxygen (O) obtained from infield 

Mӧssbauer spectroscopic study, were provided as initial input parameters for the Rietveld 

refinement of PXRD data using MAUD2.33. Finally, we got refined values of structural 

(lattice parameter and atomic coordinates) and microstructural parameters (crystallite size, 

microstrain, density etc.) as well as quantitative abundance of different phases after successful 

refinement of PXRD pattern of the samples.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. Simple diagram showing X-ray diffraction 

On the other hand, GSAS program with EXPGUI interface is a trustworthy software 

package to process the lattice parameters, profile parameters, background coefficients and 

position coordinates of oxygen atom. In this software, the background can be refined by using 

shifted Chebyshev function of first kind with 36 points. Moreover, the generalized spherical 
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harmonic model was utilized to correct the preferred orientation in the final stage of refinement. 

There are 63 parameters i.e., 36 background points, 15 profile parameters, 3 coordinates, 1 lattice 

parameter and 7 orientation distribution functions that can be refined to get best fitting of 

observed PXRD pattern with that of calculated one. 

2.2.2 Electron microscopic study 

In this thesis, two types of electron microscopic techniques have been used. First one 

is Field Emission Scanning Electron Microscopic (FESEM) technique and the second one is 

High Resolution Transmission Electron Microscopic (HRTEM) technique. These techniques 

helped to gather the information about morphology and crystallographic orientation of the 

samples. 

2.2.2.1 FESEM study 

The FESEM morphographs have been captured by FEI INSPECT F50 FESEM 

equipment. This instrument consists of 1) electron optical column, 2) specimen chamber, 3) 

electron dispersive spectroscopy (EDS) detector, 4) back scatter detector (BSD), 5) monitors 

and 6) computers. The narrow probing electron beams are produced at both low and high 

energy density from field-emission cathode in the electron gun of the microscope. The 

electron beam is directed onto the specimen by accelerating in a field gradient through 

electromagnetic lenses. The bombardment of beam onto the surface of the sample produces 

several interactions that result in emission of electrons or photons from the surface. The 

FESEM instrument mainly produces morphographs from the intensity comparison of the 

secondary electrons generatedafter bombardment to that of the primary electron beam. As 

electrons in FESEM instrument interact with the surface layers of the sample, it can yield 

many important information like 1) topography: the features and textures of surface, 2) 

morphology: the shape, size and arrangement of particles that construct the sample, 3) 
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composition: constituent elements and compounds which comprise the samples and 4) 

crystallographic information [39,40]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Schematic diagram of Field Emission Scanning Electron Microscope (FESEM) [40]  

2.2.2.2 TEM study 

(a) Sample preparation for TEM: It is well known that most of the magnetic 

nanoparticles have a tendency to form agglomerates. So, it becomes difficult to properly 

record the HRTEM images of magnetic nanoparticles. To get rid of this difficulty we have 

taken a special measure to break the agglomerates prior to the HRTEM study. To disperse the 

agglomerates, small amount of sample was primarily disseminated in ethyl alcohol by 

dynamic ultrasonication. After that Cu-grid with C coating was positioned at a spin coating 
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unit spinning at 400 rpm and a drop of sample was discharged on the grid. It will be apparent 

from the TEM micrograph that agglomeration could be sufficiently prevented. 

(b) Working principle: The transmission electron images, lattice peripheries and 

selected area electron diffraction pattern of the present samples have been recorded by 

JEOL2100 HRTEM equipment. The instrument comprises of: 1) electron gun, 2) condenser 

aperture, 3) objective aperture, 4) intermediate aperture, 5) specimen port, 6) objective lens, 

7) diffraction lens, 8) intermediate lens, 9) projector lenses, 10) binoculars, 11) fluorescent 

screen, 12) monitors and 13) computers. The working of the instruments is as follows: a) the 

electron beam interacts and passes through the specimen, b) the electrons are discharged from 

electron source and confined by two condenser lenses, c) the electrons then pass through the 

condenser aperture and hit the sample surface, d) brightness of the samples are controlled by 

the condenser lenses, e) the transmitted beams consisting elastically scattered electrons pass 

through the objective lens, f) apertures are used to choose these elastically scattered electrons 

that will form the image with the help of objective lens and g) these beams pass through 

intermediated lenses and projector lens, respectively. Intermediated lenses control the 

magnification of the image that is shown in Fig.3. We obtain different type of electrons after 

bombardment on the specimen. Thus, different types of images are obtained in TEM 

instrument by using different type of apertures and lenses. If diffracted beam is selected, dark 

field images can be obtained. On the other hand, bright field images can be formed by 

selecting unscattered beam. When a sample is subjected to a parallel beam and an aperture is 

used to select the area (few hundred of nanometers) from which the diffraction pattern is to 

be recorded, a selected area electron diffraction (SAED) pattern is formed [41,42]. SAED 

pattern can be either spot patterns corresponding to single crystal diffraction or ring patterns 

due to multiple crystal with variable orientation of powder samples. SAED images are 

required for determination of growth directions, structural intergrowth, phase identification 
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etc. TEM images are useful to determine the shape, size, order of the particles, arrangement 

of atoms of the samples, imperfections in crystalline structure etc. 

 

Fig.3. Schematic diagram of a transmission electron microscope [43]. 

2.2.3. Energy-dispersive x-ray spectroscopic study  

The BRUKER EDS (Energy-dispersive x-ray spectroscopy) system used for 

analysing the identity of the constituent elements of the present samples is attached to the 

JEOL2100 HRTEM equipment. In EDS technique, x-rays are emitted from the sample when 

electron beam interacts with the atoms at the surface of the samples. X-ray energy indicates 

the characteristics of the elements from which it is emitted. The machine records the 

comparative abundance of x-rays emitted by different elements against their respective 

energy. The elemental composition of the sampled volume is assessed by the x-ray energy 

spectrum versus counts plot. 
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2.2.4. X-ray photoelectron spectroscopic study 

XPS (X-ray photoelectron spectroscopy) is a quantifiable spectroscopic technique that 

records the elemental composition, experiential formula, chemical and electronic nature of 

the elements that occur inside a material. XPS spectra are attained by exposing a substance to 

X-rays while concurrently recording the kinetic energy and quantity of electrons that outflow 

from the top layer of the substance under observation. In this method, photon energy is 

absorbed by the surface electron inhabiting the core level. So, the energy distribution of 

emitted electrons would resemble the energy level variations of the electronic states in the 

sample under examination. The ejected photoelectrons are accumulated by the energy 

electron analyzer producing the spectrum. XPS was performed for samples ZnFe2O4 solid 

and hollow microspheres using XPS (Omicron Multiprobe Electron Microscopy System) 

with monochromatic Al Kα x-ray source (1486.7 eV, model: XM 500). The data were 

analysed using the XPSPEAK 4.1 software. The photoelectron peaks under consideration 

were subjected to Shirley background subtraction and peak fitting with Gaussian-Lorentzian 

shaped profiles. 

 

 

 

 

 

 

 

 

 

Fig.4. Schematic diagram of an XPS instrument [44]. 
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2.2.5. Ultraviolet-Visible spectroscopic study 

UV-vis spectroscopy is widely utilized to quantitatively characterize material’s 

optical property especially band-gap property. In this process sample is exposed with 

ultraviolet and visible electromagnetic waves and the captivated energy is measured through 

the absorption spectrum [45]. Fig.5 shows the components of a typical spectrometer. Firstly, 

a light beam from a source (visible or ultraviolet) is segregated into its constituent 

wavelengths using a prism or diffraction grating. Further, the separated monochromatic 

beams are split into two equisized intensity beams using a half-mirrored device. The sample 

beam moves through a small clear vessel (cuvette) comprising a mixture of the composite 

under observation in a  

 

 

 

 

 

 

 

 

 

 

 

Fig.5. Parts comprising a typical spectrometer [46] 

clear solvent. Whereas the reference beam moves through an alike cuvette holding only the 

solvent. The resulting intensities of these beams are then recorded by electron detectors and 

studied. The absorption peak’s width for a nanoparticle spectrum firmly relies on the 
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chemical structure and the particle size. JASCO V-630 spectrophotometer has been used to 

characterize our samples. 

2.2.6. Photoluminescence spectroscopic study 

 Photoluminescence (PL) spectroscopy is a non-touch, non-damaging method and it 

delivers information on electrical and optical properties of semiconductor materials. In this 

method, light is focused onto a substance, which absorb light energy by photoexcitation 

process. Subsequently, photo-excited electrons rise to a upper electronic state, and then 

release the extra energy in the form of photons to attain least energy state. This process of 

emission of light, or luminescence through the emission of photoelectrons is called 

photoluminescence (PL). In the process of photoluminescence, laser beam is directed on the 

sample, which absorb it and later emit light at wavelengths reliant on the chemical structure. 

The orientation of the sample is so maintained that the reflected light beam and the 

photoluminescence emission proliferate in dissimilar directions. The emanated light is 

focused through a fibre optic cable and finally into a spectrometer. It is prudent to place a 

filter in front of the fibre cable to eliminate any unwanted laser light. The photoluminescence 

spectrum specifies the comparative intensities of light of diverse wavelengths incoming the 

detector. The photoluminescence (PL) spectra of our samples have been recorded by using a 

JASCO FP-6700 spectrophotometer. 

2.2.7. Dynamic light scattering and Zeta potential study 

Zeta potential and particle size distribution were determined using a Zetasizer Nano 

ZS (Malvern Instruments, UK). A 2 mW He-Ne Laser of wavelength 633 nm was attached 

with the instrument and was used to irradiate the samples under observation. A throwaway 

zeta cuvette was utilized for particle size and zeta potential measurements. In dynamic light 

scattering (DLS) technique, the digital signal processing correlator was illuminated with back 

scattered light at an angle of 173˚. The intensity versus intensity auto-correlation entity was 
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recorded and was utilized to estimate the average size by means of the Stokes-Einstein 

relation a = , D is the diffusion constant and kT is the thermal energy [47,48]. The particle 

size distribution was attained via three consecutive measurements. The electrophoretic 

mobility was employed to measure Zeta potential through laser Doppler velocimetry by 

means of Helmoltz-Smoluchowski function 

ζ = 3                             (1) 

Where, η and ϵ are the coefficient of viscosity and the permittivity of the aqueous medium, 

respectively.  is the Henry function which relies on the inverse Debye length  and 

the radius (a) of the particle. In Smoluchowski calculation, the extreme value of the function 

 = 1.5 subject to condition that particles are in aqueous media [47,48]. When the 

particles are dispersed in a non-aqueous media,  = 1 (Huckel approximation). We have 

utilized  = 1.5 value for our current study to compute zeta potential from calculated 

electrophoretic mobility. The average value of zeta potential was attained by means of three 

consecutive measurements with 10-100 runs in every measurement. 

2.2.8. dc magnetic study 

 dc magnetic measurement of the present samples was carried by using both 

superconducting quantum interference device magnetometer (Quantum Design SVSM, USA) 

and a Cryogenic make vibrating sample magnetometer (VSM). The dc magnetization (M) 

versus temperature (T) curve was obtained by considering the zero-field cool (ZFC) and field 

cool (FC) protocol. On the other hand, dc magnetization as a function of magnetic field (M 

versus H) was recorded under ZFC mode at different temperatures.  

(a) ZFC-FC protocol: This protocol, in general, gives us the information of the energy 

barriers of the magnetic systems and performed as mentioned below: For obtaining the ZFC 

magnetization curve, the substance is primarily cooled in absence of field from a high 

temperature possibly above the blocking temperature (TB) of the system to a low temperature 
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upto 5- 10 K. Then the sample is subjected to a magnetic field and the magnetization versus 

temperature data is measured in the heating cycle. The same process is repeated for FC 

magnetization but only difference is that the sample is cooled under the influence of constant 

magnetic field and data is noted in the heating cycle with field on. In the ZFC and FC 

measurements, the external field which the sample is subjected to should be lower than the 

anisotropy field to assure that the ZFC-FC curve displays the inherent distribution of the 

energy barriers [49]. 

(b) Working principal of VSM: Faraday’s law of induction. VSM consists of the 

following units: 1) One powerful electromagnet (magnetic field ~ 7 T), 2) Two pickup coils 

(Reference coil and detection coil) and 3) sample holder made of nonmagnetic material. To 

produce a signal equivalent to the magnetic moment, the sample is set to vibrate by velocity 

transducer in a slowly varying applied field. The variation of magnetic flux due to the sample 

vibration is sensed by the pick-up coils. Voltages that generate at two different set of coils, is 

measured and the difference of voltages is proportional to the magnetic moment of the 

sample.  

2.2.9. Mössbauer spectroscopic study 

Mössbauer spectroscopic study is connected to the extraction of information on the 

hyperfine interaction, which generates when the energies of nuclear state are perturbed by the 

electrons around the nucleus. In the thesis, the hyperfine properties of iron containing 

samples have been investigated by Mössbauer spectroscopic study. Mössbauer effect is nothing 

but the phenomena of recoilless emission and resonance absorption of γ rays [50]. It provides 

local information of a system having fast relaxation time, by detecting its magnetic ordering with 

the small characteristics experimental time (τm = 10-9
 s). There are three hyperfine interactions 

viz., isomer shift, electric quadrupole splitting, and hyperfine magnetic field associated with 

Mössbauer effect, which are the most useful measurable quantities for the characterization of 
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materials in Mössbauer spectroscopic study. There are 40 elements (Ni, Sn, Ge, Ru, Sm, Eu etc.) 

in periodic table that exhibit Mössbauer effect with 100 nuclear transitions. However, the study of 

Mössbauer effect in 57Fe is more convenient due to its narrow natural linewidth (4.6 × 10-9
 s) and 

14.41 KeV γ ray emission.  

 

 

 

 

 

 

 

 

 

 

 

Fig.6. Block diagram of Mössbauer spectrometer 

 The block diagram of Mössbauer spectrometer is shown in Fig.6. The major parts in the 

experimental arrangement of Mössbauer spectrometer are consisted with the following: 1) 

Mössbauer radioactive source for γ ray emission, 2) an absorber, 3) a drive unit, 4) gamma ray 

detector and 5) data acquisition system. 57Co in Rh matrix has been used as Mossbauer source as 

it has narrow line width and high recoil free fraction. Absorbers for Mössbauer spectroscopic 

study have been made by spreading uniformly the sample taken in powder form over ~ 1 cm2 

area. The main three parts of drive unit (model CMTE 250) are a function generator, a drive 

amplifier and a Mössbauer velocity transducer (MVT). The source is mounted on the transducer 

that is made up of moving coil in a constant magnetic field and oscillates according to the drive 

current coming from amplifier. The detector is nothing but a sealed proportional counter, which is 
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attached with a low noise active filter amplifier and a pre-amplifier. The output of amplifier has 

been sent to the Multi-Channel Analyzer (MCA). However, the energy of 14.4 KeV γ ray is 

selected by a Single Channel analyzer (SCA), lower-level discriminator (LLD) and upper-level 

discriminator (ULD) in pulse height analysis (PHA) mode of MCA. Moreover, MCA generates 

clock pulses that synchronize the MVT and MCA. The single spectrum has been produced by 

folding the full spectrum around the center point during the analysis. 

 A constant acceleration drive (CMTE-250) with a 10 mCi 57Co source was used to record 

Mössbauer spectra of the samples at room temperature in transmission geometry. The low 

temperature (5/10 K) Mössbauer spectra of the samples were carried out with JANIS SVT-400 

MOSS cryostat system. In presence of an external magnetic field of 5 T applied parallel to the γ-

ray direction, the Mössbauer spectra of the samples were acquired at low temperature (5/10 K) by 

using a superconducting magnet (JANIS SuperOptiMag) and a 40 mCi 57Co source. The natural 

iron sample was used for the calibration of the Mössbauer spectrometer. The fitting of the 

Mössbauer spectra was performed by using the Recoil program [35]. In the thesis, the Mössbauer 

spectra were fitted by using the Lorentzian site analysis and Voigt based site analysis methods of 

Recoil program. 

2.2.10 Electrochemical performance study 

 Electrochemistry deals with the chemical reactions that take place through means of 

electron transfer at the interface of an electrode and an ionic conductor i.e. electrolyte. 

Electricity is produced by transfer of electrons from one element to another through a 

reaction known as redox (oxidation-reduction) reaction. Most used setup in electrochemical 

performance study is that of three electrode cells. The three electrodes are working electrode, 

reference electrode and auxiliary or counter electrode. These three electrodes are connected to 

an instrument (potentiostat) that monitors the potential of the working electrode relative to 

the reference electrode and measures the resulting current passing between the working 

electrode and counter electrode. The tip of reference electrode is located as close to the 
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working electrode as possible to minimize the solution (electrolyte) resistance [52]. A typical 

three electrodes electrochemical cell has been used in the thesis work where, counter 

electrode is a wire-constructed platinum and reference electrode is the saturated calomel 

electrode that has a known potential. The electrolyte consists of a high concentrated solution 

of an ionized salt as well as electroactive species, which has been used as medium between 

the electrodes in the cell. In the present thesis, the cyclic voltammetry technique has been 

used to understand the kinetic and catalytic performance of an electrode. The details of this 

technique is discussed below briefly. 

 Cyclic voltammetry (CV) is a vital and powerful technique that is used to examine the 

redox processes in molecular species. During the experiment, an external potential ramp 

applied by the potentiostat is employed to the working electrode. This potential ramp changes 

progressively and returns to the initial potential by reversing the scan (Fig.7). In this manner, 

a triangular potential waveform is generated by scanning the potential between the switching 

potentials linearly with time in acyclic manner. The following equation is E = Ei ± vt (+ ve 

for cathodic and – ve for anodic sweep), where E = potential at time t, Ei = initial potential 

and v = scanning potential or sweep rate of potential. 

 

Fig.7. Triangular potential waveform applied to the working electrode [53] 

A typical cyclic voltammogram (CV) curve where resulting current is monitored as a 

function of externally applied sweep potential is presented in Fig.8. In the diagram, the 

anodic current (ipa) is produced when the scanning potential at working electrode becomes 
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more positive than that of redox couple present in the solution (greater than anodic peak 

potential Epa); oxidation may occur in the corresponding species by transferring electrons 

from the solution to the electrode. On the other hand, when the working electrode potential in 

the return scan is more negative than the reduction potential of redox couple (greater than 

cathodic peak potential Epc), reduction takes place by sweeping away electrons from the 

electrode to yield cathodic (ipc) current. The anodic and cathodic currents are positive and 

negative, respectively, according to the IUPAC convention. The relationship among the 

potential of the electrochemical cell (E), standard reduction potential of the redox couple (E0) 

and the concentration of the oxidized (Ox) and reduced (Red) analyte in the system are 

described by the Nernst equation at equilibrium [54]. 

 

where, R = molar gas constant (8.3144 J Mol-1 K-1), T = absolute temperature (K), n = 

number of electrons transferred, F = Faraday constant. Moreover, in cyclic voltammetry, 

electrochemical reactions can be performed either by reversible or irreversible process. 

 

Fig.8. Cyclic voltammogram (CV) curve [55] 
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2.2.11. Photocatalytic activity study 

In the thesis, Co0.5Zn0.5Fe2O4 microspheres were used as catalyst to remove pollutant 

dye (Congo Red) under dark and light conditions. For this work, a stock mixture was made 

by putting 15 mg of Congo Red (CR) into 1 L of distilled water. Further, the degradation 

experiment using photocatalysis was carried out by putting essential amount of catalyst into 

20 ml of pollutant dye stock mixture stored in a glass vessel and subjecting the solution to 

different dark and light conditions. The process of photocatalytic degradation was supervised 

by capturing UV-Vis absorption spectra of the substance attained after magnetic separation 

with the help of JASCOV650 spectrophotometer. Fig. 9 shows the general mechanism of 

photocatalytic effect. 

 

 

 

 

 

 

 

 

 

 

Fig.9. General mechanism of photocatalytic effect [56]. 
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3.1. Introduction 

In recent times, nanosized spinel ferrites are in the limelight not only because of their 

application in hyperthermia [1], drug delivery [2], magnetic storage devices [3], sensors 

(electrochemical and gas sensing) [4-5], high frequency electronic devices [6] along with 

their use as contrast agent in magnetic resonance imaging [8] and active component in 

ferrofluid technology [9] but also pertaining to their distinctive physicochemical features as 

compared to their bulk counterparts [10,11]. The arousal of extraordinary properties in these 

spinel ferrites when reduced to nanoscale is due to increase in the surface to volume ratio, 

spin canting at the surface, cation redistribution between two interstitial sites of the spinel 

lattice and finite size effect [12,13]. On curbing down to the nanometric regime, stunning 

magnetic behaviors like superparamagnetism, high saturation magnetization, spin glass like 

freezing and several unique electrical properties like high electrical resistivity and high 

permeability crop up [11, 14-18]. These properties have shown variations following the 

synthesis procedure adopted, composition, size and shape of the fabricated nanoparticles [3, 

19-24]. So, tailoring of these parameters can enable us to control the properties of the 

nanosized ferrites and render them suitable for various technological applications. 

Nanosized Co1-XZnXFe2O4 ferrites have been studied comprehensively in recent years due 

to their phenomenal magnetic, electrical and photocatalytic properties [13,18,19-22,25-27]. 

Bulk ZnFe2O4 is a non-toxic and soft-magnetic normal spinel whereas bulk CoFe2O4 is a 

comparatively toxic and hard-magnetic inverse spinel [28]. Replacement of Co ions by Zn 

ions through proper synthesis procedure produces non-toxic nanosized Co1-XZnXFe2O4 

ferrites and helps in optimizing their magnetic behavior, which leads to development of 

diverse magnetic orders owing to variation in sublattice exchange interactions within the 

spinel lattice [12,13,20-22,29]. Doping of non-magnetic Zn2+ ions in nanometric CoFe2O4 at 

a ratio of X = 0.5 gives rise to maximum value of saturation magnetization due to increase in 
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inter-sublattice A-O-B (JAB) exchange interactions between tetrahedral (A) site and 

octahedral [B] site of the spinel lattice[30-33]. Above this ratio (X > 0.5), magnetization 

starts to decrease due to movement of Fe3+ ions from [B] site to (A) site in lieu of Zn2+ ions 

which preferentially occupy (A) site when X < 0.5. As per literature review, magnetization of 

nanometric Co1-XZnXFe2O4 increases systematically in the region 0.1 ≤ X ≤ 0.5 [34]. For X > 

0.5, non-magnetic Zn2+ ions tends to occupy octahedral [B] site which results in weakening 

of the long range JAB interactions and strengthening of the short range B-O-B (JBB) and A-O-

A (JAA) interactions, simultaneously [34]. Thus, thorough investigation of magnetic 

properties of Co0.5Zn0.5Fe2O4 appears to be promising. 

According to literature survey, most of the studies on nanosized Co1-XZnXFe2O4 ferrites 

till date involve investigation of structural, magnetic and electrical properties of entire series 

of this system [20-22,29,31-33,35-37]. Very few groups have studied the properties of a 

particular composition of Co1-XZnXFe2O4 in detail and some of them have come out with 

exceptional results, which otherwise get overshadowed when studied in series. Presence of 

nanosized magnetic clusters in an infinite magnetic framework, cluster-paramagnetic phase, 

cluster glass phase, mixed magnetic phase, non-collinear spin structure and 

superparamagnetic clusters have been recognized in nanosized Co0.2Zn0.8Fe2O4, 

Co0.3Zn0.7Fe2O4, Co0.4Zn0.6Fe2O4, Co0.5Zn0.5Fe2O4 and Co0.6Zn0.4Fe2O4 ferrites [34, 38-43]. 

The nanometric Co0.5Zn0.5Fe2O4 has attracted special attention due to rare presence of mixed 

magnetic phase in this system [34,43]. 

The synthesis procedure of nanosized spinel ferrites is of particular importance in 

determining their properties and their effectiveness in technological applications [19,25-27]. 

In this regard, chemical coprecipitation method has emerged as an efficient synthesis 

technique because of low-cost precursors, moderate preparation time, modest heating and 

large-scale production of nanometric ferrites, all of which are industrially important 
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[19,21,22,36,37,44]. But, these nanometric ferrites are vulnerable to reduction of 

magnetization and magnetic ordering temperature due to the undesirable effects of surface 

spin canting and superparamagnetism related to finite size effect [45-49]. Heat treatment can 

increase magnetization and blocking temperature of nanosized ferrites [22, 50] but is 

associated with the drawback of increase in particle size [46]. Interestingly, nanosized ferrites 

have displayed enhancement in magnetic parameters on mechanical milling due to cation 

rearrangement among the two interstitial sites of spinel lattice and escalation of stress 

anisotropy energy induced by the mechanical strain generated in the process 

[3,12,13,45,46,51,52]. So, synthesis of nanosized spinel ferrites by chemical coprecipitation 

method followed by mechanical treatment through high energy ball milling seems to be an 

appropriate technique to produce nanosized spinel ferrites of superior magnetic quality 

without compromising on the industrial demand of miniaturization. 

In this background, we have employed the method of chemical coprecipitation to 

synthesize nanosized Co0.5Zn0.5Fe2O4 and ball milled it for duration of three, six and nine 

hours to obtain samples M1, M2 and M3, respectively, with the aim to examine the changes 

that have arisen in the structural, microstructural, magnetic and hyperfine properties of the 

samples as they undergo milling for different duration. The structural and microstructural 

characteristics have been inspected through powder x-ray diffraction and transmission 

electron microscopic techniques. The infield and without field Mössbauer spectroscopic 

technique along with dc magnetic measurements have been utilized to delve into the 

variations that have emerged in magnetic and hyperfine properties of the samples. Moreover, 

the dependence of magnetic properties on the structural changes induced by high energy ball 

milling has been investigated thoroughly on sample M2. 
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3.2. Experimental 

Co0.5Zn0.5Fe2O4 nanoparticles were synthesized by chemical coprecipitation method 

followed by ball milling for three, six and nine hours to obtain samples M1 (~ 63 nm), M2 (~ 

25 nm) and M3 (~ 17 nm). All Sigma-Aldrich made (purity more than 99.99%) reagents viz., 

CoCl2.6H2O, ZnSO4.7H2O and Fe(NO3)3.9H2O (precursors of the reaction) were taken in 

proper stoichiometric ratio and mixed in distilled water following addition of 10 M NaOH 

solution to attain a pH of ~12 under constant stirring. Afterward, the solution was 

continuously stirred for 9-10 hours and then the precipitate was washed in ethanol and 

collected by centrifugation. This precipitate was sintered at 700˚C for 8 hours to obtain fine 

black powder. Further, this powder was annealed at 1000˚C for 12 hours to attain better 

crystallinity. The so obtained sample shows average particle size of ~ 90 nm (Fig. 1). In 

general, the particle size of Co-Zn ferrites obtained from coprecipitation method ranges 

around 10-20 nm [12,13,22,53], but in the present case the average particle size is much 

larger due to the heat treatment of the sample obtained from coprecipitation method.  The 

heat-treated sample was ball milled in a Fritsch Planetary Mono Mill Pulverisette 6 ball mill 

at a rotational speed of 330 rpm with ball to mass ratio 20:1 using tungsten carbide balls and 

vials. The detailed procedure followed for synthesis of the samples and the methodologies of 

ball milling experiment are also presented in our previous work [47]. Bruker D8 Advanced 

diffractometer, FEI Inspect F50 FESEM, JEOL 2100 HRTEM equipped with Bruker EDS 

system, Wissel made Mössbauer spectrometer equipped with Janis SuperOptimag 

superconducting magnet and Superconducting quantum interference device (SQUID) 

magnetometer (Quantum Design, SVSM, USA) were used for structural, morphological, 

hyperfine and magnetic characterization of the samples, respectively, by adopting standard 

measurement protocol illustrated in our earlier work [13]. The Mössbauer data of the samples 

were analyzed by Recoil program [54]. 
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Fig.1 FESEM image of the sample obtained after coprecipitation followed by heat treatment 

3.3. Results   

3.3.1. Structural characterization 

The observed reflections in the powder x-ray diffraction (PXRD) patterns of M1, M2 and M3 

are in good conformity with the miller indices of cubic spinel structure of  space group 

and match well with JCPDS ICDD card numbers 22-1086 and 82-1049 for Co and Zn ferrite, 

respectively. The PXRD patterns of the samples M1, M2 and M3 have been indexed by 

Rietveld based software packages Fullprof2k [55,56]. MAUD2.33 package [57] has been 

used to analyze the phase purity and determine the microstructural parameters of the samples 

as this software can determine quantitative abundance of different phases in a composite 

(multiphase) material by structural refinement along with meaningful extraction of 

microstructural parameters by peak shift and broadening analysis of PXRD profile [58] 
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whereas most of the Rietveld programs (Fullprof, EXPO etc.) are not capable of 

implementing this procedure. The outcomes are summarized in Fig. 2 and Table 1. 

 

Fig. 2 PXRD pattern of the sample (a) M1, (b) M2 and (c) M3 obtained after MAUD 

analysis. The experimental data and the simulated pattern are represented by black dots and 

continuous red line, respectively. The difference between the experimental and simulated 

curve is plotted at the bottom with continuous blue line   

Table 1 Crystal data and refinement parameters of the M1, M2, M3 obtained from MAUD 

Further, GSAS software [59] has been used for extracting precise information on 

crystal structure of the samples taking into account the standard methodology reported earlier 

[3,13] and the results are presented in Fig. 3, Fig. 4 and Table 2,3. For Rietveld refinement by 

GSAS software, the initial positions of tetrahedral (A) site metal ions, octahedral [B] site 

Parameters M1  M2  M3  

Crystal System cubic cubic cubic 

Space group Fd-3m Fd-3m Fd-3m 

Crystallite size (nm)  63.39 25.05 16.83 

Microstrain  8.16×10-4 1.97×10-3 3.75×10-3 

Lattice parameter (a(Å)) 8.395 8.391 8.375 

Density (g cm-3) 5.269 5.263 5.306 

Rwp
  0.016 0.010 0.009 

Rexp 0.010 0.008 0.007 

GOF  1.24 1.24 1.24 
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metal ions, and O atoms have been assigned in the special Wyckoff positions 8(b), 16(c), and 

32(e), respectively, and refinement was carried out for the position coordinates of the oxygen 

atom, lattice parameters, background coefficients, cation occupancies and profile parameters. 

In the final stages of refinement, the preferred orientation correction was performed using the 

generalized spherical harmonic (order 14) model. The refinement of 63 parameters viz., 3 

coordinates, 1 lattice parameter, 36 background points, 15 profile parameters, 7 orientation 

distribution function coefficients and 1 scale factor were performed. The experimentally 

recorded PXRD patterns of the samples are in good agreement with the corresponding 

simulated patterns. The values of lattice parameter obtained for M1, M2 and M3 are in good 

agreement with those for nanometric Co-Zn ferrites reported earlier [19,29,30,31,32,34,51]. 

This clearly discards the possibility of presence of any probable impurity phase in the 

samples. The results of fitting reveal that the samples are single phase nanometric spinel 

ferrites of  symmetry. The structural formula of M1, M2 and M3 are 

(Zn2+
0.5Fe3+

0.5)A[Co2+
0.5Fe3+

1.5]BO4, (Zn2+
0.48Fe3+

0.52)A [Co2+
0.5Zn2+

0.02Fe3+
1.48]BO4, 

(Zn2+
0.46Fe3+

0.54)A[Co2+
0.5Zn2+

0.04Fe3+
1.46]BO4, respectively. It may be noted that in our attempt 

to fit the PXRD data by placing Co2+ ions at (A) site, the values of refinement parameters 

(Rp, Rwp, and GOF) turned out to be undesirable. Thus, Co2+ ions have probably not 

occupied (A) site of the spinel lattice.  

 

Fig.3. Indexed powder PXRD pattern of the sample (red dots) and the simulated Rietveld 

refinement plot (continuous green line) obtained by fitting the experimental powder PXRD 

pattern using GSAS program. The respective residue is plotted at the bottom (pink line). 
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Table 1 Structural and microstructural parameters along with metal-oxygen (M-O) bond 

angles and bond lengths of M1, M2 and M3 obtained from Rietveld analysis of PXRD pattern 

of the sample by GSAS program 

Parameters M1 M2 M3 

Formula weight 475.7 475.7 475.7 

Crystal System F d -3 m F d -3 m F d -3 m 

Lattice parameter (Å) 8.396(2) 8.390 (6) 8.378(10) 

Density (g cm-3) 5.338 5.331 5.373 

Volume (Å3
) 591.89(4) 592.76 (13) 588.12(2) 

Metal-Oxygen bond length (Å) 1.835 (A-site) 

2.089 (B-site) 

1.836 (A-site)  

2.090 (B-site) 

1.831 (A-site) 

2.085 (B-site) 

Metal-Oxygen bond angle (Å)  109.47˚ (A-site) 109.47˚ (A-site) 109.47˚ (A-site)  

       89.45˚ (B-site) 89.45˚  (B-site) 89.45˚ (B-site) 

 

 

Fig. 4 Unit cell of the sample M2 showing tetrahedral (A) site and octahedral [B] site bond 

angles and bond lengths 



  Chapter 3 

78 
 

Table 2 Fractional coordinates and occupancy of different ions obtained from the Rietveld 

refinement of PXRD pattern of M2 by GSAS program 

 Occupancy 

Ions x y z (± 0.003) 

Zn (A) 0.125000 0.125000 0.125000 0.4800 

Fe (A) 0.125000 0.125000 0.125000 0.5200 

Co (B) 0.500000 0.500000 0.500000 0.2500 

Zn (B) 0.500000 0.500000 0.500000 0.0100 

Fe (B) 0.500000 0.500000 0.500000 0.7400 

O 0.251194 (3) 0.251194 (3) 0.251194 (3) 1.0000 

 

5.3.2. Electron microscopic investigation 

Transmission electron microscopic (TEM) images representing the distribution of 

particle size in M1, M2 and M3 (Fig.5) reveal that the constituent particles in all three 

samples are of variable shape and size along with a strong tendency of aggregate formation, 

which increases with the diminution of particle size and vary following the sequence M3 > 

M2 > M1. Such agglomeration is a common trait in case of ferrites because of strong 

interparticle interaction [60]. All the three samples exhibit clear lattice fringes in their high-

resolution TEM micrograph (Fig. 5). The distribution of particle size for M1, M2 and M3 has 

been examined by taking diameters (considering particles as nearly spherical) of nearly 

hundred nanoparticles into consideration and represented in the form of histograms. The 

polydispersive nature of the samples is clear from their respective histograms. The fitting of 

histograms with the log normal function (Fig. 6) yields average particle sizes of M1, M2 and 

M3 as ~ 63, 25 and 17 nm with values of standard deviation (σ) as 0.15, 0.24 and 0.08, 

respectively. The value of ‘σ’ quantifies the amount of dispersion in data values and so in the 

present case gives an idea about the polydispersity of the samples, which is directly related to 

the blocking temperature distribution. 
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The presence of bright distinct rings in the selected area diffraction (SAED) pattern of 

sample M2 (Fig. 7) and matching of ‘d’ values obtained from PXRD study with those 

obtained by evaluating the SAED pattern together with assure about the crystallinity of the 

nanoparticles. The EDX survey spectrum of M2 (Fig. 8) in the energy range of 0 to 16 keV 

displays only peaks for the constituent elements (Co, Zn and Fe) with no signature of any 

impurity phase. The ratio of Co, Zn and Fe is 16.14:16.16:64.71, which assure that the 

sample is in appropriate stoichiometry. 

 

Fig. 5. TEM micrographs showing particle distribution and lattice fringes of (a) M1 (b) M2 

(c) M3 
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Fig. 6 Particle size histograms of (a) M1 (b) M2 (c) M3 

 

Fig. 7 SAED pattern of M2 

 

 

Fig. 8 EDX spectrum of M2 
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3.3.3. Magnetic and hyperfine study 

The curves of zero field cooled (ZFC) and field cooled (FC) magnetization versus 

temperature (range of 5 – 350 K) of samples M1 (Fig. 9(a)), M2 (Fig.9(b)) and M3 (Fig.9(c)) 

under an external applied magnetic field of 100 Oe primarily exhibiting phase transition from 

superparamagnetic to magnetically well-ordered state with the decrease in temperature are 

shown in Fig. 9. It is well known that the distribution of blocking temperatures is closely 

related to the anisotropy energy barrier distribution of the system and thus, with the particle 

size distribution [61]. If the particle size distribution is uniform, the half-width of the ZFC 

versus temperature (T) curve is expected to be narrower [61]. The TEM study indicates the 

polydispersive nature of all three samples which in turn resulted in an increase in the half-

width of the ZFC vs T curve. In such case, the maximum of the ZFC curve (Tmax) 

corresponds to the blocking of particles with average volume [62, 63] and can be written as 

Tmax = βTB [64], where β is proportionality constant that depends on the type of size 

distribution and TB is defined as the temperature at which 50% of the nanoparticles are in 

blocked state and rest 50% are in superparamagnetic state. To account for the polydispersive 

nature of the samples, it would be better to determine TB from the derivative of the difference 

in ZFC magnetization (MZFC) and FC magnetization (MFC) with respect to temperature [22, 

61]. We have plotted the (d(MZFC – MFC))/dT versus T curve (Fig. 10) and estimated the 

value of TB for each sample. The values of Tmax, TB and Tirr (temperature corresponding to the 

blocking of the largest particle) are enlisted in Table 4. The values of β for all three samples 

lies in the range 1.5-2.5 as should be for a nanoparticle assembly following log-normal 

distribution [65]. Further, the variations in values of TB, Tmax and Tirr i.e., TB < Tmax < Tirr 

points out that the samples are polydispersive, thus, corroborating with the TEM study. 
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Fig.9 ZFC-FC magnetization curves of (a) M1 (b) M2 and (c) M3 at 100 Oe. The FC and 

ZFC magnetization is represented by red and the black lines, respectively. 

 

Fig. 10 d(ZFC-FC)/dT versus T curves for M1, M2 and M3 

A second phase change transpires at about 50 K which is seen as a cusp in the ZFC 

curves of all the samples suggesting a spin glass like random freezing of moments resulting 

from strong magnetic interaction within the constituent particles of the samples [15,16,66]. 

This temperature is usually termed as the freezing temperature (Tf) of the system. In order to 

gain insight of the observed phase transition at low temperature, we have plotted the 

dMZFC/dT versus T curves for all three samples. The dMZFC/dT versus T curves for M1, M2  
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and M3 (Fig. 11)  exhibit a maximum at ~ 20 K and the change in derivative begins at ~ 50 K 

which marks the inception of spin glass like behavior in their ZFC curve. Further, it is 

expected that FC curve will increase monotonically with reduction in temperature due to 

decreasing thermal fluctuations for typical superparamagnetic system [60]. But in this case, 

the FC curves of all three samples exhibit a slow fall in magnetization on decreasing the 

temperature below Tf of the ZFC curve. Usually if there is a combined interplay of 

interparticle interactions and spin glass like freezing, a flat region develops in the FC curve at 

very low temperatures. So, this unexpected behavior in magnetization of the FC curve below 

50 K, in the present case, can be due to the random freezing of canted surface spin 

arrangement in the sample reinforced due to higher non-magnetic Zn2+ concentration in it, 

which can be further confirmed from infield Mössbauer spectroscopic study. 

 

Fig. 11 d(ZFC)/dT versus T curves for M1, M2 and M3 

We have further performed M-H (variation of magnetization with field change) loop 

measurements to validate the findings of ZFC-FC study. The M-H loops of M1, M2 and M3 

at 300 and 10 K in the field range -1 to +1 T are shown in Fig. 12. M1 and M2 exhibit a small 

hysteresis in their M-H loops at room temperature but M3 does not. So, M3 is mostly 
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superparamagnetic but M1 and M2 clearly exhibit mixed magnetic phases. However, all the 

three samples exhibit clear hysteresis loops at 10 K.  The values of saturation magnetization 

(MSAT) at 300 and 10 K for the three samples have been estimated by plotting M versus 1/H 

curve using the law of approach to saturation. The values of MSAT
 and coercivity (HC) are 

provided in Table 4. The steep increase in the values of MSAT and HC at low temperature 

suggest development of magnetic ordering with the decrease in temperature, which may be 

due to freezing of surface canted spins. 

 

Fig.12 M-H (hysteresis) loop of M1 (black line), M2 (blue line) and M3 (red line) at (a) 300 

and (b) 10 K shown between ± 1 T.  

Table 4 Values of crystallite size obtained from PXRD, particle size obtained from TEM, 

blocking temperature (TB), temperature corresponding to the maximum in ZFC curve (Tmax), 

irreversibility temperature (Tirr),saturation magnetization (MSAT) and coercivity (HC) 

Sl. 

No 

Sample Crystallite 

size (nm) 

Particle 

size (nm) 

TB Tmax Tirr MSAT (emu g-

1) 

HC (Oe) 

1. M1 63 63 220 330 348 56.8 (300 K) 

115.68 (10 K) 

30 (300 K) 

1395 (10 K) 

2. M2 25 25 210 318 345 55.3 (300 K) 

113.84 (10 K) 

20 (300 K) 

2190 (10 K) 

3. M3 17 17 204 310 340 51.5 (300 K) 

109.65 (10 K) 

0 (300 K) 

1950 (10 K) 
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57Fe Mössbauer spectroscopy has been employed to determine the valency of iron 

ions and probe the hyperfine interactions to further delve into the observations arrived from 

the dc magnetic studies. The room temperature (300 K) Mössbauer data of M1, M2 and M3 

have been analyzed by Recoil program [54] and the fitted spectra are presented in Fig. 13. 

The values of hyperfine parameters are listed in Table 5. The values of isomer shift (IS) 

indicate presence of only Fe3+ ions in all three samples [3,12,13,45,46]. M1 exhibits a clear 

hyperfine sextet (76.9%) and a feeble doublet (23.1%). In the spectrum of M2, a less intense 

sextet (69.9%) as compared to M1 along with a superparamagnetic doublet (30.1%) has been 

found. M3 displays a prominent doublet (49.73%) along with a poorly defined sextet 

(50.26%) in its room temperature Mössbauer spectrum. The intensity of the hyperfine sextet 

gradually diminishes with decreasing particle size. The doublet has large line width while the 

sextet is diffused in nature (Fig. 13). The pattern of evolution of the Mössbauer spectra with 

increase of particle size can be elucidated by the theory of superparamagnetic relaxations 

[14,15,28,60,66].The dependence of the relaxation time (τ) of superparamagnetic 

nanoparticles on particle volume (V), temperature (T) and anisotropy energy constant (K) is 

given by Neel- Brown equation  [28] (k is the Boltzmann constant), which 

suggests that τ decreases with the reduction in particle size. If τ << time of measurement (τm), 

total moment during the time of measurement becomes zero giving rise to a doublet [60]. On 

the contrary for τ >> τm, a narrow hyperfine split sextet emerges [60]. But, the presence of an 

admixture of a relaxed sextet with a superparamagnetic doublet for all three samples indicates 

that the samples consist of both superparamagnetic (τ << τm) and magnetically well-ordered 

(τ >> τm) particles. The results of dc magnetic measurements and room temperature 

Mössbauer spectroscopic measurements, together with, suggest that at room temperature 
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particles in all the samples exhibit mixed magnetic state composed of superparamagnetic and 

magnetically ordered phases. 

 

Fig.13 Mössbauer spectrum of (a) M1, (b) M2 and (c) M3 at 300 K 

Table 5 Hyperfine parameters obtained by fitting the Mössbauer spectra of M1, M2 and M3 

at 300 K 

Sample Spectra IS (±0.02) 

(mm s-1) 

QS (±0.07) 

(mm s-1) 

HMF (±0.1)  

(T) 

Width (±0.03)  

(mm s-1) 

Area (±0.3) 

(%) 

M1 Sextet 0.45 0.0 38.33 0.6 75.25 

Doublet 0.40 1.0 - 0.5 24.74 

M2 Sextet 0.36 0.0 36.0 0.7 69.93 

Doublet 0.30 1.0 - 0.5 30.06 

M3 Sextet 0.45 0.0 30.0 0.6 50.26 

Doublet 0.42 1.0 - 0.4 49.73 
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Low temperature (5 K) infield and without field Mössbauer spectroscopic data have 

been recorded to determine the spin configuration of M2, estimate the ratio of Fe3+ ions at 

(A) and [B] sites of the spinel lattice and explicate the magnetic behavior of M2 thoroughly. 

The infield Mössbauer spectrum was recorded in presence of 5 T magnetic field applied 

parallel to the γ-ray direction. The ferrimagnetic nature of M2 can be affirmed from the 

appearance of a split in the 1st and the 6th line of the infield Mössbauer spectrum of the 

sample [3,12,13,45-47,60]. Further, the occurrence of 2nd and 5th lines in the infield 

Mössbauer spectrum of M2 clearly suggests the presence of canted spins in the sample 

[3,12,13,45-47,60]. Although two-component fitting is capable of extracting the information 

on the global canting of the system but it is unable to extort the local hyperfine character 

embedded in the Mössbauer spectrum [3,12]. So, the infield Mössbauer spectrum recorded at 

5 K has been fitted by four sextets using “Lorentzian site analysis” of Recoil program to 

acquire quantitative information on the distribution of cations and spin canting effect at the 

core and surface regions of the sample [12]. The refined values of the hyperfine parameters 

and the precise values of canting angles have been depicted in Table 6. The pair of sextets 

with lower hyperfine field (HMF), higher isomer shift (IS) and higher canting angles 

corresponds to the canted surface region. The core is also not perfectly aligned and possesses 

canted spins. The simulated and experimental spectra corroborate with each other (Fig. 14) 

and the values of refinement parameters are good enough. Presence of only Fe3+ ions in the 

sample can be asserted from the values of IS [28]. The proportion of the intensity of the 

sextets corresponding to (A) and [B] site of M2 for both core and shell is 0.35 which is 

greater than its bulk counterpart with equilibrium cation distribution (0.33). This suggests that 

the sample is chemically homogeneous and Fe3+ ions have migrated from [B] site to (A) site 

in M2. The ratio of Fe3+ at (A) and [B] sites obtained from the infield Mössbauer spectrum 

corroborates with the one obtained from Rietveld refinement of PXRD pattern. Thus, the 
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four-component fitting assuming the core-shell model in case of M2 is capable of divulging 

the hyperfine character of the system accurately.  

The without field Mössbauer spectrum of M2 at 5 K has been fitted with “Lorentzian 

profile” using four sextets by restricting the ratio of iron ions in (A) and [B] sites to that 

obtained from the infield spectrum to verify the results acquired from infield Mössbauer 

measurements [3,13]. The experimentally obtained and fitted spectra have matched with an 

excellent concord (Fig. 14). Presence of a well-defined sextet in the without field Mössbauer 

spectrum of M2 suggests that superparamagnetic relaxation has completely vanished at 5 K 

[3,13]. Table 6 contains the fitted values of hyperfine parameters of both the without field 

and infield Mössbauer study, and they agree very well with each other. Thus, taking into 

account the outcomes of the room temperature Mössbauer study, infield and without field 

Mössbauer spectrum of M2 at 5 K and dc magnetic measurements, it can be inferred that 

particles in M2 possess core-shell structure with a slightly canted core surrounded by a 

disordered shell and they exhibit superparamagnetic behavior at room temperature owing to 

their nanometric size. 

 

Fig.14 Mössbauer spectra of M2 at (a) 5 K with 5 T external magnetic field and (c) 5 K fitted 

by Lorentzian site analysis method of the Recoil program 
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Table 6 Values of zero field and infield Mössbauer parameters of the sample at 5K 

determined by Lorentzian profile fitting 

 ‘C’ denotes the core region and ‘S’ denotes the shell region 

aObserved HMF (BHF)  is the vector sum of the internal HMF and the external applied magnetic field.   

bThe average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each subspectra, I2/ I3 

(A23) according to θ = arccos[(4- I2/ I3) / (4+ I2/ I3)]1/2. Where I2/ I3=A23.  

cEstimated according to the relationship of Beff, Bhfand applied field.  

 

3.3.4. Study of memory effect 

From literature survey, it is well-established that magnetic nanoparticles can keep a 

track of field changes in their dc magnetization measurement as a function of temperature 

[67-70]. The origin of this effect can be accredited to the presence of either spin glass like 

state in the system or due to broad particle size distribution in the nanoparticle assembly 

[67,68]. In the present case, all the three samples consist of both superparamagnetic (single 

domain) and magnetically well-ordered (multidomain) particles with broad size distribution. 

Further, the constituent particles in all three samples possess strong interparticle interactions 

which result in spin glass like phase at low temperature. Thus, it can be predicted that the 

samples under investigation may exhibit memory effect in both low and high temperature 

regions. 

Temperature 

/Field 

Site Width 

(mm s -1) 

 

IS 

(mm s -1) 

 

2ε 

(mm s -1) 

Beff
a 

(T) 

 

Bhf 

(T) 

 

A23 θb 

(degree) 

 

Area 

(%) 

 

5 K/ 5 T [ Fe3+
A]C 0.28 0.31 - 54.94 50.07c 0.1 12.75 17.9 

 [ Fe3+
A]C 0.31 0.47 - 46.5 51.17c 0.3 21.93 50.69 

 [ Fe3+
A] S 0.28 0.30 - 53.5 48.76c 0.2 17.97 8.14 

 [ Fe3+
A] S 0.31 0.50 - 46.0                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     50.06c  0.9 37.31 23.25 

5 K/ 0 T [ Fe3+
A]C 0.28 0.31 - - 50.07                               - - 17.55 

 [ Fe3+
A]C 0.31 0.47 - - 51.17 - - 46.80 

 [ Fe3+
A] S 0.28 0.30 - - 48.76 - - 9.29 

 [ Fe3+
A] S 0.31 0.50 - - 50.06 - - 26.33 
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In order to testify the above argument, we have carried out a memory protocol 

experiment on sample M2 following the procedure described herein. At first, the 

magnetization versus temperature (M (T)) data of M2 was recorded as the sample underwent 

cooling from 300 K to 250 K with application of 100 Oe external magnetic field. Then, the 

field was switched off after 250 K temperature was attained and the system was held in this 

state for one hour. Post that, the 100 Oe field was reinstated and M (T) data was recorded for 

temperature decrease from 250 to 70 K. The field was raised to 200 Oe after the system 

reached 70 K and kept in this condition for one hour. Thereafter, the field was reduced to 100 

Oe and M (T) data was recorded from 70 to 25 K under 100 Oe field. The field was turned 

off and the system was arrested in this state for one hour. Again, 100 Oe field was restored 

and M (T) data was taken from 25 to 5 K. After reaching 5 K, the system was heated from 5 

to 300 K under 100 Oe magnetic field and M (T) data was recorded. Both cooling and heating 

rates were fixed at 2 K/min throughout the experiment. Fig. 15 depicts the outcomes of the 

memory experiment. It clearly reveals that the system remembers the changes made in the 

values of applied magnetic field during the experiment and can track such changes, thus 

displaying “memory effect”. So, it seems that the nanoparticle assembly can encode a rapid 

rise or fall in the applied field during cooling process which can be successfully decoded in 

the heating cycle.  

 

Fig.15 Memory effect in the dc magnetization of M2 (red line and blue dots represent the 

magnetization data for the heating and the cooling cycles, respectively). 
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3.4. Discussions 

The results of Rietveld refinement of the PXRD pattern of M1, M2 and M3 using 

MAUD2.33 has revealed that all three samples are single phase nanometric spinel ferrite 

possessing symmetry having chemical composition Co0.5Zn0.5Fe2O4. It is possible to 

estimate the value of lattice parameter (aes) of Co0.5Zn0.5Fe2O4 system by taking the weighted 

average of the lattice parameters of pure CoFe2O4 and ZnFe2O4 i.e., using the relation aes = 

0.5 a1 + 0.5 a2, where a1 = 8.391 Å and a2 = 8.440 Å are the lattice parameters of CoFe2O4 

(JCPDS ICDD card no. 22-1086) and ZnFe2O4 (JCPDS ICDD card no. 82-1049), 

respectively. The obtained value of aes is ~ 8.41 Å, which is in good agreement with those of 

the present samples. The values of microstrain (Table 1) vary in the order M3 (63 nm) > M2 

(25 nm) > M1 (17 nm) i.e., microstrain increases upon increase in milling time which is a 

common phenomenon in mechanically milled ferrites [3]. In the present case, the values of 

lattice parameter (Table 1 and Table 2) change following the sequence M3 < M2 < M1 i.e., 

decreases with the increase in milling time. It is well known that mechanical milling 

promotes changes in structural and microstructural properties due to cation redistribution 

which, in turn, affect the magnetic properties of these compounds [3,12,13,45,46,51,52]. In 

this light, we have studied the effects of mechanical activation through ball milling on 

bonding properties, cation distribution and size reduction of all three samples. In this regard, 

we have calculated the theoretical values of lattice parameter (a), tetrahedral (dAO) and 

octahedral (dBO) bond lengths, and oxygen positional parameter (u) using the formulae 

described in detail in following works [3,29,71-75] taking into consideration the Shannon 

effective ionic radii [76] and compared those values with the ones obtained experimentally. 

All the calculations have been executed using the cation distribution obtained collectively 

from the Rietveld refinement of PXRD data and infield Mössbauer spectroscopy. The 

experimental results and theoretical calculations are in consonance (Table 7). This validates 
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that the outcomes of analysis of the PXRD data are reliable and the cation distribution of M2 

is trustworthy. As can be seen from Table 7, the values of ‘a’ for all three samples are slightly 

reduced in comparison to bulk Co0.5Zn0.5Fe2O4. Further, the values of dAO have reduced and 

dBO increased in all three cases in contrast to bulk. It is a well-known fact that by comparing 

the value of u, one can map out the possibility of cation migration in spinel ferrites [71]. We 

have also observed that the value of u for the bulk Co0.5Zn0.5Fe2O4 is different from all three 

samples indicating cation redistribution as has been estimated from infield Mössbauer 

spectroscopic study. So, we can conclude that, in the present case, structural parameters have 

changed noticeably upon scaling down to nanometric size as a result of incorporation of 

mechanical strain by ball milling. 

 

Table 7 Experimental and theoretical values of the structural parameters of nanosized 

Co0.5Zn0.5Fe2O4 and reported values of bulk Co0.5Zn0.5Fe2O4 

Structural parameters 

Nanosized Co0.5Zn0.5Fe2O4 Bulk 

Co0.5Zn0.5Fe2O4 

 (Å) 

Experimental value (Å) 

   M1             M2              M3 

Theoretical value (Å) 

M1              M2            M3 

Lattice parameter (a) 8.396          8.400        8.378 8.399            8.3987       8.397 8.4208 [77] 

A-O bond length (dAO) 1.835          1.836        1.831 1.905            1.903         1.900 1.954a 

B-O bond length (dBO) 2.089          2.090        2.085 2.05              2.051         2.052 2.032a 

A-site ionic radii (rAO) 0.475          0.476        0.471 0.545            0.543         0.541 - 

B-site ionic radii (rBO) 0.709          0.710        0.705 0.67              0.671         0.672 - 

Oxygen positional parameter 

(u) 

0.3762        0.3762      0.3762 0.3809          0.3808       

0.3807 

0.384 [77] 

aCalculated using the formulae of (dAO) and (dBO) [29] using the values of ‘a’ and ‘u’ for bulk Co0.5Zn0.5Fe2O4  
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Furthermore, we have calculated the theoretical value of magnetic moment per 

formula unit (m) adopting the procedure described in our earlier works [3,13]. Since the 

cation distribution for both core and shell of M2 is 

(Zn2+
0.48Fe3+

0.52)A[Co2+
0.5Zn2+

0.02Fe3+
1.48]BO4, we have calculated the theoretical value of m 

using this formula and taking canting angles from Table 6. The values of the magnetic 

moment for the core region (mCR) and surface region (mSR) are 5.72 and 4.606 μB, 

respectively. From the results of Mössbauer spectroscopic study, it has been found that the 

core and the shell regions cover 68.6 % and 31.4 % of the total volume of each particle, 

respectively. Considering this fact, we have calculated the value of m of the sample using the 

formula m = 0.686 × mCR + 0.314 × mSR and obtained value of m is 5.37 μB.                                                                                                                                            

The experimental value of m for M2 in Bohr magneton (μB) obtained by using M-H data at 

10 K is 5.32 μB. The experimental and theoretical values of ‘m’ are very close to each other 

which indicate that the structural formula used for the calculation of magnetic moments has 

been precisely determined and the particles in the sample possess almost ferrimagnetically 

aligned core with small canting along with magnetically disordered shell. 

The results of TEM, dc magnetic and Mössbauer studies together with bring about 

following main issues about all three samples: (i) existence of mixed magnetic phases at 

room temperature, (ii) presence of overall ferrimagnetic ordering along with surface spin 

canting, and (iii) random spin glass like freezing of magnetic moments at low temperature. 

The possible reasons for such observations have been discussed thoroughly with supporting 

references in the rest part of this text. The morphological study of M1, M2 and M3 using 

TEM indicates that constituent particles of all three samples have variable shape and size, 

possess interparticle interactions and surface disorder. These features have induced two 

different phase transitions in the ZFC versus T curves of M1, M2 and M3; transition from 

superparamagnetic to blocked state below blocking temperature (TB) and a random spin glass 
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like freezing below Tf (< TB). According to the outcomes of Mössbauer spectroscopic studies 

at room temperature (~ 300 K), majority of the particles in the milled samples are in 

superparamagnetic state (single domain) and a small fraction (multi domain) exhibit 

collective magnetic excitations. Further, due to the presence of strong interparticle 

interactions within the samples, the particles in the samples undergo transition from 

collective state to spin glass like state, which has been indicated by the appearance of a sharp 

cusp in the ZFC versus T curve [66]. Hence, the observed behaviour of the ZFC versus T 

curves is a result of a complex combination of individual blocking phenomena, interparticle 

interaction and collective freezing of magnetic moments. 

Further, the low temperature infield Mössbauer spectroscopic studies also bring forth 

the core-shell structure of the nanoparticles in M2 with a core having slightly canted spins 

surrounded by a shell with disordered spin alignment. The effect of these disordered spins at 

the surface gets more prominent below a certain particle size when the surface to volume 

ratio is high. Thus, for the nanoparticle assembly in M2, these disordered surface spins get 

randomly frozen as the temperature is lowered and it has been manifested by fall in 

magnetization of the FC curve at very low temperatures. Thus, the dc magnetic and infield 

Mössbauer studies together suggest that the freezing of disordered spins of the core-shell 

structure is responsible for the unexpected and topical magnetic behavior of the FC curves of 

the present samples at low temperature. 

The constituent particles of all three samples M1, M2 and M3 are polydispersive in 

nature as has been observed from TEM analysis. Further, the room temperature Mӧssbauer 

spectra of all three samples possess an admixture of a superparamagnetic doublet and a 

diffused sextet. So, it is clear that all the samples consist of both single domain and multi 

domain particles. It is well known that for uniaxial single domain particles, anisotropy energy 

constant (K) can be calculated using the formula KV = 25 kBTB, where V is the particle 
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volume, kB is the Boltzmann constant and TB is the blocking temperature of the particle. So, 

in the present case, it will not be appropriate to use the above formula for calculation of K. 

But still then, we have used the above formula and found the values of K for M1, M2 and M3 

as 3.07 × 102, 4.4 × 103, 1.41 × 104 J/m3, which are unusually small as compared to other 

nanosized Co-Zn systems [13,53,79]. So, we have employed a formula for the calculation of 

K, which does not take the particle size of the samples into consideration; instead the values 

of MSAT, HC and density of the nanoparticles (ρ) are used and can be written as K = μ0 

ρ, where Ha is the anisotropy field and corresponds to the maximum value of HC 

[79]. The values of K obtained using this formula are 8.6 × 104, 1.3 × 105, 1.1 × 105 J/m3 for 

M1, M2 and M3, respectively. The calculations have been done taking into consideration the 

estimated values of MSAT and HC provided in Table 4, and values of ρ present in Table 2. 

These values of K for M1, M2 and M3 are very close to that of pure cobalt ferrite (~ 2 × 105 

J/m3).  It can be clearly seen that there is a difference of almost two orders in the values of K 

for M1 and M2 obtained using formulae KV = 25 kBTB and K = μ0 ρ as both consist 

of mainly multi domain particles, whereas for M1 the difference is of one order as most of the 

constituent particles of M1 are single domain (superparamagnetic). Thus, the values of K 

obtained using K = μ0 ρ formula is trustworthy. All the three samples exhibit high 

values of K due to enhancement of both magnetocrystalline and strain induced anisotropy 

caused by mechanical strain produced through high energy ball milling [13]. We have 

compared the lattice parameter of the present samples with bulk Co0.5Zn0.5Fe2O4 in Table 7 

and observed that there is a contraction in lattice parameter for the present samples. This 

contraction has contributed to the increase in magnetocrystalline anisotropy energy. Further, 

an increase in microstrain with increasing milling time has been observed for the present 

samples. Thus, strain induced anisotropy and magnetocrystalline anisotropy together have 

lead to the enhancement of K. 
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The values of MSAT of M1, M2 and M3, both at 300 and 10 K, falls off gradually with 

the decrement in particle size i.e., M1 (63 nm) > M2 (25 nm) > M3 (17 nm). This reduction 

can be ascribed to the occurrence of spin canting at the nanoparticle surface introduced by 

high energy ball milling resulting in magnetic disorder [3,12,13,60]. With the minimization in 

particle size upon mechanical milling, surface effects become more prominent and thus, 

canted spins at the surface can cause a reduction in effective magnetization of the system 

[64,80]. Table 8 compares the values of room temperature (300 K) magnetic parameters like 

MSAT and HC for nanosized Co0.5Zn0.5Fe2O4 ferrites synthesized by different techniques with 

that of the present samples. It suggests that the value of MSAT of Co0.5Zn0.5Fe2O4 ferrite 

depends upon the synthesis procedure and particle size. Further, the values of MSAT of the 

present samples M1, M2 and M3 at 10 K, Co0.5Zn0.5Fe2O4 synthesized by coprecipitation 

followed by heat treatment with particle size 15 and 22 nm at 4.5 K [22] and Co0.5Zn0.5Fe2O4 

synthesized by low temperature solution combustion method having particle size 12 nm at 20 

K [32] are 115.68, 113.84, 109.65, 112.5, 125 and 100 emu g-1, respectively. There is a sheer 

rise in the values of MSAT at low temperature (10 K) as compared to room temperature (300 

K). This behavior has been detected in ferrimagnetic nanoparticles and assigned to the 

freezing of surface spins [58,64,80,81].  

Samples M1 and M2 exhibit small coercivity at room temperature (300 K) but M3 

does not as it is almost purely superparamagnetic possessing very few larger sized particles as 

has been predicted from room temperature Mössbauer spectroscopic study. The small 

coercivity at 300 K displayed by M1 and M2 are due to increased magnetocrystalline 

anisotropy of the samples caused by ball milling [12]. At 10 K, the coercive field varies 

following the order M2>M3>M1. Waje et al., and Iqbal et al., have obtained similar changes 

in coercivity (HC) beyond a certain particle size [18, 86]. This pattern of variation in HC can 

be explained from the magnetic domain theory as has been illustrated in our earlier work [3].  
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Although for strongly interacting particles, it is problematic to obtain parameters related to 

non-interacting independent particles, we have calculated the critical diameter (DC) of a 

particle approximately by using the formula DC = 9Ep/2πMs, where Ep =   is the 

energy density of the magnetic domain wall and MS is the saturation magnetization, 

considering it to be nearly spherical [3]. We have first estimated the value of Ep by taking 

Boltzmann constant kB, magnetocrystalline anisotropy K =1.1 × 105 J/m3, lattice constant a = 

8.40 Å, saturation magnetization MS = 647.17 Gauss and Curie temperature TC = 420 K as 

has been obtained from Veverka et al., considering the fact that sample M3 has particle size 

nearly equal to one of their samples having same chemical composition [22]. The calculated 

value of DC for nanosized Co0.5Zn0.5Fe2O4 is ~ 27 nm. Thus, particles in M1 (63 nm) are 

multi domain whereas M2 (25 nm) and M3 (17 nm) can be considered as single domain. 

Among three samples, the particle size of M2 is closest to the value of DC. It is well known 

that the value of HC increases with the decrement in particle size in multi domain region then 

attains a maximum value at DC and again decreases in single domain regime with diminution 

of particle size [11, 88]. In the present case, the highest value of HC has been obtained for M2 

which consists of particles with diameter closer to the critical diameter while value of HC 

decreases for both M3 with particle size much smaller than DC and M1 with particle size 

larger than DC. In larger particles, reversal of magnetization occurs by magnetic domain wall 

motion, whereas in a fine particle, entire spin needs to be rotated for magnetization reversal 

[3]. It is easier to rotate the domain wall in comparison to rotation of all the spins [11, 88]. 

Thus, higher value of HC for M2 and M3 as compared to M1 is justified.  
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Table 8 Table for comparison of room temperature (300 K) magnetic parameters of 

nanosized Co0.5Zn0.5Fe2O4 ferrite synthesized by various procedures 

 

The superposition of a doublet and a sextet in the room temperature Mössbauer 

spectrum of all three samples suggest that some of the particles are very small and single 

domain in nature, hence, they exbihit superparamagnetic behavior while rest of the particles 

are larger in size and they display ferrimagnetic behavior. It infers that the particles in the 

Sl.No Synthesis procedure Particle size  

(nm) 

Magnetisation 

MS (emu g-1) 

Coercivity 

HC (Oe) 

Refer

ence 

1. Co-precipitation followed 

by heat treatment 

7 

 

15 

 

22 

- 

 

- 

 

- 

>250 

 

250 

 

<250 

[22] 

2. Wet chemical 

coprecipitation 

7.26 75.80208 0 [29] 

3. Sol-gel auto combustion 29.01 90.13 176.24 [30] 

4. Coprecipitation 51 82 75.4 [31] 

5. Low temperature solution 

combustion 

12 ~ 63 

 

~ 100 

 

[32] 

6. Microwave combustion 45.81 65.20 66.36 [33] 

7. Chemical coprecipitation 

method 

9.8 49.55 22 [34] 

8. Starch-assisted sol-gel auto-

combustion method and 

ball milled 

75.7 

 

69.4 

76.70 

 

82.47 

73.56 

 

196.31 

[51] 

9. Sol–gel auto-combustion 

method and ball milled 

21.68 

 

18.99 

21.38 

 

61.38 

9.56 

 

79.7 

[52] 

10. Coprecipitation 5.8 15.5 - [82] 

11. Precipitation 

Combustion 

17.0 

24.0 

14.7 

3.65 

10 

50 

[83] 

12. Sol-gel 

Hydrothermal 

23.1 

11.2 

73.6 

56.7 

314 

1464 

[84] 

13. High-temperature thermal 

decomposition 

9.4 78.7 21 [85] 

14. Chemical coprecipitation 21 19.32 96.88 [86] 

15. Microwave combustion 35.68 73.80 ~300 [87] 

16. Chemical coprecipitation 

Followed by high energy 

ball milling for  

3 hours (M1) 

 

 

 

63 

 

 

 

56.8 

 

 

 

30 

 

 

 

Prese

nt 

sampl

es  

 

 6 hours (M2) 25 55.3 20 

 9 hours (M3) 17 51.5 0 
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samples are not monodispered. The outcomes of the low temperature (5 K) Mössbauer 

spectroscopic study (both infield and without field) reveal that M2 constitutes of particles 

having ferrimagnetic phase and no signature of relaxation is visible at this temperature. 

However, the sample exhibits spin canting. On contrary, the dc magnetization study on M2 

indicates presence of a cluster glass like state in the sample below 50 K which apparently 

disapproves the results of Mössbauer spectroscopic study performed at 5K. This disparity 

between the two measurements can be accounted by considering the fact that Mössbauer 

spectroscopy probes the local fluctuations of hyperfine magnetic field whereas dc 

magnetization records the effective magnetic moment of the sample as a whole [66]. The 

presence of both (A) and [B] site sextets in the Mössbauer spectra of M2 at 5 K reveals that 

M2 is either ferrimagnetic in nature or there are regions (clusters) inside the particles of M2 

which are in ferrimagnetic state. Thus, considering the results of Mössbauer spectroscopic 

study and dc magnetic measurements together, it can be concluded that there are 

ferrimagnetically ordered clusters inside the grains of the sample and with decreasing 

temperature the interplay between opposing sublattice interactions and frustrations result in 

freezing of local magnetic moment of these clusters in random orientation and the system en 

masse stabilizes in a spin glass like state [66]. 

The sample M2 has exhibited excellent memory effect in its dc magnetization 

measurements in both high temperature and low temperature regimes. The presence of strong 

interactions within the nanoparticle assembly and polydispersive nature of the sample have 

together given rise to the memory effect in M2. The presence of a stable spin glass phase in 

the sample is responsible for the origin of memory effect at low temperature region. The 

ensemble of nanoparticles can memorize the field change in its cooling cycle and can recall it 

accurately during the heating cycle. Hence, binary numbers 0 and 1 can be coded by defining 

‘H decrease’ as “0” and ‘H increase’ as “1” in the cooling cycle of the dc magnetization 
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measurement and decoded if heating is done under constant magnetic field keeping both 

heating and cooling rates same. 

3.5. Conclusion 

The structural, microstructural, magnetic and hyperfine properties of nanosized 

Co0.5Zn0.5Fe2O4 having three different particle sizes have been carefully examined by PXRD, 

HRTEM, dc magnetic and Mössbauer spectroscopic techniques. The particle size from 

PXRD and crystallite size from TEM studies match well with each other revealing that M1, 

M2 and M3 are well-crystalline in nature. All the three samples have a wide distribution in 

particle size and possess strong interparticle interactions. The dc magnetic and room 

temperature Mössbauer spectroscopic studies together reveal that M1, M2 and M3 exhibit 

mixed magnetic behavior possessing both superparamagnetic and magnetically well-ordered 

phases at room temperature along with spin glass like freezing at low temperature invoked by 

the strong interparticle interactions within the ensemble of nanoparticles and random freezing 

of disordered surface spins at low temperature. The values of saturation magnetization of the 

samples are slightly lower than its equivalents due to presence of spin canting caused by 

milling. The values of coercivity at 10 K are much higher than at room temperature indicating 

absence of any relaxations within the samples at 10 K. The cation distribution of M2 obtained 

using infield Mössbauer spectroscopic and PXRD studies has been testified by a trustworthy 

method of comparison of the experimentally obtained value of magnetic moment per formula 

unit with that of its theoretically calculated value. The sample M2 can keep a memory of field 

changes in its dc magnetic measurements, i.e., displays “memory effect” and may be 

technologically applicable for fabrication of sensors capable of detecting field changes and in 

encoding and decoding binary numbers. In summary, we can conclude that the magnetic 

structure of nanosized ferrites can be moderated suitably through mechanical activation to 
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produce samples which can meet industrial demand of manufacturing miniature devices 

having superior magnetic quality. 
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4.1. Introduction 

In recent times, the fabrication of self-assembled heterostructured magnetic materials 

have attracted immense attention of material scientists as their properties can be potentially 

tuned by building increasingly complex structures [1] leading to interesting functional 

features and wide variety of applications as well [1,2]. Fabrication of assembly of 

nanoparticles to form microspheres in the size range of protein molecules has extensive 

applications in the field of drug delivery [3-6]. Superparamagnetic ferrite nanoparticles 

display good dispersibility in solvent [7, 8] as interparticle interactions within the 

nanoparticles is weak and thus, they do not agglomerate. These characteristics render them 

apposite for biomedical applications [9,10].    But low magnetization resulting from finite 

size effect and spin canting hinders their application potential in many areas [11,12]. In order 

to attain high saturation magnetization while retaining the superparamagnetic character of the 

nanoparticles, a novel way of fabricating self-assembled heterostructures has been developed 

[1,2,13]. Among these heterostructures, microspheres have displayed highest value of 

saturation magnetization [14]. Further, self-assembled ferrite microspheres generally possess 

smooth and highly porous surface [15,16]. So, it seems obvious that nanoparticle-assembled 

ferrite microspheres will fare very well in magnetically guided site-specific drug delivery, 

magnetic hyperthermia and catalysis [17]. Apart from their application potential, these ferrite 

microspheres give rise to astonishing magnetic behavior like enhanced saturation 

magnetization and reduced coercive field at low temperature compared to those of their 

constituent nanoparticles [17-19]. These magnetic properties are very interesting from 

scientific view point and at the same time crucial for application in various fields. Since the 

microspheres are formed by self-assembly of nanoparticles, modulations of size and shape in 

the nanoscale regime can direct the evolution of their magnetic properties in unexpected ways 

[20,21]. These modulations can be controlled by tuning different parameters of synthesis 
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procedure of the nanocrystals. So, in order to obtain function specific nano/micro structures, 

choice of proper synthesis procedure is very important.  

ZnFe2O4 is an important member of the ferrite family owing to its fascinating 

magnetic, electrical, electrochemical and sensing properties [22-31]. Although 

electrochemical and sensing properties of ZnFe2O4 nano and microstructures have been 

explored in great detail [27,30,32,33], there are only few studies on its magnetic behavior 

[15,16,23,24,26,29,34-37]. Among them, Guo et al., have showed that ZnFe2O4 solid 

microspheres (diameter ~ 450 nm) composed of small nanosheets synthesized by 

solvothermal method exhibit superparamagnetic behavior [23], Rahimi et al., have found that 

ZnFe2O4 hollow nanospheres (diameter ~ 127 nm) synthesized by solvothermal method using 

ultrasonic waves show ferromagnetic behavior [26], Xu et al., have observed 

antiferromagnetic behavior in the ZnFe2O4 hollow spheres (diameter ranging from 70-100 

nm) synthesized by surfactant assisted hydrothermal approach [34], Guo et al., have obtained 

weak ferromagnetic character in solvothermally synthesized ZnFe2O4 solid and hollow 

colloidal nanocrystal assemblies (diameter ranging from 100-300 nm) [35], Chen et al., have 

synthesized ZnFe2O4 nanocubes (mean edge length ~ 50 nm) by simple hydrothermal 

technique and found them to be ferromagnetic with enhanced saturation magnetization and 

coercivity [36], Kmita et al., have synthesized ZnFe2O4 nanorods (mean length ~ 20 nm and 

thickness ~ 5 nm) by coprecipiation method and found them to be superparamagnetic [37]. 

From these studies, we can conclude that morphology and synthesis procedure are 

responsible in determining the magnetic behavior of the materials. Moreover, the observed 

diversity in the magnetic behavior of ZnFe2O4 motivates us to explore its magnetic behavior 

in more detail. 

It is well known that the magnetic properties of ferrites are strongly dependent on the 

distribution of cations among tetrahedral (A) and octahedral [B] sites of the spinel lattice 



Chapter 4 

115 
 

[38]. Different synthesis procedures give rise to different morphologies causing cation 

redistribution among these two sites and consequently, magnetic properties get altered [39-

41]. Surfactant-assisted chemical methods have paved a novel way to develop size- and 

shape-tailored magnetic nanocrystals by carefully regulating the growth processes in liquid 

media [15,16]. These methods may be either single-step or more complex multiple-step 

solution-phase routes. The former is convenient, cheaper, and non-time consuming while the 

latter is only advantageous for obtaining better size distribution [17]. In the literature, study 

on the structural, magnetic, electrical and electrochemical properties of solid and hollow 

microspheres of Fe3O4 synthesized by solvothermal method at 200 ̊C using NaAc+PEG and 

Nh4Ac, respectively, [15,42], CoFe2O4 synthesized by solvothermal method at 200 ̊ C using 

NaAc+PEG and urea+oleylamine, respectively, [15,43], NiFe2O4 synthesized by 

solvothermal method at 180 ˚C using NaAc+PEG and at 200 ˚C using Nh4Ac, respectively, 

[16,44], MnFe2O4 synthesized by solvothermal method at 180 ˚C using NaAc+P EG and 

Nh4Ac+PEG, respectively, [15,16,45], MgFe2O4synthesized by solvothermal method at 180 

˚C using NaAc+PEG and at 200 ˚C using urea+PEG, respectively, [46,47] and ZnFe2O4 

synthesized by solvothermal method at 200 ˚C and 180 ˚C using NaAc+PEG, respectiv ely, 

[15,48] have been found. Thus, it is apparent that one-step solvothermal method has emerged 

as an efficient technique to synthesize monodisperse spherical magnetic microspheres with 

large surface area, high magnetic saturation and good dispersive property in liquid media. 

Hence, it would be feasible to use this technique in developing ferrite microspheres with 

desirable properties. 

In this backdrop, we have synthesized solid and hollow microspheres of ZnFe2O4 by 

one-step solvothermal method with the endeavor to thoroughly study their magnetic 

properties. The phase of the samples has been characterized by powder x-ray diffraction. The 

morphology, elemental composition and valance state of the constituent elements have been 



Chapter 4 

116 
 

investigated by field emission scanning electron microscopic, transmission electron 

microscopic, energy dispersive x-ray spectroscopic and X-ray photoelectron spectroscopic 

techniques. The dc magnetic and Mӧssbauer spectroscopic techniques have been employed to 

probe the magnetic and hyperfine properties of the microspheres. 

4.2. Experimental 

4.2.1. Materials 

Analytical grade FeCl3.6H2O, ZnSO4.7H2O, anhydrous ZnCl2, NaAc.3H2O, NH4Ac 

and PEG-4000 were purchased from Sigma Aldrich and used without further purification. 

Ethylene glycol (EG) procured from Merck India (99.9 %) was used as the solvent. 

4.2.2. Synthesis procedures 

In the preparation of ZnFe2O4 solid microspheres (ZFMS), 5 mmol FeCl3.6H2O and 

2.5 mmol ZnSO4.7H2O (precursors of the reaction) were mixed in 40 ml of EG under 

continuous magnetic stirring. After that 3.6 g NaAc.3H2O (stabilization agent) and 1 g PEG-

4000 (structure-directing agent) were added into this mixture. The entire mixture was stirred 

for 5-6 hrs at room temperature following which it was transferred in a 100 ml Teflon pot. 

The pot was enclosed in a stainless-steel autoclave and solvothermally heated in an oven for 

20 hrs at 180 ̊ C. The oven was allowed to cool naturally to room temperature after which the 

so obtained precipitate was washed several times by ethanol and deionized water in an 

ultracentrifuge. The resulting product was dried in a vacuum oven at 60 ˚C for 6 hrs and 

finally a fine black coloured powder was obtained. 

Similarly, ZnFe2O4 hollow microspheres (ZFMH) were synthesized by mixing 5 

mmol FeCl3.6H2O and 2.5 mmol anhydrous ZnCl2 (precursors of the reaction) in 40 ml of EG 

under continuous magnetic stirring. Then 50 mmol of NH4Ac was added to the solution and 

the mixture was stirred for 5-6 hrs. After that, the mixture was autoclaved at 170 ˚C for 17 hrs 

in an oven. The black precipitate obtained from the above procedure was washed several 
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times with ethanol and deionized water, and collected by centrifugation. The so obtained 

product was vacuum dried at 60 ˚C for 6 hrs. The final sample was a fine black powder. 

4.2.3. Characterization 

Structural and microstructural studies on the as-synthesized samples were carried out using 

powder x-ray diffraction (PXRD), field emission scanning electron microscopic (FESEM) 

and transmission electron microscopic (TEM) techniques. XRD measurements were 

performed usinga Bruker D8 Advanced diffractometer with Cu Kα irradiation in the 2θ range 

of 20-80°. FESEM micrographs were recorded in a FEI INSPECT F50 system. TEM 

micrographs along with elemental study were collected using a JEOL 2100 HRTEM 

equipped with Bruker EDS system. X-ray photoelectron spectroscopy (XPS) was performed 

using XPS, Omicron, serial no 0571. Magnetic measurements viz., magnetization versus 

temperature (in zero-field cooling and field cooling modes) and variation of magnetization 

with field (hysteresis loops) were performed using a Cryogenic make vibrating sample 

magnetometer. The room temperature (300 K) and low temperature (5 K) Mössbauer spectra 

of both the samples were recorded in transmission geometry with constant acceleration drive 

(CMTE-250) using a 10 mCi 57Co source. JANIS SVT-400 MOSS cryostat system was 

employed to obtain the 5 K Mössbauer spectrum.  The 5 K Mössbauer spectrum in presence 

of a 5 T external magnetic field applied parallel to the γ-ray direction was recorded in 

presence of a superconducting magnet (JANIS SuperOptiMag) and a 40 mCi 57Co source. 

Calibration of the Mössbauer spectrometer was done using a natural iron sample. 

4.3. Results  

4.3.1. Structural and morphological study 

 The PXRD patterns of ZFMS and ZFMH are shown in Fig. 1. The peak positions of 

both the samples are consistent with those of the cubic spinel structure of ZnFe2O4 

nanoparticles (ICDD card no: 82-1049). The patterns have been indexed by TREOR90 of 

Fullprof2k package [49]. The space group has been determined using FINDSPACE of 
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EXPO2009 package [50]. The peaks of ZFMS are slightly broader as compared to ZFMH 

indicating that the crystallite size of the former is smaller. The patterns have been fitted by  

 

Fig.1. Indexed powder PXRD pattern of (a) ZFMS and (b) ZFMH (black dots) and the 

simulated Rietveld refinement plot (continuous red line) obtained by fitting the experimental 

powder PXRD pattern using MAUD2.33 software. The respective residue is plotted at the 

bottom (blue line). 

Table 1. Crystal data and refinement parameters of ZFMS and ZFMH obtained from 

MAUD2.33 

 

Rietveld based MAUD2.33 software [51] from which the crystallite size of ZFMS and ZFMH 

has been deduced as ~ 25 nm and 80 nm, respectively. The experimental and simulated 

patterns are in well accord. The values of refinement, structural and microstructural 

Parameters ZFMS ZFMH 
Crystal System cubic cubic 
Space group          Fd m Fd m 
Crystallite size (nm)  25 80 
Microstrain  8.27 ×10-4 2.76 ×10-4 
Lattice parameter  (a(Å)) 8.487 8.432 
Density (g cm-3) 5.098 5.198 
Rwp

  1.97 1.95 
Rexp 1.41 1.42 
GOF  1.29 1.10 
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parameters have been enlisted in Table 1. Thus, both ZFMS and ZFMH have crystallized in 

Fd m space group of cubic spinel lattice and devoid of any additional impurity phases.  

 The FESEM micrograph (Fig. 2 (a)) of ZFMS displays microspheres of average 

diameter ~ 314 nm, which have been formed by self-assembly of nanoparticles. The spheres 

are almost uniformly sized and their surface is slightly rough due to the aggregation of 

nanoparticles. In the FESEM micrograph of ZFMH, the spheres are almost regular in size 

with some broken spheres confirming their hollow interior (Fig. 2 (b)). In contrast to ZFMS, 

the surface of ZFMH is smooth due to continuous overlapping of subsequent layers of 

smaller nanoparticles during their formation following Kirkendell effect [52].  

 

Fig.2. FESEM micrographs showing particle distribution of (a) ZFMS and (b) ZFMH (some 

of the broken hollow spheres have been marked by yellow arrows). 

 The morphology of ZFMS and ZFMH has been further investigated by TEM study. 

The average diameter of ZFMS as has been obtained from the TEM micrograph (Fig. 3 (a)) is 

~ 310 nm. The spheres seen in the TEM micrograph of ZFMS are almost completely dark 

with clear sign of agglomeration as presented in the inset of (Fig. 3 (a)). The sharp contrast 

between the outer black margin and the bright center of the microspheres in the TEM 

micrograph of ZFMH (Fig. 3 (b)) confirms hollow structure formation. Typical TEM image 
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of a single hollow microsphere has been presented in the inset of Fig. 3 (b). It is clear that the 

shell of the hollow microspheres is smooth. Although some of the individual particles can be 

identified in the hollow region but their boundaries are not distinct. So, it is not possible to 

estimate the appropriate particle size of individual nanoparticles which have aggregated to 

form the spheres. The average diameter and shell thickness of ZFMH are ~ 375 and 50 nm, 

respectively. 

Fig.3.  TEM micrographs showing particle distribution of (a) ZFMS and (b) ZFMH along 

with single particle at the inset of respective picture. 

 The selected area electron diffraction (SAED) pattern of ZFMS (Fig.4) shows some 

bright rings composed of evenly distributed bright spots indicating polycrystalline nature of 

the sample. The equally spaced bright spots in the SAED pattern of ZFMH (Fig.5(a)) arise 

from the clear lattice fringes and suggest good crystalline character of the sample.  

The SAED patterns of both the samples have been fitted by CrysTBox software [53]. The 

crystallographic ‘d’ values obtained from SAED for both the samples are in good agreement 

with those obtained from PXRD study.  
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Fig. 4. SAED pattern of ZFMS 

 The energy dispersive x-ray (EDAX) spectra of both ZFMH (Fig.5(b)) and ZFMS 

(Fig.6) suggest presence of Fe, Zn and O atoms only with no signature of any contamination. 

The metal cations Fe and Zn are in the ratio ~ 26:12 in ZFMS, which shows that ZFMS is in 

proper stoichiometry. The atomic ratio of Fe:Zn is ~ 45:0.8, indicating that ZFMH is 

nonstoichiometric in nature.  

 

Fig.5. (a) Indexed SAED pattern and (b) EDAX analysis of ZFMH 
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Fig.6. EDAX spectrum of ZFMS 

4.3.2. X-ray photoelectron spectroscopic study 

The x-ray photoelectron spectroscopy (XPS) is a widely used technique for 

characterizing ferrites [54 - 58]. We have recorded the XPS spectra of ZFMS and ZFMH to 

probe the chemical composition and valance state of the constituent elements of the samples.  

Figs.7 (a) and (b) show the XPS survey spectra of ZFMS and ZFMH, respectively. The 

adventitious C 1s peak in these spectra has been observed as the specimen for XPS study is 

prepared by pasting sample powder over a carbon coated adhesive tape. Peaks due to O 1s, Fe 

2p3/2 and Fe 2p1/2 are observed in the survey spectra of both ZFMS and ZFMH. However, the 

peaks corresponding to Zn 2p3/2 and Zn 2p1/2 states are observed only in case of ZFMS. Thus, 

the absence of the peaks pertaining to Zn 2p states in the survey spectrum of ZFMH indicates 

that the sample may be devoid of Zn.  
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Fig.7. XPS survey spectra of (a) ZFMS and (b) ZFMH. 

The high-resolution Fe 2p spectra of ZFMS and ZFMH are presented in Fig. 8 (a). In 

the Fe 2p XPS spectra, two peaks with binding energies (BEs) 710.1 eV and 723.5 eV for 

ZFMS and 709.7 eV and 722.8 eV for ZFMH can be attributed to Fe 2p3/2 and Fe 2p1/2, 

respectively. Thus, Fe 2p peaks of ZFMH have been slightly shifted toward lower BEs with 

respect to ZFMS and this indicates towards the possibility of presence of Fe2+ ions in ZFMH 

[59]. The high-resolution Fe 2p3/2 XPS spectra of ZFMS and ZFMH (Figs. 8 (b) and (c)) are 

deconvoluted into two and three sub-peaks, respectively. The peaks at 709.2 and 710.9 eV 

(Fig. 6 (b)) can be assigned to Fe3+ (A) and [B] sites of ZnFe2O4, respectively. The area ratio 

corresponding to peaks due to Fe3+ ions at (A) and [B] sites (Fe3+
A : Fe3+

B) is 1:2.56. The 

peak at 707.9 eV for ZFMH (Fig.8 (c)) can be assigned to the Fe2+ 2p3/2 peak at (B) site [60] 

while The peaks located at 709.2 and 710.4 eV correspond to Fe3+ (A) and [B] sites, 

respectively [54,55]. The area ratio of the peaks corresponding to Fe2+ and Fe3+ ions (Fe2+: 

Fe3+) is 1:8 whereas, the area ratio Fe3+
A : Fe3+

B ratio is 1:1.25. Moreover, Fe 3p peaks in 

XPS spectra of ZFMS and ZFMH (Fig.8 (d)) are found at the BEs of 55.3 and 54.8 eV, 

respectively. The high-resolution Zn 2p XPS spectrum of ZFMS consist of two peaks which 

can be allocated to Zn 2p3/2 and Zn 2p1/2 states.  
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Fig.8. Core level XPS spectrum corresponding to the (a) Fe 2p peak of ZFMS and ZFMH, (b) 

fitted Fe 2p peak of ZFMS, (c) fitted Fe 2p peak of ZFMH and (d) Fe 3p peak of ZFMS and 

ZFMH. 

The Zn 2p3/2 peak for ZFMS (Fig.9 (a)) is fitted with two sub-peaks centered at 

1021.7 and 1022.3 eV assigned for Zn2+ at (A) and [B] sites, respectively. The area ratio of 

the peaks corresponding to Zn2+ at (A) and [B] sites (Zn2+
A – Zn2+

B) of ZnFe2O4 is 1:1.26.  

The peak at BE 1045.1 eV can be assigned to Zn 2p1/2 state [56]. In the high-resolution Zn 2p 

XPS spectrum of ZFMH (Fig. 9 (b)) two insignificant peaks due to Zn 2p3/2 and Zn 2p1/2 are 

noticed, which suggests that trace amount of Zn in +2 oxidation state is present in ZFMH. 

The O 1s XPS spectra of ZFMS and ZFMH are shown in Figs. 10 (a) and (b).  The broad and 

asymmetric peak in O 1s XPS spectrum of ZFMS is deconvoluted into three sub-peaks 

whereas O 1s XPS spectrum of ZFMH is fitted with two sub-peaks. It may be noted that in 
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ZFMS both metallic iron and zinc are present. Hence, the signature of oxygen containing Zn 

and Fe species is expected in O 1s XPS spectrum of ZFMS. Further, the area ratio of the 

peaks located at 530.1 and 530.6 eV is 1:1.9, which is close to the ratio of Zn2+ and Fe3+ (1:2) 

in ZFMS.   

 

Fig.9. Core level XPS spectrum corresponding to the Zn 2p peak of (a) ZFMS and (b) 

ZFMH. 

 

Fig.10. Core level XPS spectrum corresponding to the O 1s peak of (a) ZFMS and (b) 

ZFMH. 
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Thus, the peaks at BEs 530.1 and 530.6 eV can be assigned to O2- ions in Zn-O, Fe-O 

frameworks of ZnFe2O4, respectively. Only a single peak located at 530 eV is observed in the 

O 1s XPS spectra of ZFMH which can be assigned to O2-
 in Fe-O framework. No peak due to 

O2- ions in Zn-O framework has been observed in O 1s XPS spectrum of ZFMH as only a 

trace amount of Zn2+ is present in this sample. The peaks with BEs 532.1 eV for ZFMS and 

531.6 eV for ZFMH can be assigned to the surface absorbed oxygen containing species 

(possibly water molecules). [55,57,58].  

4.3.3. Magnetic and hyperfine study 

 Figs.11 (a) and (b) show the thermal dependence of magnetization for ZFMS and 

ZFMH at a field of 100 Oe. The magnetic moment of the zero-field cooled (ZFC) curve of 

ZFMS remains almost constant between 300 to 200 K, below which it decreases gradually 

with decreasing temperature upto 25 K; under 25 K the moment falls sharply indicating a 

spin glass like random freezing [41]. The field cooled (FC) curve follows the trend of a 

typical superparamagnetic substance [61] and increases simultaneously with decreasing 

temperature; further below 25 K it becomes almost constant. The ZFC and FC curves do not 

coincide up to 300 K (highest measurement temperature).  

Fig.11. ZFC-FC magnetization curves of (a) ZFMS and (b) ZFMH at 100 Oe. The FC and 

ZFC magnetization are represented by pink and the blue lines, respectively. 
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The temperature dependence of magnetization for ZFMS suggests that the nanoparticles 

constituting the microsphere are superparamagnetic in nature and they possess a broad 

particle size distribution which results in a wide range of blocking temperatures. But due to 

aggregate formation, their magnetic behavior has been overshadowed and thus, they exhibit 

collective magnetic excitations at room temperature, which can be further confirmed from 

Mӧssbauer spectroscopy. Further, due to the randomness in distribution of anisotropy energy, 

spins freeze randomly with the decrease in temperature and lead to the formation of spin 

glasslike state [62]. The ZFC and FC curves of ZFMH display a completely different 

behavior from ZFMS. The ZFC and FC curves are slightly bifurcated from 300 K with almost 

no temperature dependence upto 150 K. The ZFC curve exhibits a distinct peak at ~ 120 K 

and at the same temperature; the FC magnetization curve takes a sudden leap after which it 

tends to be constant. Below 120 K, the magnetic moment of ZFC curve decreases sharply 

with decreasing temperature, while FC curve remains almost constant with negligible 

dependence on temperature. This behavior of the ZFC-FC curves is reminiscent of the 

Verway transition [63].  

 

 

 

 

 

 

 

 

 

Fig.12. ZFC-FC curves of ZFMH at 500 Oe 
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Some of the works on MFe2O4 (M = Mn2+, Zn2+, Co2+, Ni2+etc.) have ruled out the occurrence 

of Verway transition in them [64,65]. But, in the present case, we have found a signature of 

Verway transition in the ZFC-FC curves of ZFMH at 100 Oe. We have also recorded the 

ZFC-FC curves of ZFMH at 500 Oe (Fig.12) and found similar trend as in 100 Oe curves, 

which reinforces the proposition of Verway transition in the present case.  

 We have further recorded the curves of field dependence on magnetization (M-H) at 

300, 100 and 10 K in the field range of ± 1 T for both ZFMS and ZFMH (Fig. 13). The M-H 

loop for ZFMS does not show any hysteresis (HC) at 300 K supporting its superparamagnetic 

behavior. The 100 K M-H loop shows slight coercivity and high saturation magnetization 

(MSAT) as compared to 300 K M-H curve indicating development of magnetic ordering at this 

temperature. The M-H curve for ZFMH shows small value of HC at 300 K suggesting 

presence of magnetic ordering at this temperature. The values of MSAT for ZFMS and ZFMH 

have been estimated by using the law of approach to saturation.  

 

Fig. 13. M-H (hysteresis) loop of (a) ZFMS and (b) ZFMH at 300 (black line), 100 K (red 

line) and 10 K (blue line) shown between ± 1 T.  

The values of MSAT and HC are presented in Table 2. We have compared the values of 

saturation magnetization at 300 K of the present samples with that of other ZnFe2O4 solid and 

hollow microspheres available in literature, and enlisted them in Table 3. It seems that 
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reaction parameters strongly influence the formation of microspheres and consequently their 

magnetic properties. 

Table 2 Values of saturation magnetization (MSAT) and coercivity (HC) for ZFMS and ZFMH 

Sample Temperature (K) MSAT (emu/g) HC (Oe) 

 
ZFMS 

300 41.5 0 
100 64.0 55 
10 85.7 170 

 
ZFMH 

300 77.0 90 
100 84.5 100 
10 90.75 190 

 

Table 3 Comparison of the room temperature (300 K) saturation magnetization MSAT values 

of ZnFe2O4 microspheres with literature values 

Sl 
No. 

Synthesis 
procedure  

Type of 
microsphere 

Surfactant, 
reaction 

temperature (˚C) 
& time (hours) 

Diameter of 
microsphere (nm) 

MSAT 
(emu/g) 

Reference 

1. Solvothermal solid NaAc+PEG, 
200 & 8-72 

200-800 60 [15] 

2. Solvothermal 
 

solid NaAc, 200 & 12 450 (with particle 
sizes) 

11.6 nm 
16.2 nm 
20.5 nm 

 
 

49.5 
53.8 
61.3 

[23] 

3. Solvothermal 
 

hollow NaAc+PEG, 180 
&16 

100-210 32 [16] 

4. Solvothermal 
 

hollow NH4Ac, 170-200 
& 24-48 

200-450 80.2 [24] 

5. Solvothermal 
 

hollow NH4Ac, 210 & 48 127 76.2 [26] 

6. Solvothermal 
 

hollow PEG-600, 200 & 
24 

400 83.4 [29] 

7. Hydrothermal 
 

hollow SDS+ TMAOH, 
180 & 48 

70-100 47.7 [34] 

8. Solvothermal 
 

solid NaAc+PEG, 180 
& 20 

314 41.5 ZFMS 
(present 
study) 

9. Solvothermal 
 

hollow NH4Ac, 170 & 17 375 77 ZFMH 
(present 
study) 
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 The room temperature (300 K) Mössbauer spectra (Figs.14 (a) and (b)) show a 

strong superparamagnetic doublet along with diffused sextets for ZFMS and well-defined 

sextet with a clearly splitted left most line for ZFMH. Both the spectra have been fitted with 

“Lorentzian site analysis” of Recoil program [66]. The 300 K Mössbauer spectrum of ZFMS 

has been fitted with a doublet and two sextets whereas that of ZFMH has been fitted with two 

sextets. The fitting of both the samples is good enough and the values of hyperfine 

parameters are trustworthy. The results have been summarized in Table 4. The doublet is a 

signature of superparamagnetic character of the nanoparticles constituting ZFMS, whereas 

the diffused sextets are a result of collective magnetic excitation caused by nanoparticle 

aggregation. ZFMS has been formed by self-assembly of nanoparticles of variable size and 

assorted shape. So, ZFMS consist of both superparamagnetic and magnetically well-ordered 

particles, which give rise to an admixture of a doublet and two diffused sextets. The doublet 

is predominant indicating that most of the constituent particles are superparamagnetic. The 

ZFC-FC study has also given clear indication in regard of superparamagnetic character of the 

constituent particles. But, due to variation in the size of the nanoparticles, there is a wide 

range of distribution in blocking temperature. Since ZFMH is nonstoichiometric with very 

few Zn2+ ions and has shown Verway transition in its ZFC-FC study, so we have fitted the 

300 K Mössbauer spectrum of ZFMH with two sextets; one pertaining to the Fe3+ ions at 

tetrahedral site and the other to Fe ions which generally exhibit an exchange of type Fe2+  

Fe3+ [67]. The values of hyperfine magnetic field (HMF) obtained from fitting for (A) and 

[B] sites are 57.58 and 51.39 T, respectively. The higher HMF value for (A) site corresponds 

to the contribution from about half of the Fe3+ ions present in the sample and the lower value 

of HMF for [B] site comes from Fe ions involving Fe2+  Fe3+ exchange [67]. The presence 

of clear sextet in the Mössbauer spectrum of ZFMH suggests that the sample is magnetically 

well ordered at this temperature, which also corroborates the ZFC-FC study.  



Chapter 4 

131 
 

Fig.14. Mössbauer spectrum of (a) ZFMS and (b) ZFMH at 300 K 

Table 4 Hyperfine parameters obtained by fitting the Mössbauer spectra of ZFMS and 

ZFMH at 300 K 

Sample Spectra Site IS (±0.02) 

(mm s-1) 

QS (±0.07) 

(mm s-1) 

HMF (±0.1)  

(T) 

Width 

(±0.03)  

(mm s-1) 

Area (±0.3) 

(%) 

ZFMS Sextet [Fe3+
A] 0.37 0.0 41.0 0.45 21.36 

 [Fe3+
B] 0.47 0.0 50.0 0.55 54.76 

Doublet - 0.39 0.45 - 0.30 23.87 

ZFMH Sextet [Fe3+
A] 0.29 0.10 57.58 0.40 33.33 

 [FeB] 0.69 0.33 51.39 0.48 66.67 

 

 Fig.15 presents the simulated and experimental infield and without field Mössbauer 

spectrum of ZFMS (Fig.15 (a) & (b)) and ZFMH (Fig.15 (c) & (d)). The splitted 1st and 6th 

lines in infield spectrum of both ZFMS and ZFMH are a signature of their ferrimagnetic 

character [40,61,62]. The existence of 2nd and 5th lines in the infield spectrum of ZFMS is 

clear indicator of presence of spin canting in the sample [40,68,69]. We have fitted the infield 

spectra with two sextets by using “Lorentzian site analysis” of Recoil program and tried to 
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obtain the precise values of canting angles along with other hyperfine parameters. The results 

have been summarized in Table 5. The values of isomer shift (IS) assure about the presence 

of only Fe3+ ions in the sample [40,68,69]. The goodness of the fitting suggests that the two-

component fitting is capable of divulging the hyperfine character of this system precisely. 

The ratio of Fe3+ ions in (A) to [B] site (Fe3+
A/Fe3+

B) of ZFMS is 0.39, whereas in ideal case 

no Fe3+ ion should have been present in tetrahedral (A) site. This affirms that Fe3+ ions have 

migrated from [B] to (A) site in ZFMS. 

 

Fig.15. Fitted Mössbauer spectra of ZFMS at (a) 5 K with 5 T external magnetic field, (b) 5 

K without field and ZFMH at (c) 5 K under 5 T external magnetic field, (d) 5 K without field 

by using Lorentzian site analysis method of the Recoil program. 
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Table 5 Values of zero field and infield Mössbauer parameters of the sample at 5 K 

determined by Lorentzian profile fitting. 

Sample Temperature Site Width IS 2ε Beff
a Bhf A23 θ b Area 

 /Field  (mm s -1) (mm s -1) (mm s -1) (T) (T)  (Degree) (%) 

   (±0.03) (±0.03) (±0.03) (±0.14) (±0.14)  (±0.02) (±0.2) 

ZFMS 5 K /5T [ Fe3+
A] 0.35 0.35 0.00 56.5 51.57 0.05 9.04 28.12 

  [ Fe3+
B] 0.47 0.47 0.00 47.8 52.35 0.41 25.54 71.87 

 5 K /0 T [ Fe3+
A] 0.35 0.35 0.00 - 51.57 - - 28.12 

  [ Fe3+
B] 0.47 0.47 0.00 - 52.35 - - 71.87 

ZFMH 5 K /5T [ Fe3+
A] 0.35 0.36 0.00 55.44 50.43 0.0 0.0 39.50 

  [ Fe3+
B] 0.40 0.47 0.01 46.50 51.50 0.0 0.0 49.35 

  [ Fe2+
B] 0.40 0.70 0.00 46.50 51.50 0.0 0.0 11.11 

 5 K /0 T [ Fe3+
A] 0.35 0.36 0.00 - 50.43 - - 39.50 

  [ Fe3+
B] 0.40 0.47 0.01 - 51.50 - - 49.35 

  [ Fe2+
B] 0.40 0.70 0.00 - 51.50 - - 11.11 

aObserved HMF (BHF) is the vector sum of the internal HMF and the external applied magnetic field.   
bThe average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each 

subspectra, I2/ I3 (A23) according to θ = arccos[(4- I2/ I3) / (4+ I2/ I3)]1/2. Where I2/ I3=A23.  
cEstimated according to the relationship of Beff, Bhf and applied field. 

So, as per the ratio of Fe3+
A/Fe3+

B obtained from infield spectrum, we propose a cation 

distribution for ZFMS as: (Zn0.44Fe0.56)[Zn0.56Fe1.44]O4. The infield Mössbauer spectrum of 

ZFMH discards the presence of spin canting in the sample. We have found from EDS study 

that ZFMH is nonstoichiometric in nature and it has also shown Verway transition in its ZFC-

FC curves. It is well known that the latter is only possible if both Fe2+ and Fe3+ ions are 

simultaneously present at [B] site of the spinel lattice [70,71]. So, we have fitted the infield 
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Mössbauer spectrum of ZFMH by three sextets, where1st and 2nd correspond to Fe3+ ions at 

(A) and [B] site, and 3rd to the Fe2+ ions at [B] site. The goodness of fitting and the values of 

isomer shift obtained from the fitting suggest that our proposition of presence of both Fe2+ 

and Fe3+ ions in the [B] site is correct. The values of hyperfine parameters have been 

included in Table 5. The proportion of intensity of Fe2+ ions in [B] site and the value of 

Fe3+
A/Fe3+

B obtained from the infield Mössbauer spectrum suggest that there is a vacancy of 

cations in the [B] site. So to account for the nonstoichiometry of ZFMH and the speculated 

cation vacancy at [B] site, we have deduced the following possible cation distribution for 

ZFMH from the ratio of intensities of Fe3+ at (A) to [B] sites and Fe2+ to Fe3+ ions in the 

infield Mössbauer spectrum: (Fe3+
XZn2+

1-X)[Fe2+
1-3ZFe3+

1+2ZΦZ]O4, where Φ corresponds to 

vacancies that have appeared in the lattice to account for charge balance [72]. The formula 

can be written as: (Fe3+
0.925Zn2+

0.075)[Fe2+
0.31Fe3+

1.46Φ0.23]O4. The ratio of Fe:Zn from the so 

obtained cation distribution is in good agreement with the ratio of the same estimated from 

EDS study. Further, the Verway transition in ZFMH can now be clearly asserted to the 

possible charge orbital ordering established due to the simultaneous presence of Fe2+ and Fe3+ 

ions in the [B] site. 

4.4. Discussion 

 The structural and morphological characterization through PXRD, FESEM and 

TEM reveals following facts about ZFMS and ZFMH. ZFMS of diameter ~ 314 nm are 

composed of particles of crystallite size ~ 25 nm. They have crystallized in cubic spinel phase 

with lattice parameter ~ 8.487 Å. ZFMH has a hollow interior and an outer shell formed by 

continuous overlapping of layers of nanoparticles whose boundaries are indistinguishable. 

The smallest region of regular crystalline structure in ZFMH is of ~ 80 nm and it has also 

crystallized in cubic spinel phase. The value of lattice parameter for ZFMH is ~ 8.432 Å. The 

lattice parameter for bulk ZnFe2O4 is ~ 8.440 Å (ICDD card no: 82-1049). So, the lattice 
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parameters of ZFMS and ZFMH are in good agreement with that of bulk ZnFe2O4, which 

suggests that the results of PXRD analysis are reliable. We have found that the crystallite size 

of ZFMH is quite large and clear boundaries of single particles are not separable in the TEM 

micrographs. Further, each bright single spot in the SAED pattern corresponds to a single 

large crystallite. The clear hyperfine split sextets in the 300 K Mӧssbauer spectrum of ZFMH 

also clearly indicates that the particles constituting it are larger in size, bear excellent 

crystalline character and consequently, are magnetically well-ordered.    

 The cation distribution proposed for ZFMS and ZFMH on the basis of valance state 

and the occupancy of iron ions at tetrahedral (A) and octahedral [B] sites of ZnFe2O4 

obtained from the results of Mössbauer spectroscopic study can be verified by taking into 

account the valance state and ratio of metal ions determined through XPS study. In case of 

ZFMS, the value of Fe3+
A/Fe3+

B determined from Mössbauer spectroscopic study is 0.39, 

which is same as that obtained from XPS study. Further, for ZFMS, the area ratio of Zn2+ at 

(A) and [B] sites (Zn2+
A/Zn2+

B) is 0.79 while the value of the same for cation distribution 

proposed for ZFMS on the basis of Mössbauer spectroscopic study is 0.786. Thus, the results 

of Mössbauer spectroscopic and XPS studies corroborate with each other and together with 

confirm that the cation distribution for ZFMS is (Zn0.44Fe0.56)[Zn0.56Fe1.44]O4. It may be noted 

that in ZnFe2O4 Zn2+ ions preferably occupy the (A) site [24]. However, in this case the Zn2+ 

ions have migrated from (A) to [B] sites by replacing equal amount of Fe3+ ions of [B] sites 

and pushing them to the (A) sites. Now, the cation distribution 

(Fe3+
0.925Zn2+

0.075)[Fe2+
0.31Fe3+

1.46Φ0.23]O4 for ZFMH has been determined using the ratio of 

Fe3+
A/Fe3+

B and Fe2+ /Fe3+ as obtained from Mössbauer spectroscopic study keeping in mind 

the charge balance condition. Again, both XPS and Mössbauer spectroscopic studies confirm 

the presence of Fe2+ ion in [B] sites of ZFMH. According to the Mössbauer spectroscopic 

study the values of Fe3+
A/Fe3+

B and Fe2+ /Fe3+ for ZFMH are 0.81 and 0.125, respectively, 
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while the corresponding values obtained from the analysis of Fe 2p3/2 XPS spectra are 0.80 

and 0.125, respectively. Thus, the results of Mössbauer and XPS studies match well for 

ZFMH. The XPS study also indicates that very small amount of Zn is present in ZFMH. 

According to EDS study the ratio of Fe:Zn is ~ 45:0.8. Thus, ZFMH should be 

nonstoichiometric in nature and cation vacancy is inhabitable in it to maintain charge balance. 

Therefore, the perfect matching of occupancy of Fe3+ and Fe2+ ions at tetrahedral (A) and 

octahedral [B] sites for ZFMH suggest that the proposed cation distribution is correct and 

there is cation vacancy in this sample. 

 In order to test the accuracy of the cation distribution of ZFMS and ZFMH deduced 

from infield Mӧssbauer spectroscopic studies, we have calculated the theoretical value of 

magnetic moment per formula unit using the same and compared them with their 

experimental values obtained from dc magnetic studies. The theoretical magnetic moment per 

formula unit (mth) of ferrites can be written as mth = mBcosθB – mAcosθA where, mB and mA 

are the magnetic moments associated with [B] and (A) sublatttice of the spinel structure, 

respectively, θA and θB are the (A) and [B] site canting angles, respectively. Taking into 

consideration the values of θA and θB for ZFMS, we have found the value of mth as 3.73 μB. 

The experimental magnetic moment per formula unit (mexp) obtained from the value of MSAT 

of 10 K M-H curve is 3.70 μB. The value of mth and mexp for ZFMH are 3.915 and 3.917 μB, 

respectively. The values of mth and mexp for both ZFMS and ZFMH are in excellent 

agreement. So, the deduced cation distribution of both ZFMS and ZFMH are trustworthy.  

 The dc magnetic measurements and Mӧssbauer spectroscopi c studies give rise to 

some interesting magnetic phenomena such as superparamagnetism, spin glasslike freezing 

and collective magnetic excitations in ZFMS while most importantly Verway transition in 

ZFMH. ZFMS have been formed by aggregation of nanoparticles of assorted shape and sizes. 

As a result, they display broad superparamagnetic hump in their ZFC curve at higher 



Chapter 4 

137 
 

temperatures with a distribution of blocking temperatures. On lowering the temperature, the 

spins freeze in random orientations due to competing sublattice interactions along with 

frustrations and the entire system stabilizes in a spin glasslike state. The room temperature 

Mӧssbauer spectroscopic studies of ZFMS reveal mixed magnetic phase possessing a 

superparamagnetic doublet along with diffused sextets. This result complies with the dc 

magnetic observations that the sample consists of nanoparticles with a broad particle size 

distribution consisting both superparamagnetic and magnetically well-ordered particles. 

There is an anomaly between the results of low temperature Mӧssbauer spectroscopic studies 

and the dc magnetic measurement. The 5 K zero field and infield Mӧssbauer spectrum assure 

ferrimagnetic ordering within the sample whereas ZFC curve displays spin glasslike behavior 

at about same temperature. The difference arises from the fact that Mӧssbauer spectr oscopy 

probes fluctuations of magnetic moment in the locality of Fe3+ ions whereas dc magnetic 

study records the magnetization as a whole. 

 ZFMH displays Verway transition in its dc magnetic studies. It is well known that 

Verway transition has been observed in magnetite at ~ 124 K [70,71]. Below this 

temperature, a first-order metal insulator transition takes places as a result of charge ordering 

between Fe3+ and Fe2+ ions at [B] site of the spinel lattice [70]. From literature survey, it is 

apparent that Verway transition is very prone to impurities and disappears with a little 

perturbation [73]. So, it is one of the most intriguing topics to researchers. Recently, Yeo et 

al., have found Verway transition in Gd doped magnetite nanoparticles and suggested that 

charge- orbital ordering has mainly instigated the transition [74]. In the present case, we have 

found from EDS study that ZFMH is nonstoichiometric in nature with very few Zn2+ ions in 

the system. The XPS study also corroborates this fact. From the results of XPS and low 

temperature Mӧssbauer spectroscopic studies we have found that apart from Fe 3+ ions, Fe2+ 

ions are also present in ZFMH. These Fe2+ ions are the product of redox reaction of ethylene 
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glycol (solvent) and Fe3+ ions [75]. Further, NH4Ac was used as hollowing agent in the 

synthesis of ZFMH. NH4Ac is a weak-acid–weak-base salt that can be hydrolysed at high 

temperature in the presence of a trace amount of water coming from FeCl3·6H2O as follows: 

NH4Ac + H2O  HAc + NH3.H2O 

NH3.H2O   NH4
+ + OH

-
 

Zinc has a tendency to form a very stable zinc amine complex. It seems that the Zn2+ ions at 

(A) site may have been replaced by Fe3+ ions from [B] site of the spinel lattice. Those 

misplaced Zn2+ ions have not migrated to [B] site following their strong chemical affinity 

towards (A) site; instead they may have formed the amine complex and remained in the 

solution, which was separated out during ultracentrifugation. As a result, a vacancy of Zn2+ 

ions has occurred in the lattice. Moreover, Verway transition is also sensitive to the nature of 

surface atoms [74] and no surface spin canting has been observed for ZFMH from its infield 

Mӧssbauer spectroscopic study. Thus, it seems that presence of considerable amount of Fe2+ 

ions at [B] site in addition to Fe3+ ions resulting in charge-orbital ordering and absence of any 

surface spin canting leading to more symmetric coordination have together contributed to the 

occurrence of Verway transition in ZFMH. 

4.5. Conclusion 

The ZnFe2O4 solid and hollow microspheres, which have been synthesized by one-

step solvothermal technique, display unique magnetic and hyperfine properties. The presence 

of collective magnetic excitations in the solid microspheres has been attributed to its 

nanoparticle self-assembled structure, which possesses both superparamagnetic and 

magnetically well-ordered particles. The appearance of Verway transition in the hollow 

microspheres has been mostly instigated by the charge orbital ordering between Fe3+ and Fe2+ 

ions in the [B] site of the spinel lattice. Presence of spin canting has been detected in the solid 

microspheres from its low temperature infield Mӧssbauer spectroscopic studies, whereas a 
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possible cation vacancy along with existence of Fe2+ ions at [B] site of the spinel lattice has 

been found in the hollow microspheres. The cation distribution of both the microspheres has 

been testified by comparing the theoretical and experimental values of magnetic moment per 

formula unit and found to be reliable.  
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5.1. Introduction 

Nanocrystalline magnetic materials have gained significant attention partially owing 

to their extraordinary physicochemical features in contrast to their bulk phase and primarily 

due to their multipurpose applications. [1-4]. Bulk ferrites possess equilibrium cation 

distribution whereas cation redistribution takes place in their nanosized counterparts [5-7]. 

Apart from this, the finite size effect and surface spin canting reduce the magnetization of 

nanometric ferrites significantly compared to their bulk phases [7].  The properties of 

nanometric ferrites are immensely influenced by their morphology, cation distribution and 

surface spin disorder. Efforts are being made to tune these features of nanosized ferrites by 

choosing synthesis technique cautiously [2,8]. Mechanically activated nanosized ferrites like 

Co-Zn, Ni-Zn, Mn-Zn etc., displaying high saturation magnetization and high coercivity at 

room temperature have evolved as promising candidates for applications in magnetic storage 

device [9-11]. In contrary, the nanostructured superparamagnetic ferrites viz., Fe3O4, 

CoFe2O4, ZnFe2O4, MnFe2O4, NiFe2O4, CuFe2O4 etc., prepared by chemical method 

displaying moderate saturation magnetization and no coercivity at room temperature are 

preferred for catalysis, photocatalytic degradation of dyes and removal of heavy metals from 

polluted water discharged by industries due to their high surface to volume ratio, presence of 

active site, stability, reusability and ease of separation simply with the help of magnetic field 

[12,13-17].  

In particular, CoFe2O4 with inverse spinel structure exhibits many interesting physical 

properties like high coercivity [18,19], high magnetic anisotropy [18], moderate saturation 

magnetization [19], high chemical stability [20] and electrical conductivity [21]. On the other 

side, ZnFe2O4 is antiferromagnetic in bulk [22] and shows ferrimagnetic nature in nanometric 

domain and in the form of thin films [23,24]. Substitution of non-magnetic Zn2+ ions in 

nanosized CoFe2O4 is expected to modify the exchange interactions in tetrahedral (A) and 
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octahedral [B] sites of the spinel lattice and accordingly modify magnetic properties of the so 

formed mixed Co-Zn ferrites [25,26]. According to literature, the properties of mixed Co1-

xZnxFe2O4 ferrite series with x = 0 – 1 prepared by chemical method have been investigated 

in abundance [25-34]. Nanometric Co0.2Zn0.8Fe2O4, Co0.3Zn0.7Fe2O4, Co0.4Zn0.6Fe2O4, 

Co0.5Zn0.5Fe2O4 and Co0.6Zn0.4Fe2O4 ferrites have shown presence of magnetic clusters in an 

infinite magnetic framework, cluster-paramagnetic phase, cluster glass phase, dual magnetic 

phase, non-collinear spin structure and superparamagnetic clusters [35-41]. Doping of 

nonmagnetic Zn2+ ions in nanometric CoFe2O4 at a ratio of X=0.5 results in highest value of 

saturation magnetization due to increase in inter-sublattice A-O-B (JAB) exchange 

interactions between tetrahedral (A) site and octahedral [B] site of the spinel lattice [42-45]. 

Nanosized Co0.5Zn0.5Fe2O4 has been found to be an optimum composition displaying superior 

magnetic properties in the series of [46]. Nanometric CoxZn1−xFe2O4 has shown maximum 

saturation magnetization value for the as-prepared sample at x = 0.5 [47]. Nanosized 

Co0.5Zn0.5Fe2O4 ferrite has proved to be potentially used as an excellent microwave absorber 

in the C-band [48]. 

In the fast-growing world, development of energy storage devices is gaining special 

attention in order to sustainably harness the depleting energy resources. Supercapacitors are 

usually subdivided into two classes on the basis of their energy storage process [49]. One is 

electrochemical double layer capacitor (EDLC) in which energy storage takes place via 

electrostatic accretion of charges and second one is pseudocapacitor that stores energy by the 

process of redox reaction [49,50]. Although EDLCs deliver high power density and brilliant 

life cycle, their ability to store energy is limited following finite separation between the 

electrode and electrolytes [49,50]. In contrary, pseudocapacitors possess higher specific 

capacitance and energy density as compared to EDLCs, thus proving themselves beneficial in 

manufacture of superior quality energy storage devices [49,50]. RuO2 is a typical 
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pseudocapacitor displaying high pseudocapacitive performance but comes with the 

shortcoming of high price [49-54]. Thus, it is the concern of the scientific community to 

manufacture some low-cost alternative to RuO2. To cater to the demands of the industry, 

attempts are being made to investigate the pseudocapacitive performance of some other 

transition metal oxides [55 – 60]. Unfortunately, many of them have shown low capacitance 

and cycling stability that render them useless in production of a good quality energy storage 

device [49]. In this context, nanostructured oxide materials have appeared as a panacea owing 

to their higher capacitance following high surface area and short ion transfer pathway [49]. 

Nanosized ferrites are appearing as potential candidates for supercapacitor application owing 

to their high surface to volume ratio, low price, environmental benignity, and large abundance 

[49, 55-66]. There is a plethora of reports on the electrochemical performance of pure ferrites 

[49,55-66]. But, electrochemical properties of mixed ferrites have not been explored 

abundantly.   

In this background, we have synthesized nanosized Co0.5Zn0.5Fe2O4 by simple 

hydrothermal method and characterized them using powder x-ray diffraction, field emission 

scanning electron microscopic, transmission electron microscopic and UV-vis diffuse 

reflectance spectroscopic techniques. Moreover, we have investigated the electrochemical 

properties of nanosized Co0.5Zn0.5Fe2O4 and accessed their application as a supercapacitor. 

5.2. Experimental 

5.2.1. Sample synthesis 

The nanosized Co0.5Zn0.5Fe2O4 (CZ5050) has been synthesized by hydrothermal 

method maintaining proper stoichiometric ratio and using reagents procured from Sigma 

Aldrich (purity 99.99 %). 5 mmol CoCl2.6H2O, 5 mmol ZnCl2.4H2O and 10 mmol 

FeCl3.6H2O were dispersed in 80 ml distilled water in a glass beaker under constant stirring. 

Subsequently, 5.4 g CH3COONa.3H2O (NaAc) was put in the above mixture. Further, the 
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concoction was maintained under continuous stirring at room conditions for sixty min to 

acquire a standardized dark brown mixture. Subsequently the mixture was immediately 

shifted to a Teflon-lined stainless-steel autoclave and the system was thermally treated at 180 

ºC for 18 h. Next this system was permitted to return to room temperature on its own. After 

that the produce was accumulated by centrifugation, cleaned for several times with deionized 

water and ethanol. Lastly, the so-obtained precipitate was desiccated at 60 ºC for 10 h to 

attain a black powder. 

5.2.2. Characterization 

The powder X-ray diffraction (PXRD) pattern of the sample has been attained by a 

Bruker D8 Advanced Diffractometer using CuKα (λ = 1.54184 Å) radiation. For this, the X-

ray generator was fixed at 40 kV and 40 mA. The diffraction images were attained at normal 

conditions (25˚C) with step size 0.01991 and a counting time of 3s/step over the range of 

2θ=20˚–80˚. The particle size and morphology of the sample were examined by field 

emission scanning and high-resolution transmission electron microscopic techniques 

(FESEM, Inspect F50 and HRTEM, Jeol 2100). Before subjecting the sample to TEM 

investigation, it was methodically crumpled in a mortar, disseminated in ethyl alcohol, set on 

a Cu-grid by means of spin-coater and desiccated in vacuum. The dc magnetization as a 

function of temperature and versus magnetic field was recorded using vibrating sample 

magnetometer (Cryogenics made). The M(T) data were attained under zero field cooled 

(ZFC) and field cooled (FC) mode, respectively. The substance was cooled from 300 to 10 K 

without external magnetic field in zero field cooled mode and in the existence of magnetic 

field for field cooled mode. In the temperature range of 10 to 300 K, M(T) data were attained 

in the presence of external magnetic field. In the field cooled mode, same field value was 

maintained while the cooling and measurement. The hysteresis loop data were attained at 

300, 100 and 10 K were recorded under ZFC mode. The diffuse reflectance spectroscopy 
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(DRS) spectrum of the sample was attained using a PerkinElmer UV−vis spectrometer 

(Lambda 35).  

5.2.3. Electrode preparation for electrochemical study 

The working electrode for cyclic voltametric measurements has been prepared by 

following method. Firstly, a graphite rod with geometrical area 0.14 cm2 has been cleaned 

carefully in deionized water through ultrasonication. Further the prepared rod has been 

draped by Teflon sheet while the ends of the rod were kept open. Later, the specimen has 

been put in deionized water and Nafion mixture through ultrasonication to get a hydra 

solution of required concentration. 10 μL of the as-prepared solution has been dispensed over 

the curved level exterior of the graphite rod and finally desiccated at room temperature for 

one night. The cyclic voltametric measurements have been performed using a potentiostat 

instrument (Digi-ivy, model No. DY2300) in 1 M and 0.1 M NaOH aqueous solution at 25 ºC 

taking a conventional three electrode system comprising of a working electrode, a saturated 

calomel electrode as the reference electrode and a Pt wire as counter electrode.  

5.3. Results and Discussion 

5.3.1. Structural and microstructural characterization 

The primary goal of structural investigation is to ascertain the structural features like 

atomic coordinates, lattice parameters, etc., as well as microstructural parameters viz., 

crystallite size, microstrain etc. of the present sample. Moreover, it also aims to evaluate the 

possibility of any impurity phases present within the sample. The PXRD pattern of CZ5050 is 

presented in Fig. 1. The data has been refined using MAUD2.33 package [67] as it is capable 

of determining the structural, microstructural properties and quantifiable phases of the 

compound substances with a high level of accuracy. The values of structural, microstructural 

and refinement parameters are presented in Table 1. A significant broadening accompanied by 

decrease in the intensity of the Bragg peaks of the sample is suggestive of nano size, 
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structural non-uniformity, amorphous phase of the particle surface along with high 

microstrain within the lattice planes of the sample. The pattern has been labelled by 

TREOR90 of Fullprof.2k package [68]. Further, this labelling of lattice planes was 

crosschecked by DICVOL06 of Fullprof.2k package [69] and NTREOR of EXPO2009 

package [70]. Both the results are in conformity. The space group has been found by utilizing 

FINDSPACE of EXPO2009 package through statistical study of the powder diffraction 

pattern [71]. The results ascertain that the sample has crystallized in Fd m space group. 

Moreover, the Miller indices and the space group determined by the above stated Rietveld 

refinement technique are in conformity with JCPDS data base (JCPDS card no 89-1012 and 

22-1086 for ZnFe2O4 and CoFe2O4). So, it is clear that the sample is a pure cubic spinel 

ferrite with Fd m symmetry. 

 

 

 

 

 

 

 

 

Fig. 1.  PXRD pattern of CZ5050 

 

 

 

 

 

Table 1. Crystal data and refinement parameters 

Parameters CZ5050 

Crystallite size (nm) 17 

Microstrain 3.76×10-3 

Lattice parameter (a(Å)) 8.372 

Density (g cm-3) 5.304 

Rwp 0.008 

Rexp 0.005 

GOF 1.21 
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The FESEM image of CZ5050 is shown in Fig. 2. It is clear that the samples are non-

spherical in shape, possess size distribution and have an inclination towards agglomerate 

formation. The TEM micrograph of the sample showing particle size distribution is shown in 

Fig. 3. It is well-known that nanometric ferrites have an affinity of agglomeration. So, in 

order to disperse the particles properly, a small of the sample was first spread in ethanol 

through strong ultrasonication. Further, the Cu-grid was positioned on a spin coating unit 

spinning at 400 rpm and the sample was dropped on the grid. It is apparent from Fig.3 that we 

have succeeded in our attempt to avoid the agglomeration. An overview of TEM images 

suggests that single particles size ranges from 15-23 nm in size with average particle ~ 19 

nm. In accordance with XRD measurement, the average crystallite size is ~ 17 nm. The 

amorphousness at the particle surface is well-explained by these results. The constituent 

particles are non-spherical in shape and possess a size distribution. The presence of bright 

distinct rings in the selected area diffraction (SAED) pattern of the sample (Fig.4) assures 

about the good crystallinity of the nanoparticles. 

 

Fig. 2.  FESEM micrograph of CZ5050 
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Fig. 3.  TEM micrograph of CZ5050 

 

 

Fig. 4.  SAED pattern of CZ5050 
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5.3.2. Study of Optical Properties  

The knowledge of optical absorption property of a compound gives an idea of its 

electronic structural characteristics and is a crucial factor in determining its applicability in 

surface related fields like catalysis and electrochemistry. In thus approach, UV-vis diffuse 

reflectance spectroscopy (UV-vis DRS) is a fast, low-priced and non-damaging method for 

analysis of optical property of solid compounds [72]. The UV−vis DRS spectrum of CZ5050 

is shown in Fig. 5. It displays a broad absorption edge at around 705 nm. The band gap of 

CZ5050 is 1.75 eV (shown in inset of Fig.5), as estimated from the intercept of the (αhν)2 

versus hν plot (Kubelka−Munk plot), where α is the absorption coefficient [73]. The value of 

bandgap of the present sample is lower when compared to other nanosized CZ5050 [74]. This 

may be due to presence of lower unoccupied energy levels in the present sample. This is in 

contrast to the normal quantum confinement phenomenon according to which there is 

increase in bandgap at nanoregime.  

 

Fig. 5.  UV-DRS spectrum of CZ5050 and (αhν)2 versus hν plot (inset) 
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5.3.3. Magnetic study 

The magnetization versus temperature (M-T) measurements in zero field cooled 

(ZFC) and field cooled (FC) modes have been carried out to ascertain the magnetic character 

of the sample. The ZFC-FC curves of CZ5050 in the temperature range of 10 – 380 K at 100 

Oe external magnetic field are presented in Fig.6. The FC magnetization curve decreases 

slowly up to a certain temperature (280 K), then remains constant upto 150 K below which, it 

slightly increases in value upto 10 K. Such behavior of FC magnetization curve is a 

consequence of finite-size effects which are induced by dipolar and interparticle interactions 

[75]. The ZFC data exhibits a gradual decrease in magnetization with the decreasing 

temperature from 300 to 100 K, below which it becomes almost constant upto 10 K. This 

behavior indicates anisotropy energy induced loss of long-range ferrimagnetic ordering in the 

sample. The bifurcation observed in the ZFC-FC curves owing to minimization of Helmholtz 

free energy of the system is considerably less in the present sample. This may be attributed to 

the surface effect in nanosized particles that require very large value of magnetic field to 

overcome it [75]. There is absence of any superparamagnetic hump even upto 380 K. It states 

that the sample is magnetically ordered at room temperature.  

In order to testify the findings of M-T studies, we have performed the hysteresis loop 

study of the sample. The magnetization versus fields (M-H) curves of the sample at 300 (at 

±1 T), 100 (±5 T) and 10 K (± 5 T) are presented in Fig.7. The values of saturation 

magnetization (MSAT) at 300, 100 and 10 K are 63.2, 77.4 and 78.4 emu g-1, respectively.  The 

MSAT value for CZ5050 (63.53 emu g-1) is less than that of the bulk CoFe2O4 (80 emu/g). This 

reduction in MSAT can be accredited to the surface spin disorder at the nanoparticle surface 

[76]. The MSAT values at 100 and 10 K have not increased significantly as compared to that at 

300 K. The parameter of MSAT is directly influenced by the internal spin structure i.e., a 

ordered core surrounded by a disordered shell owing to either spin canting or surface 
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anisotropy [77]. In addition to spin canting and effective anisotropy energy, interparticle 

interactions among the nanoparticle assemblage play a pivotal role in controlling the 

magnetic parameters in nano regime. The value of coercivity (HC) at 300, 100 and 10 K are 

740, 7900 and 13300 Oe, respectively.  The value of HC of the present sample at 10 K is 

remarkably high as compared to that of bulk CoFe2O4 (∼5 kOe at 5 K) [78]. The HC of any 

magnetic material at nanoregime is determined by the effective anisotropy of the system. The 

anisotropy energy is further influenced by the size, shape, spin structure and the nature of 

interactions existing in the nanoparticle ensemble. In the present case, the effective 

anisotropy and consequently the HC is the overall result of the surface anisotropy and dipolar 

interactions present in the sample. The kinks in the M-H curves at 100 and 10 K are due to 

spin reorientation. moreover, such a bend may also be attributed to the domain-wall pinning 

occuring at applied field change. Since no impurity phases are present in the sample, the 

possibility of exchange between the hard and soft magnetic phases can be neglected. This 

reorientation is more dominant at 10 K as compared to 300 K. 

 

Fig.6. ZFC-FC curves of CZ5050.  
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Fig.7. M-H curves of CZ5050 at 300, 100 and 10 K, respectively. 

5.3.4. Electrochemical performance study 

The cyclic voltammograms (CV) of CZ5050 electrode at scan rates of 10, 20, 50, 100 

and 200 mV/s in the potential range of ±0.3 V with reference to the saturated calomel 

electrode are illustrated in Fig.8. From the CV curves of CZ5050, it is apparent that they do 

not follow the behaviour of ideal electrical double layer capacitor [79,80]. The nonconformity 

from the usual shape of the CV curves can be credited to the pseudocapacitive behavior of 

CZ5050 originating from the transfer of charges between electrode and electrolyte through 

electrosorption and intercalation processes. Moreover, there is absence of any redox peaks in 

the cathodic or anodic cycles of the CV curves of CZ5050. For CZ5050, the 

pseudocapacitance takes place through interconversion of Co2+/Co3+ states accompanied by 

concurrent insertion/ deintercalation of OH- ions following the under mentioned equation: 

 

The values of specific capacitance (CS) have been calculated from the CV plot using 

the formula: CS =  , where m is the mass of the active electrode material, v is the potential 

sweep rate and i is the current response that can be obtained by integrating the area of the 

curve  , where Va and Vc represent the anodic and cathodic voltages, respectively 

[81, 82]. CS values for CZ5050 at scan rates of 10, 20, 50, 100 and 200 mV/s are 85.5, 56, 
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25, 20 and 17 F/g, respectively. At high values of scan rates, atoms of the electrode are 

surrounded by ions escalating obstruction in the charge transfer process leading to the drop of 

capacitance [83]. Further, the area of the CV curves upsurges with the scan rate, without 

altering the shape of the curves, reflecting good electrochemical response of the sample [61]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  CV plots of CZ5050 

5.4. Conclusion 

The structural, magnetic, optical properties of nanosized Co0.5Zn0.5Fe2O4 have been 

judiciously studied by PXRD, FESEM, HRTEM, UV-vis DRS and dc magnetic methods. 

The particle size from PXRD and crystallite size from TEM studies match well with each 

other revealing that CZ5050 is well-crystalline in nature. The sample exhibits wide 

distribution in particle size along with strong interparticle interactions. The dc magnetic 

studies reveal that CZ5050 is magnetically well-ordered at room temperature and also possess 

strong interparticle interactions within the ensemble of nanoparticles. The values of saturation 

magnetization of the samples are lower than bulk CoFe2O4 due to presence of surface spin 

canting. The values of coercivity at 10 K are significantly higher than at room temperature 
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signifying increase in anisotropy at 10 K. This boost in anisotropy energy has been instigated 

by the combined effect of surface anisotropy and interparticle interactions. CZ5050 exhibits 

good electrochemical performance due to its nano size, morphology and lower band gap 

energy and can act as a supercapacitor.  
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6.1. Introduction 

In past two decades, nanocrystalline magnetic materials are in the limelight partly 

owing to their exceptional physicochemical properties in comparison to their bulk 

counterparts and mainly for their versatile technological applications. [1-4]. Ferrites, in their 

bulk phase, possess equilibrium cation distribution and their physical properties are 

exclusively determined by chemical composition and synthesis procedure adopted [5,6]. In 

case of nanosized counterparts of any bulk ferrite, cation redistribution takes place resulting 

in non-equilibrium cation distribution [5-7]. Apart from this, the finite size effect and surface 

spin canting reduce the magnetization of nanometric ferrites significantly compared to their 

bulk counterparts [7].  The physical properties of nanometric ferrites are strongly reclined on 

morphology (shape and size), cation distribution, surface spin alignment. These characteristic 

features of nanosized ferrites can be easily modified by choosing synthesis procedure 

judiciously [2,8]. The nanostructured ferrites are extensively used for fabrication of magnetic 

storage device, magnetic resonance imaging agents, gas and electrochemical sensors, and 

electrodes of supercapacitors [9-12]. Additionally, their application encompasses the fields of 

industrial wastewater treatment, catalysis, photocatalytic dye degradation, medical science 

(hyperthermia treatment, targeted drug delivery etc.) [1,2,13-15].  It is noteworthy that the 

basic requirement for each kind of applications is discrete. Mechanically activated nanosized 

ferrites like Co-Zn, Ni-Zn, Mn-Zn etc., displaying high saturation magnetization and high 

coercivity at room temperature have evolved as promising candidates for applications in 

magnetic storage device [16-18]. In contrary, the nanostructured superparamagnetic ferrites 

viz., Fe3O4, CoFe2O4, ZnFe2O4, MnFe2O4, NiFe2O4, CuFe2O4 etc., prepared by chemical 

method displaying moderate saturation magnetization and no coercivity at room temperature 

are preferred for catalysis, photocatalytic degradation of dyes and removal of heavy metals 

from polluted water discharged by industries due to their high surface to volume ratio, 
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presence of active site, stability, reusability and ease of separation simply with the help of 

magnetic field [15,19-23]. In particular, CoFe2O4 with inverse spinel structure exhibits many 

interesting physical properties like high coercivity [24,25], high magnetic anisotropy [24], 

moderate saturation magnetization [25], high chemical stability [26] and electrical 

conductivity [27]. On the other hand, ZnFe2O4 is antiferromagnetic in bulk [28] and shows 

ferrimagnetic nature in nanometric domain and in the form of thin films [29,30]. Substitution 

of non-magnetic Zn2+ ions in nanosized CoFe2O4 is expected to modify the exchange 

interactions in tetrahedral (A) and octahedral [B] sites of the spinel lattice and consequently 

alter magnetic properties of the so formed mixed Co-Zn ferrites [31,32]. According to 

literature, mostly the structural, morphological, magnetic, and dielectric properties of mixed 

Co1-xZnxFe2O4 ferrite series with x = 0 – 1 prepared by chemical method have been 

investigated in abundance [31-40]. Interestingly, some research groups have come up with 

rare features like cluster glass phase [36-38], mixed magnetic phase [39], superparamagnetic 

clusters [40] etc. However, the magnetic and hyperfine properties of nanosized 

Co0.8Zn0.2Fe2O4 ferrites have not been investigated in detail [41-43]. Notably, there are few 

reports on the influence of morphology in governing the physical properties of Co-Zn ferrites 

synthesized by mechanochemical methods [16,40,43,44]. To the best of our knowledge, there 

is no report on structural, magnetic, hyperfine properties and application potential of Co-Zn 

ferrites prepared by chemical route followed by high energy ball milling (mechanical 

activation) and subsequent heat treatment. Further, it will be highly interesting to examine the 

role of morphology in ascertaining the magnetic and hyperfine properties of such systems. In 

this background, thorough study on structural, magnetic, hyperfine properties and catalytic 

activity of mechanically activated and subsequently heat treated nanosized Co0.8Zn0.2Fe2O4 

ferrite with different sizes seems propitious. 
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At room temperature (300 K), Co0.9Zn0.1Fe2O4 nanoparticles prepared by flow rate 

controlled coprecipitation method exhibit saturation magnetization (MSAT) and coercivity 

(HC) of 48 emu g-1 and 1775 Oe, respectively, while its counterpart synthesized by 

conventional coprecipitation method gives values of MSAT and HC as 54.1 emu g-1 and 223 

Oe, respectively [45,46].The superparamagnetic Co0.8Zn0.2Fe2O4 nanoparticles synthesized by 

hydrolysis method (particle size ~ 3.5 nm) have MSAT ~ 89.7 emu g-1 at 300 K, which is 

considerably higher than that of its counterpart produced by combustion method (particle size 

~ 37 nm; MSAT ~ 70 emu g-1 and HC ~ 70 Oe at 300 K) [43,47]. Co0.8Zn0.2Fe2O4nanofibres 

prepared by electrospinning via sol-gel and subsequent heat treatment show gradual increase 

in MSAT while HC first increases followed by steady decrease with increase in annealing 

temperature [48]. Co0.8Zn0.2Fe2O4 thin films synthesized by electron beam deposition 

technique exhibit reduction in MSAT, HC and anisotropy constant (K) with increase in 

annealing temperature [41]. Significant enhancement in MSAT has been observed for 

superparamagnetic Co0.6Zn0.4Fe2O4 nanoparticles synthesized by modified hydrothermal 

method [49]. The nanometric Co0.5Zn0.5Fe2O4ferrite could not be obtained directly through 

ball milling alone but it required to be subsequently heat treated for having the spinel phase 

[50]. The values of magnetic parameters viz., MSAT, HC, blocking temperature (TB) and K of 

Co0.3Zn0.7Fe2O4 nanoparticles synthesized by mechanical milling are substantially higher as 

compared to its counterparts prepared by chemical routes [51]. Nanosized Co0.2Zn0.8Fe2O4 

formed by mechanical milling of its counterpart prepared by chemical coprecipitation method 

(precursor) displays higher saturation magnetization (44 emu g-1) in comparison to its 

precursor (32 emu g-1) [52]. Co1-xZnxFe2O4 (x = 0-1) nanoparticles synthesized separately by 

thermal decomposition of carboxylates, sol-gel auto-combustion and coprecipitation 

technique show decrease in the values of MSAT, HC and K with increase of Zn2+ concentration 

[53-55]. Nanosized Co1-xZnxFe2O4 (x = 0-0.3) ferrites synthesized by sol/gel method 
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(particles size = 11–28 nm) show appreciable increase in MSAT from 60.92 emu/g (x=0) to 

74.67emu/g (x=0.3) with increasing Zn2+ content [56]. It has been found that Co1-xZnxFe2O4 

(x = 0.5, 0.6, and 0.7) nanoparticles (average particle size ~ 3-23 nm) synthesized by co-

precipitation method followed by a thermal treatment exhibit variation in TB with 

modification of particle size and Zn2+ content [44]. Thus, it is apparent from the results of 

previous studies that magnetic parameters of nanometric Co1-xZnxFe2O4 ferrites strongly 

depend on the choice of synthesis method, morphology, and relative ratio of Zn2+ and Co2+ 

ions in those samples.   

In recent years, nanosized magnetic spinel ferrites have attracted special attention 

because of their application in green catalysis owing to their eco-friendly, benign nature and 

ease of separation from reaction mixture [14,57]. They possess admirable features such as 

high surface to volume ratio, low toxicity, thermal stability and capability of surface 

modification [58], which are beneficial for having good catalytic activity [57,58]. Most 

importantly, the ferrite nanoparticles can be easily recovered after the catalytic reaction 

which avoids the loss of catalyst associated with traditional filtering and centrifugation 

techniques [59]. Further, the recyclability of these samples are usually better than other 

conventional catalyst in same reaction [57]. Among the nanostructured ferrites, Co1-

xZnxFe2O4 systems display excellent catalytic activity [57,60]. It may also be noted that core-

shell magnetic nanoparticles have gained special attention owing to their extensive use as 

catalyst [60]. The 9-substituted aryl-1,8-dioxooctahydroxanthenes could be synthesized using 

CuFe2O4 as catalyst with excellent yield and short reaction time [61]. The nanosized NiFe2O4 

acts as a very good catalyst in the chemoselective oxidation of thiols to disulfides and 

sulfides to sulfoxides [62]. Recently, coumarin (2H-1-benzopyran-2-one) and its derivatives 

have raised a stir in biomedical field due to their anti-cancer, anti-inflammatory, anti-viral 

and anti-microbial properties [63]. Besides, the presence of amide group in coumarin-3-
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carboxamide improves the biological activity of these compounds [63]. Nanosized Ni-NiO 

composite was used as a Lewis acid for coumarin-3-carboxamide synthesis [64]. Based on 

these studies, we were motivated to explore the catalytic activity of nanosized 

Co0.8Zn0.2Fe2O4 in the multicomponent reaction for the synthesis of coumarin-3-carboxamide. 

To the best of our knowledge, there is no report on the structural, magnetic (except at 

300 K), hyperfine properties and catalytic activity of nanosized Co0.8Zn0.2Fe2O4. In this 

context, we have prepared Co0.8Zn0.2Fe2O4 nanoparticles by coprecipitation method followed 

by ball milling and subsequent thermal treatment at three different temperatures with the aim 

to understand the evolution of structural and magnetic properties of the samples with change 

in morphology. We have characterized the samples by using powder x-ray diffraction 

(PXRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), dc 

magnetic and Mössbauer spectroscopic techniques. We have presented a thorough 

interpretation of the results obtained from dc magnetic and Mössbauer studies in order to 

reveal the role of morphology, cation redistribution and surface spin canting in shaping the 

magnetic and hyperfine properties of the samples. In this paper, we have shown that (i) the 

particle size, cation distribution and surface spin disorder cause significant changes in 

magnetic and hyperfine properties of mechanically activated Co0.8Zn0.2Fe2O4 samples 

obtained after heat treatment at three different temperatures, (ii) out of three, the sample 

annealed at 500 ℃ and having the smallest particle size (23 nm) exhibits exchange bias effect 

while others do not and (iii) among the three samples, the sample with smallest particle size 

exhibits best catalytic response towards formation of coumarin-3-carboxamide via a multi 

component reaction.  
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6.2. Experimental 

6.2.1. Synthesis of Co0.8Zn0.2Fe2O4 nanoparticles and characterization techniques 

The Co0.8Zn0.2Fe2O4 nanoparticles (precursor) were synthesized by chemical 

coprecipitation method following standard method [65], then it was subjected to ball milling 

to prepare the intermediate specimen [51] and finally the intermediate specimen was 

thermally treated to obtain the desired samples. The precursor has been synthesized by 

chemical co-precipitation technique by putting the constituents in the appropriate 

stoichiometric ratio. Reagents having purity more than 99% have been acquired from the 

Sigma-Aldrich and employed without additional decontamination. The aqueous solution of 

40 mM CoCl2.6H2O; 10 mM ZnSO4.7H2O and 0.1 M Fe(NO3)3.9H2O were readied and 

stirred together on magnetic stirrer. The mixture was transferred in a burette and then 

dropped at a precise flow rate of 10mL/m into a solution of NaOH (pH~11) and moved 

dynamically on a magnetic stirrer. The pH of the solution was supervised during the process 

and was preserved at ~11 by putting NaOH solution as per requirement. The precipitate so 

obtained was permitted to settle down. Later, the precipitate was accumulated by 

centrifugation. Lastly, the specimen was desiccated in vacuum at normal conditions and 

separated by a magnet. Further it was calcined at 600˚C for 10 hours to attain phase properly. 

This precursor was subjected to high energy ball milling (Fritsch Planetary Mono Mill 

“pulverisette6”) for 10 hours using tungsten carbide balls and vials, keeping ball to mass ratio 

20:1 and setting the speed of the rotor at 350 rpm. The intermediate specimen so obtained 

after ball milling was annealed for 3 hours at temperatures of 500, 700 and 900 ℃. Finally, 

three samples were obtained by heat treatment of the intermediate specimen at 500, 700 and 

900 ℃ and those are designated as CZ1, CZ2 and CZ3, respectively.   

The powder X-ray diffraction (PXRD) pattern of the sample has been attained by a 

Bruker D8 Advanced Diffractometer using CuKα (λ = 1.54184 Å) radiation. For this, the X-
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ray generator was fixed at 40 kV and 40 mA. The diffraction images were attained at normal 

conditions (25˚C) with step size 0.01991 and a counting time of 3s/step over the range of 

2θ=20˚–80˚. The particle size and morphology of the sample were examined by field 

emission scanning and high-resolution transmission electron microscopic techniques 

(FESEM, Inspect F50 and HRTEM, Jeol 2100). Before subjecting the sample to TEM 

investigation, it was methodically crumpled in a mortar, disseminated in ethyl alcohol, set on 

a Cu-grid by means of spin-coater and desiccated in vacuum. The dc magnetization as a 

function of temperature and versus magnetic field was recorded using vibrating sample 

magnetometer (Cryogenics made). The M(T) data were attained under zero field cooled 

(ZFC) and field cooled (FC) mode, respectively. The substance was cooled from 300 to 10 K 

without external magnetic field in zero field cooled mode and in the existence of magnetic 

field for field cooled mode. In the temperature range of 10 to 300 K, M(T) data were attained 

in the presence of external magnetic field. In the field cooled mode, same field value was 

maintained while the cooling and measurement. The hysteresis loop data were attained at 

300, 100 and 10 K were recorded under ZFC mode.The 300 K Mössbauer spectra of the 

samples were recorded in transmission geometry using constant acceleration drive (CMTE-

250) with a 5 mCi57Co source in Rh matrix. The 10 K Mössbauer spectrum was recorded 

with the help of JANIS SVT-400 MOSS cryostat system. The Mössbauer spectrum of the 

sample at 10 K in presence of an external magnetic field of 5T applied parallel to the γ-ray 

direction was recorded by using a superconducting magnet (JANIS SuperOptiMag) and a 40 

mCi 57Co source. The velocity calibration was performed by using a natural iron foil, and the 

values of isomer shifts were estimated with reference to standard α-Fe at 300 K. 
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6.2.2. Reaction methodology for the synthesis of coumarin-3-carboxamide using CZ1, CZ2 

and CZ3 NPs as catalyst  

The multicomponent catalysis reactions were carried out in a 25 ml round bottomed 

(RB) flask fitted with a condenser, oil bath and a stirring bar according to the following 

procedure. 2-hydroxybenzaldehyde (1) (1.0 mmol), required secondary amine (2) (1.2 mmol), 

diethylmalonate (DEM) (3) (1.0 mmol), and the nanoparticles (CZ1/CZ2/CZ3) (6.5 mg/mmol 

of 1) were first taken in the RB flask and mixed with 6 ml of ethanol. The reaction mixture 

was then settled to the desired temperature in an oil bath and refluxed for 5 hours with 

continuous stirring. Then the reaction mixture was allowed to stand and cool down at room 

temperature. The used nanoparticle catalyst was recovered magnetically from the reaction 

mixture. Now, 15 ml of distilled water was added to the resulting reaction mixture and the 

desired organic products were extracted using 5 ml of dichloromethane three times. All the 

collected organic layers (dichloromethane part) were combined and dried over anhydrous 

sodium sulphate followed by evaporation in vacuo. The desired coumarin-3-carboxamide 

thus obtained was either purified by crystallization or by column chromatography followed 

by crystallization (whenever required). Melting points of the desired amides were recorded 

on a Köfler block and NMR spectra of same were recorded using Bruker ADVANCE 300 

spectrometer. The catalytic activity of all the three samples (CZ1, CZ2, CZ3) have been 

examined. 

6.3. Results 

6.3.1. Structural and morphological study 

 The presence of all the characteristic peaks corresponding to spinel phase in the 

powder x-ray diffraction patterns (PXRDPs) of CZ1, CZ2 and CZ3 (Fig.1) suggests that the 

samples are spinel ferrites. The intense peaks with slight broadening and no extra phases in 

the PXRDPs indicate the formation of well-crystalline and pure nanoparticles. Rietveld 
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refinement of the samples using MAUD2.33 [66] has been carried out considering CoFe2O4 

[67] and ZnFe2O4 [68] as model systems. The refinement yields very low residue (Fig.1). It 

can be seen from Fig.1 that the experimental PXRDPs almost completely overlap with those 

obtained theoretically using Rietveld refinement. The refinement parameters are listed in 

Table 1. The results of fitting (Fig.1) confirm that the samples are single phase cubic spinel 

with  symmetry. The values of lattice parameter are smaller as compared to bulk 

Co0.8Zn0.2Fe2O4 (~ 8.40 Å) [43]. As these samples are prepared by heat treatment of 

mechanically activated intermediate specimen, therefore, the lattice strain induced by ball 

milling also contributes to the lowering of lattice volume of these samples compared to their 

bulk counterpart [39,51]. 

 

Fig.1. PXRD pattern of the sample (a) CZ1, (b) CZ2 and (c) CZ3 obtained after MAUD 

analysis. The experimental data and the simulated pattern are represented by black dots and 

continuous red line, respectively. The difference between the experimental and simulated 

curve is plotted at the bottom with continuous blue line.  

In order to investigate the structural and microstructural properties of the samples in 

more detail, Rietveld refinement of the PXRD data of the present samples have been done by 

GSAS program [69] with EXPGUI interface [70]. The procedure implemented for this 

analysis is described in our previous works [51,71]. As per the results of Rietveld refinement, 

the experimental data and simulated curves have converged with good accord (Fig.2). Table 2 

depicts the values of the structural and microstructural parameters of the samples. The 
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asymmetric units, surroundings of the metal and oxygen ions, bond angles and lengths for 

sample CZ1 are shown in Fig.3. The fractional coordinates and cation occupancies have been 

provided in Table 3. The lattice parameter of the samples increases upon heat treatment. 

Thus, it is apparent that the lattice volume contraction of the samples with respect to bulk 

Co0.8Zn0.2Fe2O4 is owing to lattice strain induced by high energy ball milling and cation 

redistribution among the (A) and [B] sites of the spinel lattice, which gradually reduces with 

heat treatment [39,51].  

Table 1 Crystal data and refinement parameters of the CZ1, CZ2, CZ3 obtained from MAUD  

 

 

Fig.2 Indexed powder PXRD pattern of the sample (red dots) (a) CZ1 (b) CZ2 (c) CZ3 and 

the simulated Rietveld refinement plot (continuous green line) obtained by fitting the 

experimental powder PXRD pattern using GSAS program. 

Parameters CZ1 CZ2 CZ3 

Crystal System cubic cubic cubic 

Space group Fd m Fd m Fd m 

Crystallite size (nm)  23 (±0.33) 34 (±0.31) 42 (±0.37) 

Microstrain  1.39 (±0.02) × 10-3  1.46 (±0.02) × 10-3  2.08 (±0.02) × 10-3  

Lattice parameter (a(Å)) 8.3809 (±0.0005) 8.3752 (±0.0004) 8.4022 (±0.0004) 

Density (g cm-3) 5.2249 (±0.05) 5.305 (±0.02) 5.2544 (±0.01) 

Rwp
  1.2 1.5 1.8 

Rexp 1.3 1.6 1.4 

GOF  1.1 1.2 1.5 
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Table 2 Structural and microstructural parameters along with metal-oxygen (M-O) bond 

angles and bond lengths obtained from Rietveld analysis of PXRDP of the samples by GSAS 

program 

Parameters CZ1 CZ2 CZ3 

Formula weight 471.8 471.8 471.8 

Crystal System Fd m Fd m Fd m 

Lattice parameter (Å) 8.3833 (±0.0012) 8.3720 (±0.0014) 8.3961 (±0.0011) 

Density (g cm-3) 5.319 5.332 5.256 

Volume (Å3
) 589.176 (17) 587.733 (10) 596.318 (9) 

Metal-Oxygen bond length 

(Å) 

1.906 (A-site)  

2.045 (B-site) 

1.903 (A-site)  

2.044 (B-site) 

1.904 (A-site)  

2.058 (B-site) 

Metal-Oxygen bond angle 109.47˚ (A-site) 

92.97˚ (B-site) 

109.47˚ (A-site) 

92.92˚ (B-site) 

109.47˚ (A-site) 

92.66˚ (B-site) 

 

Table 3 Fractional coordinates and occupancy of different ions obtained from the Rietveld 

refinement by GSAS program 

 Occupancy 

Ions x y z (± 0.003) 

Zn (A) 0.125000 0.125000 0.125000 0.2000 

Co (A) 0.125000 0.125000 0.125000 0.3400 

Fe (B) 0.125000 0.125000 0.125000 0.4600 

Co (B) 0.500000 0.500000 0.500000 0.2300 

Fe (B) 0.500000 0.500000 0.500000 0.7700 

O 0.25624 (4)     0.25624 (4)   0.25624 (4)   1.0000 
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Fig. 3 (a) Unit cell of the sample, (b) tetrahedral (A) site and (c) octahedral [B] site bond 

angles and bond lengths of sample CZ1. 

Fig.4 presents TEM image showing the particle size distribution of CZ1 (Fig.4(a)), 

CZ2 (Fig.4(b)) and CZ3 (Fig.4(c)) along with particle size histogram of the samples in the 

inset of corresponding figures. On careful examination of the TEM images, it is found that 

the nanoparticles are of assorted size and arbitrary shape along with strong affinity of 

agglomeration. The selected area electron diffraction (SAED) patterns of CZ1 (Fig.5(a)), CZ2 

(Fig.5(b)) and CZ3 (Fig.5(c)) along with the high-resolution TEM (HRTEM) micrograph (in 

the inset) are displayed in Fig.5. The SAED pattern of all three samples represents typical 

features shown by a polycrystalline sample. It consists of diffused concentric rings with a 

bright central spot that represents the undiffracted electrons. Intense bright spots in the rings 

of the SAED image (Fig.4) and distinct lattice fringes in the HRTEM images (inset of Fig.5) 

of the samples together with indicate that they possess good crystalline character [72]. The 

‘d’ values obtained from the TEM study are in consonance with the ones obtained from XRD 

analysis. The elemental composition (EDX spectrum) of all the samples is shown in Fig.6. 

The atomic percentages of Co, Zn, and Fe in the present samples are ~ 20.27, 5.15, 46.4, 

which confirms that the samples are in proper stoichiometry. 
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Fig.4 TEM morphographs showing particle distribution of (a) CZ1, (b) CZ2 and (c) CZ3, and 

particle size histogram of CZ1, CZ2 and CZ3 in the inset, respectively. 

 

Fig.5 SAED pattern of (a) CZ1, (b) CZ2 and (c) CZ3, and single particle HRTEM of CZ1, 

CZ2 and CZ3 in the inset, respectively. 

 

Fig.6 EDX spectrum of the sample 
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6.3.2. Magnetic and Hyperfine study   

 The ZFC-FC magnetization curves of all three samples are presented in Fig.7. 

Primarily, the ZFC curves show a gradual decrease in magnetization value as the samples are 

being cooled from 300 K and this reduction in magnetization almost ceases below 150 K 

(Fig.7). In addition to these observations, no visible hump of a typical superparamagnetic 

sample can be traced up to 300 K. The nature of the curves from 300 K to 150 K points that 

some particles in the samples are attaining blocked state gradually while most of the 

constituent particles in the sample possess high anisotropy energy and are in magnetically 

ordered state at room temperature [65]. This suggests that the particles in the samples are of 

variable size as also seen from TEM micrographs. Below 150 K, the ZFC curves of the 

samples show a saturating nature up to 5 K revealing that the constituent particles no longer 

act as single domain superparamagnetic (SPM) system. Such behavior points towards the 

presence of strong interparticle interactions among the constituent particles [73] causing a 

change in the regime of magnetic properties. When interactions act, it is difficult to define a 

single particle anisotropy barrier and the system approaches towards a frozen or collective 

state [73]. The FC magnetization curves of the samples stagger in the temperature range of 

300 – 150 K followed by a slight increase in magnetization up to 5 K (Fig.7) indicating 

interparticle interaction induced increase in anisotropy of the nanoparticle systems [74]. So, 

this also provides support in favor of our proposition from ZFC study that there exists strong 

interparticle interaction in the samples due to which the particles in the samples exhibit 

collective magnetic excitation at low temperature. In order to gather more information 

regarding the magnetic nature of these samples, we have recorded their hysteresis loops. 



Chapter 6 

183 
 

 

Fig.7. ZFC-FC magnetization curves of CZ1 (circle), CZ2 (square) and CZ3 (triangle) at 500 

Oe. 

Table 4 Values of crystallite size obtained from PXRD, particle size obtained from TEM, 

saturation magnetization (MSAT), coercivity (HC) and effective anisotropy constant (KE) 

Sl. 

No. 

Sample Crystallite 

Size (nm) 

Particle 

size 

(nm) 

MSAT (emu/g) HC (Oe) KE × 106 

(erg/cm3) 

Or 

KE × 105 (J/m3) 

    300 K 

(± 0.01) 

10 K 

(± 0.01) 

300 K 10 K 300 K 10 K 

1. CZ1 23 23 75.22 100.39 530 13000 1.4 1.54 

2. CZ2 34 34 81.07 110.54 460 10000 1.48 2.01 

3. CZ3 42 42 82.89 126.01 420 9000 1.57 3.01 

 

The magnetization versus field (M-H) loops has been recorded at 300 and 10 K at ± 1 

T field for CZ1, CZ2 and CZ3. The samples exhibit clear hysteresis at 300 K indicating 

magnetic ordering at room temperature (Fig.8(a)), which corroborates the findings of ZFC 

study. At 10 K, samples exhibit very large coercivity values and ± 1 T field was unable to 

saturate any of the moments (Fig.9). So, in order to draw a proper inference of the 
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magnetization properties at 10 K, we have recorded M-H loops at high field of ± 7 T 

(Fig.8(b)). Complete saturation of all the moments still could not be achieved at such high 

field most probably due to presence of some surface disorder in the form of canted spins as 

reported in literature [51]. In addition, the M-H loop of CZ1 is not symmetrical about origin 

but is slightly shifted along negative field axis. The non-saturation of moments and shift of 

hysteresis loops are typical features of canted magnetic systems [75]. This proposition will 

further be testified by infield Mӧssbauer spectroscopic study. There are aberrations in the M-

H loops at 10 K (Fig.8(b)) whenever there is field reversal. This may be attributed to the 

reorientation of the surface spins [24]. The parameters obtained from M-H loop study are 

listed in Table 4. The values of saturation magnetization (MSAT) rise with the increase in 

particle size at both 300 and 10 K following development in magnetization of the samples 

with heat treatment. The MSAT values at 300 K for all three samples were slightly less than 

that of bulk sample of same composition [34] implying that there is enhancement in 

magnetization of the present samples because of the incorporation of strain induced 

anisotropy as they were subjected to mechanical milling [16,40,43,51,52]. It has been found 

that the value of MSAT increases with increment of particle size upon heat treatment (Table 4). 

This can be attributed to the reduction of spin canting due to betterment of crystalline quality 

caused by heat treatment. There is a sharp increase in the MSAT values of the samples at 10 K 

as compared to those at 300 K pointing towards attainment of a frozen state at low 

temperature as observed from ZFC-FC study [30]. All the samples exhibit very high 

coercivity values at 10 K (Table 4), even larger than that of bulk cobalt ferrite (~ 5 kOe at 5 

K [24]). Table 5 compares the values of room temperature (300 K) magnetic parameters like 

MSAT and HC for nanosized Co0.8Zn0.2Fe2O4 ferrites synthesized by different techniques with 

that of the present samples. It seems that magnetic parameters are influenced by the choice of 

synthesis procedure. 
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Fig.8M-H (hysteresis) loop of CZ1 (black line), CZ2 (red line) and CZ3 (blue line) at (a) 300 

K between ± 1 T and (b) 10 K shown between ± 7 T.  

 

 

Fig.9 M-H curve of CZ1 at 10 K between ± 1 T 
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Table 5 Table for comparison of room temperature (300 K) magnetic parameters of 

nanosized Co0.8Zn0.2Fe2O4 ferrite synthesized by various procedures. 

 

 

Sl 

.No. 

Synthesis procedure Morphology Particle 

size (nm) 

MSAT 

(emu/g) 

HC 

 (Oe) 

Reference 

1.  Electron beam 

deposition technique 

Thin films 19.83 (300) 

21.36 (400) 

24.54 (500) 

155.02 

153.93 

153.28 

123.89 

109.50 

106.49 

[41] 

2.  Combustion method Nanopowders 37 70 270 [43] 

3. Electrospinning via 

sol–gel and 

subsequent 

heat treatment 

Nanofibres 20.5 (550) 

35.3 (650) 

44.2 (750) 

56.5 (850) 

61.9 (950) 

16.6 

46.7 

66.1 

75.4 

87.2 

314.3 

363.9 

527.7 

494.1 

446.4 

[48] 

4. Thermal 

decomposition of 

carboxylates 

Nanopowders 7.2 (300) 

18.9 (600) 

67.4 (1000) 

43.04 

75.2 

84.92 

510 

482 

149 

[53] 

5. Sol–gel auto-

combustion 

Nanoparticles 43.93 55.947 306.16 [54] 

6. Sol/gel 

(citratemethod) 

Nanoparticles 22.1 72.17 220 [56] 

7. Sonochemical 

method 

Nanoparticles 8.1  27.5 206 [76] 

8. Sol-gel auto 

combustion using 

gelatin fuel 

Nanoparticles 52  56.7 319 [77] 

9. Flow rate controlled 

chemical co-

precipitation route 

Nanopowders 14  80 - [78] 

10. Wet chemical 

method 

Nanoparticles 30-50 74  

 

 [79] 

11. Reverse micelle 

technique 

Nanoparticles 6.6 31.3 22.5 [80] 

12. Combustion method Nanoparticles 33 78 400 [81] 

13.  Coprecipitation 

followed by ball 

milling and heat 

treatment 

Nanoparticles 23 

34 

42 

75.22 

81.07 

82.89 

530 

460 

420 

Present 

samples 
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Several authors have observed the phenomenon of exchange bias (EB) in single phase 

ferrite systems earlier and attributed it to the combined effect of interparticle interactions and 

canted spin structure [82-84]. Moreover, Coppola et al., have studied the magnetic behavior 

of Co-Zn system in detail and indicated about the possibility of EB phase in such system 

owing to anisotropy evolution instigated by chemical composition [85]. The results of ZFC-

FC and M-H study of the present system along with the literature survey motivated us to 

investigate the hysteretic behavior of the samples in more detail. At first, the samples were 

subjected to a damped oscillating magnetic field to ensure zero magnetization state of the 

samples as described by Dakua et. al., [86]. Then the samples were field cooled at a static 

field of 5 T from 300 K to 10 K and M-H loops were measured at 10 K under ± 5 T field. A 

huge shift along the -ve field axis was seen in the M-H loop of CZ1 after the procedure 

whereas the loop remained symmetric about the origin for other two samples. Despite the 

occurrence of pronounced EB effect in single phase ferrimagnetic particles [82-84], some of 

the authors have pointed that EB can also be seen sometimes due to minor loop [86] and 

experimental artifacts [86]. In general, a minor loop displays open loop and non-saturation 

[84]. But in case of CZ1, the M-H loop obtained after field cooling at 5 T showed equal 

values of saturation magnetization field (at ± 5 T) and a disappearance of the hysteresis after 

± 3 T (Fig.10). So, it is confirmed that the M-H loop for CZ1 is not a minor loop. Further, in 

order to check any influence of experimental artifacts on the emergence of EB effect in CZ1, 

p-type and n-type M-H loops were measured following procedure adopted by several other 

groups to check the same [87]. Magnetization values for both the measurements remained 

same for CZ1, only the shift for p-type loop was along negative field axis (Fig.10(a)) and for 

n-type along positive field axis (Fig.10(b)) with almost same shift value. These results 

eliminate the possibility of having any effect of experimental artifacts on the observed EB 

effect. Since XRD could not detect any impurity phase in CZ1, the possibility of EB effect 
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due to any impurity can be ruled out. A necessary condition for the occurrence of EB is 

presence of a bilayer like antiferromagnetic (or spin glass)/ferromagnetic (or ferrimagnetic) 

in which the antiferromagnetic (or spin glass) layer having a large magnetic anisotropy can 

exert a pinning action on the ferromagnetic (or ferrimagnetic) phase during magnetic reversal 

in M-H experiment [83]. Since our sample is single phase spinel ferrite, the canted surface 

spins freeze progressively on lowering the temperature creating a magnetically disordered 

shell that exerts strong pinning action around magnetically well-ordered core. This may be 

the possible reason behind appearance of EB. In order to validate this idea of the core-shell 

structure, we have carried out infield Mӧssbauer spectroscopic study whose results have been 

summarized in paragraph below. 

 

Fig.10. (a) p-type and (b) n-type M–H loops of CZ2 at 10 K between ± 5 T field. 

We have recorded the room temperature (300 K) Mӧssbauer spectra of CZ1, CZ2 and 

CZ3. In all three cases, a very broad asymmetric sextet (Fig.11) with small splitting in both 

the 1st and 6th lines of the sextet has been observed. The splitting of 1st and 6th lines of the 

Mӧssbauer spectra of the samples insisted us to fit them by two sextets. We have used the 

Recoil program [88] for this purpose. It can be seen from Fig.11 that all the spectra are being 

well fitted with two well-resolved sextets indicating that the samples are magnetically 

ordered at room temperature. There is no signature of SPM doublet in the 300 K spectra of 
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the samples further indicating the existence of magnetic ordering at this temperature. The 

presence of magnetic ordering in the 300 K spectra of all the three samples can be ascribed to 

the influence of interparticle interaction within the nanoparticle system, which is able to 

suppress the SPM relaxation. The fitting parameters are presented in Table 6. It may be noted 

that the width of the spectrum is showing decreasing trend while the hyperfine field is 

increasing as particle size increases. This is a usual phenomenon for nanosized magnetic 

systems.  

For a system of interacting particles, energy of a particle ‘p’ can be written as 

= KVsin2θ – .      (1) 

where K is the effective anisotropy constant, V is average volume of the particle, θ is the 

angle between magnetization direction and easy direction of magnetization,  and  

represent surface spins belonging to particle ‘p’ and its neighboring particle ‘q’, respectively, 

and  is the exchange coupling constant [89]. Using mean field approximation, equation (1) 

becomes 

= KVsin2θ –      (2) 

where  and  represent sublattice magnetization vectors of particles ‘p’ and ‘q’, 

respectively, and  is the effective exchange coupling constant [89]. If the first term is 

predominant, SPM flipping of magnetic moment of the individual particles takes place 

between easy directions close to θ = 0 and π [89]. However, if the interactions are significant 

then the energy at the two minima will differ and the effective internal field may influence 

the magnetic dynamics of the particle system in a way similar to application of external 

magnetic field on a ferrimagnetic system. This would suppress the SPM relaxation giving rise 

to magnetically split sextets [89] as has been observed in the present case for all the samples.  
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Fig.11. Mössbauer spectra of CZ1 at 300 K (without field) fitted by Lorentzian site analysis 

method of the Recoil program 

Table 6 Hyperfine parameters obtained by fitting the Mössbauer spectra of CZ1, CZ2 and 

CZ3 at 300 K. 

 

It may be noted that spin canting effect and cation distribution in the ferrite system 

can be conveniently studied using infield Mӧssbauer spectroscopic technique [39,51]. So, we 

Sample Spectra IS (±0.02) 

(mm s-1) 

HMF (±0.1)  

(T) 

Width (±0.03)  

(mm s-1) 

Area (±0.3) 

(%) 

CZ1 Site 1 0.39 40.96 0.39 34.8 

Site 2 0.45 48.74 0.75 65.2 

CZ2 Site 1 0.37 43.67 0.35 34.3 

Site 2 0.45 50.59 0.72 65.7 

CZ3 Site 1 0.3 47.00 0.33 35.4 

Site 2 0.36 51`.99 0.65 65.6 
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have recorded the low temperature (5 K) infield (in presence of 5 T external magnetic field 

applied parallel to γ-ray direction) (Fig.12(a),(b),(c)) and without field Mӧssbauer spectra 

(Fig.12(d),(e),(f)) of all three samples. Samples CZ1 and CZ2 both display weak 2nd and 5th 

lines in their respective spectra while only CZ1 displays slightly asymmetric and 

comparatively broadened (though relaxation has been suppressed at this temperature) lines. 

The former feature is an indicator of presence of canted spins in both CZ1 and CZ2 [90], and 

the latter points that for CZ1, the iron nuclei in it are surrounded by environment with slightly 

different hyperfine interactions [90]. The absence of 2nd and 5th lines in the infield Mӧssbauer 

spectrum of CZ3 rules out the presence of any canted spins in this sample.At first, we have 

tried to fit all the infield Mössbauer spectra by two sextets using the “Lorentzian site 

analysis” method of the Recoil program [88]. The two-sextet component fitting for CZ2 and 

CZ3 yielded very good matching (Fig.12(b) and (c)) between the experimental and calculated 

spectra. In case of CZ1, the goodness of fit using two sextets was not of desired standard. So, 

we opted for fitting using four sextets and obtained a very good matching between the 

experimental and calculated spectra with acceptable goodness of fitting parameters. To check 

the validity of the procedure adopted to fit the infield Mössbauer spectra of the samples, we 

have fitted the 5K without field Mӧssbauer spectrum of CZ1 by four sextets while those of 

CZ2, CZ3 with two sextets, restricting the proportion of Fe3+ions at (A) and [B] sites as 

obtained from the infield Mӧssbauer spectra. It can be seen from Fig.12(d), (e) and (f) that 

each of the three experimental spectra has fitted well with their corresponding calculated 

spectra, which in turn substantiates the suitability of the methodology adopted for fitting the 

infield Mӧssbauer spectra. The values of refined hyperfine parameters for both infield and 

without field Mӧssbauer study are enlisted in Table 7. The values of all the hyperfine 

parameters (Table 7) obtained for infield and without field Mӧssbauer study are in 

consonance with each other. The results of low temperature Mӧssbauer study of the samples  
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ascertain the ferrimagnetic nature of the samples at 5 K. According to the fitting, for CZ2, 

(A) and [B] sites acquire ~ 26% and 74% of the total spectral area, respectively, along with 

presence of moderate canting of magnetic moments at [B] site. For CZ3, (A) and [B] sites 

occupy ~ 28 % and 72 % of the total spectral area, respectively, with no canting of magnetic 

moments. The above-mentioned findings reveal that both CZ2 and CZ3 are ferrimagnetic in 

nature. However, CZ2 is a canted ferrimagnetic system (θA=5.1° and θB=26.1°) whereas CZ3 

is purely ferrimagnetic without having any canting of its magnetic moments. The ratio of Fe3+ 

ions at (A) and [B] sites (Table 7) indicates that Fe3+ ions have migrated from (A) to [B] site. 

In case of Co-Zn ferrites, the Zn2+ ions usually occupy (A) site of the spinel lattice while for 

accomplishing the migration of Fe3+ ions from (A) to [B] site, Co2+ ions move from [B] to 

(A) site [39,51]. Thus, the cation distributions for CZ2 and CZ3 can be written as: 

( )A[ ]BO4 and ( )A[ ]BO4, 

respectively. For CZ1, the pair of sextets having high values of canting angles depict the shell 

region and the other pair with moderate values of canting angle represent the core region. 

Since PXRD and HRTEM analysis have revealed that the particles in CZ1 are well-

crystalline, so the presence of prominent 2nd and 5th lines can be attributed to large spin 

canting at the nanoparticle surface/grain boundaries. There will be more broken exchange 

bonds for the sample with lower particle size because of their high surface to volume ratio 

compared to that of the sample having larger particles [90]. Therefore, for the present case, 

there will be more broken exchange bonds in CZ1 as it is lowest in size while its amount 

decreases significantly in CZ2 and completely vanishes for CZ3. It is noteworthy that the 

constituent particles of CZ3 are largest sized amongst these three samples. Thus, the presence 

of canted magnetic moments in CZ1 and CZ2 can be attributed to the presence of broken 

exchange bonds in the surface regions of the samples. The contribution of Fe3+ions in the 
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core and shell region for CZ1 is 68% and 32% of the spectral area, respectively. So, the 

particles in CZ1 are composed of ferrimagnetically aligned core with slight canting 

(θA=11.48° and θB=23.07°) and magnetically disordered shell. The cation distribution 

(calculated as per the ratio of Fe3+ ions at (A) and [B] site in core and shell region (Table 7)) 

in the core region: ( )A[ ]BO4 and that in the shell region is 

( )A[ ]BO4. It appears that the core region possesses almost 

equilibrium cation distribution whereas in the shell region, ~ 26 % of Fe3+ ions have migrated 

from [B] to (A) site in lieu of Co2+ ions. This may lead to an additional increase in anisotropy 

of the disordered surface layer as compared to the ferrimagnetic core. This layering of 

ferrimagnetically ordered core and magnetically disordered shell has formed the base for 

strong pinning action on the core during field reversal (during MH measurements) and 

possibly resulted in appearance of EB effect in CZ1.  Such behavior has been observed in 

nanosized ferrimagnetic systems earlier also [84,91]. The appearance of asymmetric and 

broadened lines in the Mӧssbauer spectra of CZ1 are due to the presence of chemical 

inhomogeneity within the constituent nanoparticles of the sample [92]. 

 

 

Fig.12Mössbauer spectra at 5 K with 5 T external magnetic field of (a) CZ1, (b) CZ2 and (c) 

CZ3, and 5 K without field of (d) CZ1, (e) CZ2 and (f) CZ3 fitted by Lorentzian site analysis 

method of the Recoil program 
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Table 7 Values of zero field and infield Mössbauer parameters of the samples at 5 K 

determined by Lorentzian profile fitting 

 ‘C’ denotes the core region and ‘S’ denotes the shell region. 
a
 Observed HMF (BHF) is the vector sum of the internal HMF and the external applied magnetic field. 

b
 The average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each subspectra, I2/I3 

(A23) according to θ=arccos[(4− I2/I3)/(4+ I2/I3)]1/2, where I2/I3=A23. 
c
 Estimated according to the relationship of Beff, Bhf and applied field. 

In order to testify the validity of the cation distribution as estimated above, we have 

calculated the theoretical magnetic moment per formula unit (mth) of the samples considering 

the ratio of Fe3+ ions at (A) and [B] sites and canting angles obtained from infield Mössbauer 

spectroscopic study at 5 K [51] and compared it with the experimental MSAT values of the 

samples (in Bohr magneton) obtained from M-H study at 10 K (mexp). The ‘mth’ is given by 

the relation: m = mB cos θB–mA cos θA, where mB and mA are the magnetic moments of [B] 

and (A) sites and θA and θB are (A) and [B] site canting angles [51]. We have calculated the 

‘mth’ for CZ1 considering the core-shell structure as obtained above. The values of ‘mth’ 

value for CZ1, CZ2 and CZ3 have been calculated using the ratio of Fe3+ ions at (A) and [B] 

sites and canting angles (see Table 6). The values of mth for CZ1, CZ2 and CZ3 are 4.63, 4.62 

and 5.36 μB, respectively. The values of mexpfor CZ1, CZ2 and CZ3 are 4.24, 4.66 and 5.32 

Sample Temperat

ure 

Site Width IS Beff
a Bhf A23 θb Area 

 /Field  (mm s -1) (mm s -1) (T) (T)  (deg) (%) 

   (±0.03) (±0.03) (±0.14) (±0.14)  (±0.02) (±0.2) 

CZ1 5 K /5 T [Fe3+
A]C 0.25 0.39 54.49 49.68c 0.09 11.48 18.03 

  [Fe3+
B]C 0.30 0.47 47.93 52.63c 0.35 23.07 49.06 

  [Fe3+
A]S 0.25 0.39 54.50 50.22c 0.50 28.36 6.21 

  [Fe3+
B]S 0.30 0.47 48.02 52.15c 0.80 34.91 26.69 

 5 K /0 T [Fe3+
A]C 0.25 0.39 - 49.68 - - 17.69 

  [Fe3+
B]C 0.30 0.47 - 52.63 - - 49.46 

  [Fe3+
A]S 0.25 0.39 - 50.22 - - 5.94 

  [Fe3+
B]S 0.30 0.47 - 52.15 - - 26.89 

CZ2 5 K /5 T [Fe3+
A] 0.28 0.39 57.34 52.36c 0.02 5.73 26.19 

  [Fe3+
B] 0.38 0.49 49.96 54.49c 0.43 26.1 73.81 

 5 K /0 T [Fe3+
A] 0.28 0.39 - 52.36 - -   

26.18 

  [Fe3+
B] 0.38 0.49 - 54.49 - - 73.82 

CZ3 5 K /5 T [Fe3+
A] 0.24 0.36 60.06 55.06c 0.0 0.0 28.2 

  [Fe3+
B] 0.40 0.48 52.32 57.32c 0.0 0.0 71.8 

 5 K /0 T [Fe3+
A] 0.24 0.36 - 55.06 - - 28.2 

  [Fe3+
B] 0.40 0.48 - 57.32 - - 71.8 
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μB, respectively. The mth and mexpvalues for CZ2 and CZ3 match well. However, there is a 

slight discrepancy in the two values for CZ1 is due to presence of chemical inhomogeneity in 

this sample. The results strongly validate the reliability of the cation distribution obtained 

from infield Mössbauer spectroscopic study. 

6.3.3. Study of catalytic activity of Co0.8Zn0.2Fe2O4 nanoparticles.  

6.3.3.1 Catalysis reaction 

 The structural and morphological analysis of the CZ1, CZ2 and CZ3 nanoparticles 

inspire us to investigate their role as a heterogeneous catalyst in the synthesis of coumarin-3-

carboxamides by multi component reaction. In this study, synthesis of N, N-dimethyl-2-oxo-

2H-chromene-3-carboxamide (4) by using 2-hydroxybenzaldehyde (1), N, N-dimethylamine 

(2), DEM (3) as substrates and Co0.8Zn0.2Fe2O4nanoparticles as catalyst was chosen as the 

representative multicomponent catalysis reaction to standardize the reaction conditions 

(Scheme1, Fig.13). The effects of various solvents, molar ratio of catalyst/substrate, 

temperature, and the reaction times on the yield of the product have been summarized in 

Table 8. 

In order to study the solvent effect, catalytic multicomponent organic reactions were 

carried out in water, ethanol, acetonitrile, chloroform, toluene and THF solvent and it was 

found that the highest yield of the desired amide (82%) was obtained in ethanol at 80 ºC after 

5 h (Table 8; entry 4). In water and all other organic solvents, the nanoparticle catalyst 

exhibited either zero or much lower reactivity in the conversion of substrates into desired 

product. Therefore, the green solvent ethanol is the most effective solvent in the present 

catalytic multicomponent organic reaction. The effect of molar ratio of the nanoparticle 

catalyst to substrate (1) on the yield of amide was also examined (Table 8, entries: 3, 4 and 6) 

and experimental outcomes revealed that the use of 6.5 mg catalyst/mmol of 1 is sufficient to 

obtain maximum yield of coumarin-3-carboxamides. A blank experiment (Table 8, entry 3)  
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was also carried out in absence of the CZ1 nanoparticles catalyst under the same 

experimental conditions which resulted in negligible yield of the desired product. This 

observation confirms high catalytic activity of the nanoparticles in the reaction for 

synthesizing coumarin-3-carboxamide (4). 

 

Fig.13 Co0.8Zn0.2Fe2O4 nanoparticles catalyzed multicomponent reaction of 2-hydroxy-

benzaldehyde, secondary amine and diethylmalonate (DEM). 

Table 8 Standardization of multicomponent reaction conditionsa 

Entry Amt. of NP catalyst(mg) Solvent  T(°C) 

(±0.1) 

 

Reaction time(h) Yield(%)[b] 

(±0.5) 

 1 0 H2O 30 3 - 

2 6.5 H2O 80 3 - 

3 0 Ethanol 80 5 - 

4 6.5 Ethanol 80 5 82 

5 6.5 Ethanol 30 5 - 

6 10 Ethanol 80 5 80 

7 6.5 Ethanol 90 5 82 

8 6.5 Toluene 80 5 62 

9 6.5 CHCl3 60 5 49 

10 6.5 CH3CN 80 5 70 

11 6.5 THF 70 5 32 

a Reaction condition: 2-hydroxybenzaldehyde (1) (1.0 mmol), required secondary amine (2) 

(1.2 mmol), diethylmalonate (DEM) (3) (1.0 mmol), and the NP CZ1 (in mg/mmol of 1), 

solvent, heat. bYield of isolated pure desired product. 
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We have compared the catalytic activity of the three nanoparticle catalysts CZ1, CZ2, 

CZ3 under identical reaction conditions and found that sample CZ1 is the most efficient 

catalyst (Table 9; entry 1). This is probably due to its smallest particle size, high surface area 

and presence of crystalline disorder in its shell region. We have also examined the catalytic 

activity of the nanoparticles in the reaction of various other aldehydes and amine substrates in 

presence of DEM to get different chromene-3-carboxamides (4) and the results have been 

enlisted in the Table 10. The optimized reaction conditions as obtained during first screening 

experiment were applied in case of all other catalytic multicomponent organic reactions. The 

details of the yields, melting points and spectral data of the products are summarized in Table 

11. In general, the outcomes of present study indicate that the samples act as an excellent 

catalyst in the synthesis of chromene-3-carboxamides (4) by the reaction of aldehydes and 

amines in presence of DEM. A brief comparative study on the synthesis of some other 

coumarin derivatives by different synthesis procedures using various nanoparticles and other 

catalysts has been summarized in Table 12. It suggests that the yield (%) of the coumarin 

derivatives depend upon the synthesis procedure followed and type of the catalyst used.  

 

Table 9 Comparison of catalytic activity of Co0.8Zn0.2Fe2O4 nanoparticles 

Entry Nanoparticles Amount (mg) Yield (%) 

(±0.5) 

1 CZ1 6.5 82 

2 CZ1 2.0 68 

3 CZ2 6.5 77 

4 CZ3 6.5 73 
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Table 10 Scope of products for the multi-component reaction of salicylaldehyde, secondary 

amine and DEM 

 

aCo0.8Zn0.2Fe2O4 nanoparticles 

 

 

Table 11Yields, melting points and spectral data of the different chromene-3-carboxamides 

Entry Amide Yield 

(%) 

Morphology Melting 

point 

(oC) 

Spectral Analysis 

4a N,N-Dimethyl-2-

oxo-2H-chromene-

3-carboxamide 

74 colorless 

crystalline 

solid 

152–154 1H NMR (300 MHz, 

CDCl3): δ 7.91 (s, 

1H),7.52–7.61 (m, 

2H),7.29–7.37 (m, 

2H),3.12 (s, 3H, 

CH3),3.01 (s, 3H, 

CH3) 

4b N,N-

Tetramethylene-2-

oxo-2H-chromene-

3-carboxamide 

68 colorless 

crystalline 

solid 

144–146 1H NMR (300 MHz, 

CDCl3): δ7.97 (s, 1H), 

7.53–7.62 (m, 

2H),7.29–7.37 (m, 

2H),3.64 (t, J= 6.0 Hz, 

2H),3.46 (t, J = 6.0 



Chapter 6 

199 
 

Hz, 2H),1.91–2.00 (m, 

4H) 

4c N,N-

Pentamethylene-2-

oxo-2H-chromene-

3-carboxamide 

70 colorless 

crystalline 

solid 

154–156 1H NMR (300MHz, 

CDCl3): δ7.86 (s, 1H), 

7.51–7.59 (m, 2H), 

7.28–7.36 (m, 2H), 

3.71 (br s, 2H), 3.33 

(br s, 2H), 1.62–1.69 

(m, 6H) 

4d 8-Methoxy-N,N-

pentamethylene-2-

oxo-2H-chromene-

3-carboxamide 

58 colorless 

crystalline 

solid 

186–188 1H NMR (400 MHz, 

CDCl3): δ7.84 (s, 1H), 

7.23 (t, J= 7.8 Hz), 

7.08–7.12 (m, 2H), 

3.96 (s, 3H, OCH3), 

3.69 (br s, 2H),3.31 (t, 

J = 4.8 Hz, 2H),1.59–

1.67 (m, 6H) 

4e N,N-(3-

oxapentamethylene)-

2-oxo-2H-

chromene-3-

carboxamide 

71 colorless 

crystalline 

solid 

138–140 1H NMR (400 MHz, 

CDCl3): δ7.96 (s, 

1H),7.54–7.62 (m, 

2H), 7.31–7.37 (m, 

2H), 3.79 (s, 4H), 3.72 

(t, J = 4.4 Hz, 2H), 

3.40 (t, J = 4.4 Hz, 2H) 

4f 6,8-Dichloro-N,N-

(3-

oxapentamethylene)-

2-oxo-2H-

chromene-3-

carboxamide 

68 colorless 

crystalline 

solid 

222–224 1H NMR (300 MHz, 

CDCl3): δ7.88 (s, 1H), 

7.67 (d, J = 2.1 Hz, 

1H),7.46 (d, J = 2.1 

Hz, 1H),3.81 (s, 

4H),3.74 (t, J = 4.5 

Hz, 2H),3.39 (t, J = 

4.5Hz, 2H) 
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Table 12 Table for comparison of the results of preparation of some coumarin derivatives 

using different catalysts. 

Entry Product Reaction type Catalyst used % of 

catalyst 

Yield 

(%) 

Ref

. 

1. 3-

substitut

ed 

coumari

ns 

Knoevenagel 

condensation under 

solvent-free 

conditions with 

ultrasound irradiation 

MgFe2O4  

nanoparticles 

4 mol% 96 [66] 

2a Benzyla

mino 

coumari

ns 

On-pot three 

component coupling 

reaction 

CuO  nanoparticles 20 mol% 92 [67] 

2b NiO  nanoparticles 15 30 

2c MgO  nanoparticles 15 45 

2d Fe3O4  nanoparticles 15 40 

2e ZnO  nanoparticles 15 92 

3 Coumari

n-3- 

carbami

des 

A three-component 

reaction 

Ni-NiO  

nanoparticles 

5 mg 72 [57] 

4 Some 

coumari

n 

derivati

ves 

Von-Pechmann 

condensation 

SnCl2.2H2O 10 mol% 60 [68] 

5 Some 

coumari

n 

derivati

ves 

Pechmann 

condensation 

Mesoporous 

Zirconium 

phosphate 

15 wt% 57 [69] 

6 Some 

coumari

n 

derivati

ves 

Knoevenagel 

condensation 

ZnO (in methanol) 8.2 mg 74 [70] 

7 Some 

coumari

n 

derivati

ves 

Pechmann 

condensation 

Preyssler 1 mol% 79 [71] 

8 Some 

coumari

n 

derivati

ves 

Pechmann 

condensation 

TiCl4 - 60 [72] 

9 Some 

coumari

n 

derivati

ves 

Knoevenagel 

condensation 

Ionic liquid - 95 [73] 
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It is a worthy attempt to draw a reasonable and plausible mechanistic pathway for a 

multicomponent organic reaction in order to get a deep insight about the catalytic activity of 

Co0.8Zn0.2Fe2O4nanoparticles. In presence of a secondary amine (2), the reaction of 2-

hydroxybenzaldehyde (1) and DEM (3) to obtain coumarin derivative (9) is a common 

organic reaction [93]. This organic reaction generally follows the path in which nucleophilic 

attack by malonate ion (produced in the medium from DEM) to 1 or iminium ion (produced 

by the condensation of 1 and amine) takes place in the first step followed by ring cyclization 

with subsequent loss of amine. In the present study, it was a general observation that on 

mixing of reagents (1, 2, 3) and nanoparticle catalyst the mixture immediately turns yellowish 

red. This observation clearly indicates the formation of iminium ion by condensation of 1 and 

2. Moreover, a trace amount of 9 has also been identified in our case. Therefore, on the basis 

these two findings it can reasonably be concluded that the present catalytic organic reaction 

follows the same path as described above.A general reaction mechanism is pictorially 

depicted in Fig.14. Further, the coumarin derivative (9) subsequently undergoes nucleophilic 

attack by the free amine (2) at its ester carbon and finally produce the desired chromene-3-

carboxamides (4) by the removal of EtO-. Subsequently, steps of the above mentioned 

reaction mechanism reveal that the Co0.8Zn0.2Fe2O4nanoparticles perform as an effective 

catalyst due to following reasons: (i) they facilitate the formation of malonate ion, (ii) they 

10 Some 

coumari

n 

derivati

ves 

Pechmann 

condensation 

ZrOCl2.8H2O/SiO2 10 mol% 98 [74] 

11 Pyrano[

2,3-

h]couma

rin 

derivati

ves 

One-pot three 

component reaction 

K2CO3 - 95 [75] 

12 Coumari

n-3- 

carbami

des 

Multi component 

reaction 

CZ1 

CZ2 

CZ3 

6.5 mg 82 

77 

73 

Pre

sent 

sam

ples 
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activate the iminium ion for the nucleophilic attack by malonate ion, (iii) they facilitate the 

nucleophilic attack at the ester carbon(*) over the competitive 4-position of coumarin 

derivative (9) at the final step. This is very crucial to achieve the desired product, chromene-

3-carboxamides (4) with good yield. In the present case, we have obtained the desired 

product (4) with 82% yield. 

 

 

Fig.14. Reaction mechanism of Co0.8Zn0.2Fe2O4 (CZ8020) nanoparticles catalyzed 

multicomponent organic reaction 

6.3.3.2 Reusability of the catalyst 

 In catalysis and green chemistry, the recovery and recycling of the catalyst are very 

important. The magnetic, non-toxic and benign nature of the present nanoparticle catalysts 

have made the recovery and reusability of the catalyst effortless and economic. In all the 



Chapter 6 

203 
 

cases, we have recovered nanoparticle catalyst from the reaction mixture using a common 

laboratory magnet. In the above-mentioned representative catalysis reaction, 95% (w/w) of 

the nanoparticle catalyst was recovered after the first catalytic cycle. The separated nano-

catalyst has been used in another catalytic cycle after washing with ethanol and 

dichloromethane. We have recycled the catalyst for eight catalytic cycles and found a slight 

decrease in catalytic activity of it. The catalytic activity of nano-catalyst in terms of product 

yield and recovery of the catalyst are demonstrated in Fig.15. We have recorded the PXRD 

pattern (Fig.16) and FESEM micrograph (Fig.17) of the catalyst isolated after the eight cycles 

of catalytic reaction. The recovered catalyst has retained its both spinel ferrite structure and 

morphology after eight cycles of reaction. Thus, the samples are easily recoverable and 

reusable as catalyst in formation of chromene-3-carboxamides. 

 

 

Fig.15 Recovery and catalytic activity of the catalyst 
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Fig.16 PXRD of the catalyst after eight cycles 

 

 

Fig.17 FESEM of the catalyst after eight cycles 
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6.4. Discussion 

 The PXRD, FESEM, EDS and HRTEM studies together with have uncovered some 

characteristics common to all three samples and those are as follows: (i) samples are well 

crystalline, single phase spinel ferrites with structural parameters close to those of bulk 

Co0.8Zn0.2Fe2O4 but with large lattice strain and (ii) the constituent nanoparticles of the 

samples are mostly non-spherical in shape and exhibit broad size distribution with 

agglomeration. According to the study on magnetic and hyperfine properties, all three 

samples show: (i) magnetic ordering at room temperature with MSAT, HC close to that of their 

bulk counterpart, (ii) signature of interparticle interactions, (iii) enhancement in magnetic 

parameters (MSAT, HC and K) especially the HC at low temperature compared to their 

counterparts synthesized by chemical methods, (iv) non-equilibrium cation distribution and 

(v) CZ1 has shown EB effect in hysteresis loop, spin canted core-shell structure and chemical 

inhomogeneity while other two do not. It is well known that ball milling introduces surface 

defects, disorders, non-equilibrium cation distribution in nanometric ferrites 

[16,40,43,51,52,90,91]. Moreover, the constituent particles of such samples sometimes 

exhibit core-shell structure [16,40,43,51,52,90,91]. The high values of microstrain obtained 

by analyzing of PXRD data, surface defects found in the HRTEM images and the site 

exchange of Fe3+ ions from [B] to (A) sites in lieu of migration of Co2+ ions from (A) to [B] 

sites as has been detected by infield Mössbauer study in conjugation with Rietveld refinement 

of PXRD data are direct consequences of mechanical milling. Out of three samples, CZ1 has 

been heat treated at lowest temperature (500 ℃), therefore, the effect of ball milling will be 

more pronounced in it. Thus, the core-shell structure and chemical inhomogeneity of CZ1 are 

exclusively due to mechanical milling whose dominating effect has not been overruled by 

heat treatment at 500 ℃.  Upon subsequent annealing, the system tries to attain equilibrium 

cation distribution along with enhancement of crystallinity, magnetic parameters and 
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reduction of spin canting effect [40,43]. The lattice parameter increases and approaches to the 

value of the bulk Co0.8Zn0.2Fe2O4 with the increase in temperature of heat treatment. This 

points towards development of good crystalline character in the samples. There is an increase 

in the size of the particles in the samples with increase in temperature of heat treatment 

[40,43]. It may, therefore, be inferred that the magnetic parameters of the samples get 

enhanced with increase in particle size due to reduction of superparamagnetic flipping of 

magnetic moments owing to finite size effect and reduction of spin canting effect caused by 

good crystallinity [39,51].  

The values of MSAT and HC of nanosized Co0.8Zn0.2Fe2O4 prepared by different 

chemical routes are listed in Table 5. By comparing the values of magnetic parameters of our 

samples (Table 4) with those listed in Table 5, it appears that the magnetic parameters of 

CZ1, CZ2 and CZ3 are the best among all the samples. All three samples show significant 

values of HC at room temperature (Table 5) and thus, suggest presence of magnetic ordering 

at 300 K. There is a huge enhancement in the HC values at 10 K (see Table 4), even greater 

than that of bulk CoFe2O4 [24]. Such high values of HC at 10 K may be due to an increase in 

effective anisotropy of the system caused by upliftment of crystalline, shape and strain 

induced anisotropy energies [24]. The values of coercivity at 10 K vary in the order 

CZ1>CZ2>CZ3. This kind of variation in HC values has been observed earlier beyond a 

certain particle size and can be explained from the theory of domain structure [50,94]. It is 

well known that for an isolated spherical magnetic nanoparticle (in the absence of an external 

magnetic field), there exists a critical diameter (DC) below which it can be considered single 

domain [94]. The formula for calculating DC can be written as: 

DC =9       (3) 
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, where  is the energy density of the magnetic domain wall. The expression for  is given 

by = , where kB is the Boltzmann constant, TC the Curie temperature, KE 

is the anisotropy constant and a is the lattice constant [94]. Although the shape of the 

constituent nanoparticles in the samples deviate from spherical shape and presence of 

interparticle interactions is evident from TEM images in the present samples, we have tried to 

calculate approximate value of DC. At first, the value of  has been calculated by taking KE 

= 1.4 × 106 erg/cm3 (Table 4), kB = 1.38 × 10-16erg/K, a = 8.38 × 10-8 cm (Table 1) and  = 

623.15 K [43] and found to be 1.7 erg/cm2. Finally, by putting MS = 945.24 G (obtained from 

value of MSAT for CZ1 at 300 K) and the calculated value of  in Eq. (5), we have obtained 

the theoretical value of DC for our system as ~ 27 nm. So, from the value of DC it seems that 

CZ1 is single domain, whereas CZ2 and CZ3 are multidomain. Since a maximum value is 

observed in coercive field near DC, it can be assumed that CZ1 having particle size closest to 

DC may exhibit highest value of HC among the three samples. Further, with the increase in 

particle size, the value of HC is decreasing as expected. 

It has been reported earlier that presence of large microstrain caused by mechanical 

strain, departure from spherical shape and crystalline quality are primary factors for the 

enhancement of anisotropy energy (KE) in mechanically activated nanosized ferrites 

compared to the samples prepared by chemical methods [39,51,90]. Such an increase in KE 

gets manifested in the form of an increase in blocking temperature (TB), magnetic ordering, 

MSAT and HC generally. The effective anisotropy of a polycrystalline magnetic material can 

be calculated using the ‘law of approach’ to saturation [24]. The magnetization M(H) is given 

by the equation: 

           (4) 
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where MS and H are applied field and saturation magnetization, respectively, and a, b are 

constants. The  term represents the magnetic anisotropy and coefficient ‘b’ is related to KE 

as follows: 

b =  = 4       (5) 

where , ,  and  are the shape, stress, surface and magnetocrystalline anisotropy, 

respectively. The parameters ‘b’ and  have been obtained from the intercept and slope of 

the linear fit of versus H-2 curves, respectively, and the linear fitted regions of these curves 

are displayed in Fig.18. The values of KE so obtained have been summarized in Table 4. In 

the present case, it can be ascertained that the KE of the samples have significantly enhanced 

due to the increase in shape, crystalline and strain induced anisotropy of the samples and this 

leads to overall enhancement of magnetic parameters of the samples with respect to their 

counterparts synthesized by chemical methods. Now, for the present group of samples with 

increase of heat treatment temperature, betterment of the crystalline character and increase in 

particle size has been noticed, whereas, the microstrain and crystalline disorder at the surface 

caused by ball milling get subsequently reduced. Thus, the increase of crystalline anisotropy 

energy overrules the decrease of strain induced anisotropy energy and as a whole, the KE of 

the system increases in the order (KE)CZ3> (KE)CZ2> (KE)CZ1. This leads to the overall 

betterment of magnetic parameters of the samples as particle size increases. 

The conventional EB effect, as first observed by Meiklejohn and Bean in Co-CoO 

nanoparticles system, is generally referred to as the shifting of hysteresis loop along field axis 

owing to the exchange coupling between antiferromagnetic/ferromagnetic (AFM/FM) phases, 

when AFM/FM is cooled through the Néel temperature (TN) of the AFM component [95,96]. 

Apart from these nanocomposite systems, some single-phase materials have also shown EB 

effect due to the exchange coupling at the interface of different magnetic orders present 
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within them [82-84]. Based on infield Mössbauer spectroscopic study, we may describe the 

sample CZ1 as being constituted of two different magnetic phases; a slightly canted core 

region surrounded by a completely disordered shell with different chemical environments. At 

room temperature, the moments at the shell region are thermally fluctuating while the core 

moments tend to align them (giving rise to a split relaxed sextet in 300 K Mössbauer 

spectrum). With the lowering of temperature, there is a progressive freezing of the spins in 

the shell region according to the distribution of their energy barriers and associated 

interparticle interactions. After a certain temperature (~ 150 K as seen from ZFC curves for 

present samples), the freezing of shell region spins in a glass-like state is complete then the 

coupling between the magnetically ordered core and magnetically disordered shell region is 

established [83]. During the FC process, the spins of these frozen glassy state attain a specific 

orientation and attempt to lock the core spins in this alignment after removal of the field. 

During M-H experiment as the applied magnetic field is reversed, the frozen shell layer (due 

to its higher anisotropy) applies a torque on the strongly pinned core spins resulting in the 

offset of the entire hysteresis loop [97]. Generally, EB is found to be influenced by the 

thickness of the interface, strength of magnetic spin coupling at the interface, anisotropy of 

AFM phase, Zeeman energy etc. [84,97]. Most importantly, the competition between the 

interfacial exchange energy and Zeeman energy determines the emergence and stability of the 

observed EB effect [84,97]. The essential condition for attaining EB is that interfacial energy 

must be greater than the Zeeman energy [97]. In general, there is an increase in interfacial 

exchange energy density due to increase in the number of frozen spins and exchange coupled 

spins at the interface [84,97] whereas Zeeman energy, being a volume term, increases with an 

increase in core thickness [84,97]. With subsequent heat treatment, there is a decrease in 

surface spin disorder and increase in crystallinity of the samples, which in turn diminishes the 

favorable conditions for formation of core-shell structure. Thus, the persistence of core-shell 
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structure in CZ1 promoted the appearance of EB in CZ1 whereas reduction in surface spin 

disorder and betterment of crystalline character ruled out the possibility of occurrence of EB 

in CZ2 and CZ3. Moreover, there exists a critical size for the emergence and stability of EB 

in spheroidal nanoparticles [83]. So it seems that, among the three samples, only CZ1 

possesses the critical particle size necessary for the emergence of EB. 

 

Fig.18 Linear fit of versus H-2 curves of (a) CZ1, (b) CZ2, (c) CZ3 at 300 K and (d) CZ1, 

(e) CZ2, (f) CZ3 at 10K for estimating values of parameters ‘b’ and for KE calculation 

6.5. Conclusion 

We have thoroughly characterized the three samples viz., CZ1, CZ2, CZ3 having 

sizes 23, 34 and 42 nm, respectively, synthesized by coprecipitation method followed by high 

energy ball milling and subsequent thermal treatment using PXRD, HRTEM, EDS and 

Mössbauer spectroscopic studies. The dc magnetic and hyperfine properties of the samples 

have also been examined. The PXRD and HRTEM studies revealed that constituent 

nanoparticles of all three samples are well crystalline, possess large microstrain, are assorted 

in shape and size with visible agglomeration. All these effects are direct consequences of the 

synthesis procedure undertaken to obtain the present samples. The ball milling has induced 
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higher values of microstrain and broad particle size distribution while subsequent thermal 

treatment resulted in good crystallinity along with gradual reduction of microstrain, 

controlled modification of particle size and narrowing of particle size distribution. The EDS 

studies have revealed that the samples are in proper stoichiometric ratio. Further, we have 

estimated the cation distribution of the samples using the results of PXRD and Mössbauer 

spectroscopy study in conjugation and accuracy of the cation diatribution so obtained has 

been checked and validated through theoretical analysis of dc magnetic data. The M-T 

measurements pointed towards presence of interparticle interactions within the nanoparticle 

system that induced collective freezing of moments at low temperature. All three samples 

displayed coercivity at 300 K indicating that the nanoparticle systems are magnetically well 

ordered at room temperature. The very high values of coercivity at 10 K are supposedly due 

to an increase in effective anisotropy of the nanoparticle system owing to combined effect of 

interparticle interactions and surface spin disorder. The results of Mössbauer spectroscopic 

study indicates the presence of core-shell structure and chemical inhomogeneity in CZ1. The 

core-shell structure along with chemical inhomogeneity in CZ1 and irrefutable presence of 

interparticle interactions in the nanoparticle assembly resulted in an increase of the anisotropy 

of the disordered shell layer which applied strong pinning action on the core leading to 

emergence of exchange bias in it. All three samples can be used in magnetic storage devices. 

The samples exhibited very good catalytic activity in the multicomponent reaction for the 

synthesis of coumarin-3-carboxamide together with excellent recovery and recyclability. In 

conclusion, we have shown that (i) morphology, particle size distribution, crystalline quality, 

cation redistribution, interparticle interactions, anisotropy energy, surface spin disorder and 

presence of different magnetic phases due to spin canting effect are the key factors in shaping 

magnetic and hyperfine properties of nanometric Co0.8Zn0.2Fe2O4 samples (ii) CZ1 sample 

having particle size below the critical diameter exhibits exchange bias effect owing to its 
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core-shell magnetic structure while others do not, (iii) the accuracy of the cation distribution 

of the present samples as determined from the results of PXRD and Mössbauer spectroscopy 

study in conjugation has been established by theoretical analysis of dc magnetic data 

indicating that cation distribution of ferrite samples can be estimated without using costly 

equipment like x-ray photoelectron spectrometer, (iv) CZ1 exhibits best catalytic response 

towards formation of coumarin-3-carboxamide via a multi component reaction due to its high 

surface to volume ratio among all three samples and (v) the samples are suitable for 

application in magnetic storage device and green catalysis. 
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7.1. Introduction 

Ferrite nanoparticles are omnipresent due to their applicability in a wide range of 

disciplines encompassing ferrofluids, catalysis, biotechnology/biomedicine, hyperthermia, 

magnetic data storage and environmental remediation [1]. In most of the envisioned 

applications, the particles are found to perform best when their size is below a critical value, 

typically around 10–20 nm [1]. Then each particle consists of a single magnetic domain and 

behaves like a giant paramagnetic atom with a fast response to applied magnetic fields with 

negligible remanence and coercivity i.e., displays superparamagnetism. These prodigious 

features render superparamagnetic nanoparticles very fascinating for a broad range of 

biomedical applications as there is almost negligible risk of forming agglomerates at room 

temperature. Nevertheless, an inherent problem associated with particles in this size range is 

their intrinsic instability over long time periods. These nanoparticles are forced to form 

agglomerates to lessen the energy associated with their high surface area to volume ratio. 

Furthermore, bare metallic nanoparticles are highly active chemically and are easily oxidized 

in air, resulting generally in loss of magnetism and dispersibility [1]. Simply increasing the 

nanocrystal size would reduce instability related to high surface area but will induce a 

transition from superparamagnetic to ferromagnetic phase [1,2]. But if these nanocrystals are 

modified to form hierarchical, self-assembled structures then it would be possible to combine 

the size-dependent properties of individual nanoparticles along with a possibility to tune their 

collective properties arising due to interaction between subunits [2]. So, the process of self-

aggregation has an advantage of retaining the superparamagnetic characteristics along with 

inhibiting the instability problem.  

The trend of fabrication of self-assembled nano/microstructures using nanoparticles, 

nanorods, nanofibers etc., as building blocks have become a hot topic in recent research fields 

[3-7]. These structures formed by self-assembly provide new opportunities for optimizing, 
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tuning and enhancing the properties and performance of materials [3-7]. Colloidal 

nanoclusters of Fe3O4 (size ranging from 30 nm to 100 nm) composed of single magnetite 

crystals of 10 nm size were found to be highly advantageous as carrier in targeted drug 

delivery as compared to their separated individual nanodots [2]. ZnFe2O4 nanoparticles of 

size 15-20 nm assembled to form two different morphologies viz., rod like structure of 

diameter ~ 60 nm and flower like structure of diameter ~ 200 nm, which led to increase in 

their specific surface area and consequently their photocatalytic activity [7]. Self-assembled 

3D suprastructures formed by Fe3O4 nanocrystals displayed increased cellular uptake by 

tumour cells as compared to individual nanocrystals constituting them [8]. Self-assembled 

superstructures of Fe3O4 and CoFe2O4comprising nanoparticles with low magnetocrystalline 

anisotropy-to-dipolar energy ratio could be utilized in applications requiring long-term 

mechanical stability [9]. CoFe2O4 superstructures with higher magnetocrystalline anisotropy-

to-dipolar ratios which can sustain permanent super-antiferromagnetic at room temperature, 

are recognized as promising candidates for use in a variety of applications [9]. Ferrite 

composite microspheres have shown enhancement in magnetic microwave absorption 

properties at low frequency owing to control in microsphere morphologies [10].  Self-

assembled submicron spheres containing CuFe2O4 nanoparticles displayed 

superparamagnetic character and performed well as photocatalyst in degradation of methyl 

orange under visible and UV radiation [11]. Self-assembled hierarchical zinc ferrite 

nanospheres showed anti-proliferative behavior against the human breast cancer cell lines in 

invitro cytoxicity study [12]. Self-assembled CuFe2O4/MoS2 composite shows high 

absorption capabilities, thin thickness, and wide absorption bandwidth, thus, emerging as a 

promising candidate in the field of high-efficiency electromagnetic wave absorbing materials 

[13].Self-assembled ZnFe2O4 microspheres with diameter ranging from 284-346nm displays 

superparamagnetic behavior at room temperature [14].Thus, the results from previous studies 
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establish that the hierarchical structures formed by self-assembly of ferrite nanoparticles 

show multifunctional behavior. 

Zinc substituted cobalt ferrites have excelled over other ferrites not only because of 

their interesting magnetic features but also their broad scope of applications [15]. On varying 

the concentration of Zn2+ ions in nanosized Co1−XZnXFe2O4 ferrites, there is development of 

diverse magnetic behavior owing to modification in sublattice exchange interactions within 

the spinel lattice [16-21]. Nanometric Co0.2Zn0.8Fe2O4, Co0.3Zn0.7Fe2O4, Co0.4Zn0.6Fe2O4, 

Co0.5Zn0.5Fe2O4 and Co0.6Zn0.4Fe2O4 ferrites have shown presence of magnetic clusters in an 

infinite magnetic framework, cluster-paramagnetic phase, cluster glass phase, dual magnetic 

phase, non-collinear spin structure and superparamagnetic clusters[22-28].Doping of 

nonmagnetic Zn2+ ions in nanometric CoFe2O4 at a ratio of X=0.5 results in highest value of 

saturation magnetization due to increase in inter-sublattice A-O-B (JAB) exchange 

interactions between tetrahedral (A) site and octahedral [B] site of the spinel lattice [29-

32].NanosizedCo0.5Zn0.5Fe2O4has been found to be an optimum composition displaying 

superior magnetic properties in the series of [33].Nanometric CoxZn1−xFe2O4 has shown 

maximum saturation magnetization value for the as-prepared sample at x = 

0.5[34].Nanosized Co0.5Zn0.5Fe2O4 ferrite has proved to be potentially used as an excellent 

microwave absorber in the C-band [35].It has been found from literature survey that on 

tuning the shape and size of Co1−XZnXFe2O4 ferrites through different synthesis procedure, 

there is evolution in their magnetic properties and application potential as well [15-21]. So, 

choice of synthesis procedure is of particular importance in determining properties of 

Co1−XZnXFe2O4 ferrites and their effectiveness in technological applications [36-38]. 

Chemical methods assisted by surfactants have paved a unique way to develop size- and 

shape-tailored magnetic nanocrystals by judiciously regulating the growth processes in liquid 

media [39,40]. These methods may be either single-step or more complex multiple-step 
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solution-phase routes. The former is convenient, cheaper, and non-time consumingwhile the 

latter is only beneficial for obtaining better size distribution [41]. In recent times, one-step 

and facile hydrothermal/solvothermal method has appeared as a panacea to produce both 

nanosized and micro sized ferrites by simply varying the reaction conditions [2,39-41]. We 

have prepared self-assembled Co0.3Zn0.7Fe2O4 microspheres using solvothermal technique 

and found that these microspheres display enhancement in magnetic properties and 

electrochemical performance in comparison to their nanosized counterpart [42]. We have also 

synthesized nanosized Co0.3Zn0.7Fe2O4 by hydrothermal method and they acted as efficient 

catalyst in photodegradation of Congo Red dye under UV irradiation [43]. 

Now-a-days, water pollution through industrial effluents have become a major area of 

concern [44]. These pollutants render water unsuitable for human use. So, the scientific 

community has been trying to develop substances which can absorb these pollutants from the 

water bodies and make them fit for usage. In this regard, nano ferrites have played an 

important role in the removal of toxic contaminants from water [45]. Among these toxic 

pollutants, dyes have carcinogenic effects, are very stable and extremely difficult to degrade 

[44-46]. Thus, dye degradation happens to be a challenging problem for researchers. There 

are several techniques for dye removal viz., electrochemical degradation, coagulation, aerobic 

and anaerobic microbial degradation, ozonation, adsorption, precipitation, and photocatalytic 

degradation [47-49]. Among all these procedures, photocatalytic degradation is one of the 

simplest and cost-saving techniques [50-52]. Literature study shows that ferrite nanoparticles 

have shown excellent catalytic activity in the photodegradation of industrial dyes [53,54].  

Recently, we have performed a detailed study on structural, microstructural, magnetic, 

and hyperfine properties of the Co0.5Zn0.5Fe2O4nanoparticle system and found to our very 

interest that these nanosized ferrites displayed mixed magnetic phase in room temperature 

[55]. So, it will be interesting to examine the magnetic character of self-assembled spheres 
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composed of Co0.5Zn0.5Fe2O4nanoparticles. Further, it will help us to compare the structural, 

magnetic, hyperfine, and photocatalytic properties of both Co0.5Zn0.5Fe2O4nanoparticles and 

microspheres. In this background, we have synthesised Co0.5Zn0.5Fe2O4 microspheres by 

simple solvothermal technique and studied their crystal structure, morphology, optical band 

structure and colloidal stability in detail. Moreover, we have digged into the effect of the 

formation of microspheres by nanoparticle self-assembly on the evolution of magnetic and 

hyperfine properties. The catalytic efficiency of the sample in degradation of an industrial 

dye viz., Congo Red has also been tested thoroughly under dark as well as light conditions. 

7.2. Experimental Methods 

7.2.1. Synthesis Procedure of Co0.5Zn0.5Fe2O4 Microspheres 

Sigma-Aldrich make CoCl2·6H2O, ZnCl2·4H2O, and FeCl3·6H2O of extremely high 

purity (∼99.99%) were used without further purification. Sodium acetate (NaAc), ethylene 

glycol (EG) and polyethylene glycol (PEG, MW = 4000) of analytical purity were procured 

from Merck India. Co0.5Zn0.5Fe2O4 microspheres (CZ50) were synthesized by a facile 

solvothermal method [42]. For this purpose, 10 mM FeCl3·6H2O, 2.5 mM CoCl2·6H2O and 

2.5 mM ZnSO4·6H2O were mixed into 80 ml of EG by continuous magnetic stirring. 

Following that, 7.2 g of NaAc along with 2 g of surfactant PEG-4000 were added to the 

above mixture at room temperature and stirred for 2 h giving rise to a homogeneous brown 

solution. After this, the solution was poured into a stainless-steel autoclave of 100 ml capacity 

and heated at 190 °C for 18 h in a hydrothermal oven. The autoclave was left to cool down 

naturally and then removed from the oven. Then the contents of the autoclave (thick black 

precipitate) were collected and later cleaned numerous times with deionized water and 

ethanol through centrifugation in order to remove organic and inorganic leftovers. Finally, the 

precipitate was dried in vacuum at 60 °C for 7 h to obtain a fine powder of CZ50. 
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7.2.2. Characterization Techniques 

 The powder x-ray diffraction (PXRD) pattern of CZ50 over the 2θ range of 20−80° 

was recorded using a Bruker D8 Advance diffractometer. Field-emission scanning electron 

microscopy (FESEM, FEI INSPECT F50) and transmission electron microscopy (JEOL JEM 

2100) were employed to unravel the morphological features of the sample. The selected area 

electron diffraction (SAED) pattern was recorded using a JEOL JEM 2100 instrument. 

Bruker EDS system attached with HRTEM equipment was used to examine the constituent 

elements in CZ50. The UV-Vis and Photoluminescence spectra were obtained using a JASCO 

V650 spectrophotometer. Zeta potential and size distribution of the sample were measured 

using a Zetasizer Nano ZS (Malvern Instruments, UK). The magnetic property of CZ50 was 

explored by a Cryogenic vibrating sample magnetometer (VSM). The room temperature 

Mössbauer spectrum of the sample was recorded by utilising a constant acceleration drive 

(CMTE-250) equipped with a 10mCi 57Co source embedded in the Rh matrix. The low 

temperature Mössbauer spectrum was recorded using a JANIS SVT-400 MOSS cryostat 

system both in the presence of a 5 T external field and without field.  

7.2.3. Photocatalytic experiment 

The photocatalytic degradation potential of CZ50 was tested considering Congo Red 

(CR) as a representative pollutant dye. For aforesaid purpose, 15 mg of CR dye was dissolved 

in 1 L of deionized (DI) water to prepare the stock solution. Then, required amount of CZ50 

was added to 20 ml of CR stock solution at room temperature. This mixture was sonicated 

vigorously for 30 min in dark to achieve adsorption-desorption equilibrium between CR dye 

solution and CZ50. Then this mixture was kept in undisturbed state before subjecting the 

mixture to dark conditions and visible and UV light irradiation, respectively. The mixture was 

incessantly stirred by ultrasonication to avoid agglomeration within the samples throughout 

visible and UV irradiation. Aliquots of certain amount were withdrawn from the reaction 
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medium at different time intervals. The catalyst was separated from the solution by 

centrifugation. The change of absorbance of the characteristic peaks of CR dye degradation 

was inspected by collecting UV-Vis spectra of the leftover filtrate. The best performance in 

terms of catalytic activity was found to be for 8 mg of catalyst. For both dark and light 

mediated degradation, 8 mg of CZ50 was added in 20 ml of the stock solution and above 

procedure was conducted. The recyclability of the catalyst was also examined by magnetic 

extraction of the catalyst from the solution and repeating the above said procedure. 

7.3. Results 

7.3.1. Structural, Microstructural, and Morphological Study 

Fig. 1 shows the PXRD pattern of CZ50, which exhibit strong and well-defined 

reflection peak positions matching well with those from the standard JCPDS patterns (JCPDS 

card no 89-1012 and 22-1086 for zinc ferrite and cobalt ferrite) and devoid of any 

characteristic impure phases. DICVOL06 and TREOR90 of the FullProf package and 

NTREOR of the EXPO2009 package were utilized for indexing the PXRD pattern adopting 

the procedure described in our previous work [42]. The sample crystallized in Fd m space 

group, which was determined by FINDSPACE of the EXPO2009 package [56]. MAUD2.33 

software package [57] was employed to get detailed information about the structural 

parameters and constituent phase of the sample. The fitted PXRD pattern has been presented 

in Fig. 1 and the refinement parameters have been listed in Table 1. The results indicate that 

CZ50 is a single-phase cubic spinel ferrite, crystallized in the Fd m space group. 

Furthermore, GSAS software [58] was employed to extract precise information on crystal 

structure of the sample considering the standard methodology reported previously [17,59] and 

the results are presented in Fig. 2 and, Tables 2 and 3. The experimentally obtained PXRD 

data are in good agreement with the fitted patterns. The values of lattice parameter obtained 

for CZ50 are in good accord when compared with other Co-Zn ferrite systems 
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[21,22,29,30,31,60,61]. This clearly rules out the chances of occurrence of any impurity 

phases in the sample. The structural formula of CZ50: 

(Zn2+
0.33Fe3+

0.67)A[Zn2+
0.17Co2+

0.50Fe3+
1.33]BO4. In order to fit the PXRD data using GSAS 

software, we have tried fitting by inserting Co2+ ions at (A) site, but the refinement 

parameters viz., Rp, Rwp, and GOF appeared unacceptable. Hence, it can be ascertained that 

Co2+ ions have not occupied (A) site of the spinel lattice. 

 

Fig.1. PXRD pattern of the sample obtained after MAUD analysis. The experimental data 

and the simulated pattern are represented by black dots and continuous red line, respectively. 

The difference between the experimental and simulated curve is plotted at the bottom with 

continuous blue line. 

Table 1 Crystal data and refinement parameters of the sample obtained from MAUD 

 

 

 

 

 

 

Parameters CZ50 

Crystal System cubic 

Space group Fd-3m 

Crystallite size (nm)  25 

Microstrain  1.6 ×10-4 

Lattice parameter (a(Å)) 8.397 

Density (g cm-3) 5.28 

Rwp
  0.13 

Rexp 0.15 

GOF  1.17 
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Fig.2. Indexed powder PXRD pattern of the sample (red dots) and the simulated Rietveld 

refinement plot (continuous green line) obtained by fitting the experimental powder PXRD 

pattern using GSAS program. The respective residue is plotted at the bottom (pink line). 

 

Table 2 Structural and microstructural parameters along with metal-oxygen (M-O) bond 

angles and bond lengths obtained from Rietveld analysis of PXRDP of the samples by GSAS 

program 

Parameters CZ5050 

Formula weight 475.72 

Crystal System Fd m 

Lattice parameter (Å) 8.41(4) 

Density (g cm-3) 5.311 

Volume (Å3
) 594.959 (8) 

Metal-Oxygen bond length (Å) 1.891 (A-site)  

2.063 (B-site) 

Metal-Oxygen bond angle 109.47˚ (A-site) 

92.27˚ (B-site) 
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Table 3 Fractional coordinates and occupancy of different ions obtained from the Rietveld 

refinement by GSAS program 

 Occupancy 

Ions x y Z (± 0.003) 

Zn (A) 0.125000 0.125000 0.125000 0.3300 

Fe (A) 0.125000 0.125000 0.125000 0.6700 

Zn (A) 0.500000 0.500000 0.500000 0.0850 

Co (B) 0.500000 0.500000 0.500000 0.2500 

Fe (B) 0.500000 0.500000 0.500000 0.6650 

O 0.25482 (3)     0.25482 (3)     0.25482 (3)     1.0000 

 

The FESEM micrograph (Fig.3(a)) displays mesoporous clusters of Co0.5Zn0.5Fe2O4 

nanoparticles with average diameter of ∼140 nm (inset of Fig. 3(a)). The particle size 

distribution and high-resolution TEM (HRTEM) images along with the SAED pattern are 

shown in Fig.3(b), (c), (d) respectively. The TEM study suggests that CZ50 is mostly 

monodisperse with average diameter of ∼137 nm. Careful examination of HRTEM image has 

revealed that CZ50 is composed of Co0.5Zn0.5Fe2O4 nanoparticles of ∼27 nm size (Fig. 3(b)), 

agreeing well with the value of crystallite size (∼25 nm) obtained from the Rietveld 

refinement of the PXRD data. Owing to the difficulty in accurate distinction of constituent 

particles of CZ50 there is a slight mismatch in the crystallite size and the particle size. 

Presence of clear lattice fringes in the HRTEM micrograph (inset of Fig.3(b)) and bright 

Debye−Scherrer ring in the selected area diffraction (SAED) pattern (Fig.3(d)) indicate good 

crystallinity of the sample. The crystallographic ‘d’ values obtained from the radius of the 

rings corresponding to different lattice spacings of the SAED pattern corroborate with those 

acquired from the PXRD study. The distinct peaks originating from the constituent elements 

(Co, Zn, Fe, and O) were clearly observed in the EDS spectra of the sample (Fig. 4). The 

atomic percentage of Co, Zn, and Fe in CZ50 obtained from the EDS spectrum is 

6.9:6.4:12.4, which confirm that the samples are in proper stoichiometry. 
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Fig.3 (a) FESEM morphographs with particle size histogram in the inset (b) TEM micrograph 

showing size distribution along with HRTEM showing lattice fringes in the inset (c) single 

particle HRTEM image showing particle distribution and (d) SAED pattern of the sample. 

 

Fig.4 EDX spectrum of the sample 
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7.3.2. UV-Vis and PL study 

UV−Vis spectrum of the sample was recorded to investigate the optical properties and 

determine the band gap of the sample. The spectrum of CZ50 is presented in Fig.5 (a) and it 

displays an absorption hump at around 405 nm, which can be attributed to the d-orbital 

transitions of Fe3+ [62]. Crystallite size, dopant concentration, and structural parameters of 

the sample are determining factors of band gap of samples [42]. Moreover, both direct and 

indirect transitions are possible in ferrites [63]. The Kubelka−Munk function has been 

employed to calculate the absorption coefficient (α) = F(R) = , where F(R) is 

Kubelka−Munk function and R, the reflectance [64]. Further, the band gap values have been 

calculated using Tauc relation as follows αhν = A(hν-Eg)
n, where n = ½ and 2 for direct and 

indirect transitions, respectively [64]. The plots of (αhν)2 versus hν and (αhν)1/2 versus hν are 

presented in Fig. 6 (a) and (b), respectively. The estimated direct and indirect band gaps of 

CZ50 are 3.25 and 2.3 eV, respectively. Band gap value of undoped cobalt ferrite is 2.56 eV 

[64]. The value of direct band gap of the sample has increased as compared to bulk cobalt 

ferrite. Since the microspheres are composed of nanoparticles, so it seems that band gap of 

the sample has increased due to quantum confinement phenomenon [65]. 

The photoluminescence (PL) spectrum was recorded to investigate the recombination 

(or) efficiency of photogenerated charge carrier, energetic position of sub band gap and 

defects [66]. The sample was excited at a wavelength of 350 nm and the recorded emission 

spectrum is presented in Fig. 5 (b). The PL peak falls in the visible range of 415-450 nm 

(violet emission) and can be attributed to radiating defects related to the interface traps 

existing at the grain boundaries [64]. Thus, emission characteristics in the sample are 

governed by defect-controlled processes. 

 



Chapter 7 

232 
 

 

Fig.5. (a) UV-Vis spectrum of the sample and (b) PL spectrum of the sample excited at a 

wavelength of 350 nm 

 

 

Fig.6. Plots of (a) (αhν)2 versus hν and (b) (αhν)1/2 versus hν 

 

7.3.3. DLS and Zeta potential study 

 DLS is one of the most popular methods to determine the hydrodynamic diameter on 

an ensemble average [67]. The results of DLS are expressed in terms of Z-average and 

polydispersity index. For an ensemble of particles with discrete size distribution, Z-average is 

the averaged hydrodynamic diameter determined by DLS [67]. The results of DLS for CZ50 
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are summarized in Fig. 7 (a). The Z-average for CZ50 is ~ 330 nm. From SEM & TEM study, 

the ‘true diameter’ of the microspheres is ~ 140 nm. The microspheres have been prepared 

using CH3COONa and PEG-4000 as binding agents and they form a layer on the microsphere 

surface. This layer is responsible for the difference in the diameter from TEM and DLS study 

[67]. It has been found that the diameter of magnesium ferrite microspheres prepared by 

molten salt route obtained through SEM and DLS are consistent (650 ± 50) nm [68]. Xie et 

al., have observed that the organic PEG6000 layer on Fe3O4 nanoparticles was not visible in 

TEM but could be characterized by DLS study [69]. So, it is apparent that the organic layer 

on the microspheres cannot be detected in TEM as it is burnt out in high energy electron 

beam of TEM.  But DLS technique cannot differentiate between inorganic and organic layer 

[70] and so gives an overall diameter. Moreover, for an ensemble of particles with a range of 

sizes (bimodal distribution), the calculated Z-average carries extraneous size information 

[67]. The value of polydispersity index (0.285) reveals that there is a moderate distribution in 

the diameters of the microspheres. 

 Zeta potential measurements help us in determining the charge of nanoparticles in 

different environments and to understand their dispersion stability [70]. Presence of positive 

or negative charge on the surface of nanoparticles can be identified by a positive or negative 

zeta potential, respectively, and are directly proportional to the value of zeta potential [70]. 

The results of zeta potential measurements for CZ50 are summarized in Fig. 7 (b). The value 

of zeta potential for CZ50 is 1.05 mV, asserting that the surficial charge of the microspheres 

is positive. Generally, higher zeta potentials indicate stable nanoparticle systems [62]. CZ50 

appears to be less stable in the dispersion media due to low electrostatic repulsive forces 

between the microspheres [40]. It has been found that upon incorporation of zinc in cobalt 

ferrite, there is an increase in agglomeration behavior [62]. 
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Fig.7. (a) DLS measurement and (b) Zeta potential measurement results for the sample 

7.3.4. FTIR Study 

The FTIR spectrum of a substance is always exclusive and characteristic. Thus, FTIR 

spectroscopy is a swift and relatively low-priced technique for characterizing compounds 

[71-74]. The FTIR spectrum of CZ50 recorded in the wavenumber range of 400 to 4000 cm−1 

is displayed in Fig.8. It may be noted that ferrites show two broad bands at ∼590 and 405 
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cm−1 owing to stretching vibration of (A) and [B] site metal−oxygen (M−O) bonds, 

respectively [75]. In case of present sample, absorption bands appear at 560 and 424 cm−1, 

respectively for (A) and [B] site vibrations. So, it can be ascertained that the sample is a cubic 

spinel ferrite. The part of the FTIR spectrum from wavenumber range of 900 to 4000 cm−1 is 

separately shown in the inset of Fig. 8 since the peaks in this part are not distinguishable in 

the total spectrum. The inset of Fig. 8 shows vibrations at 1100, 1343, 1560, 1688, 2910, 

3009, 3358 cm−1. It is pertinent to mention that the microspheres have been synthesized by 

using PEG-4000 as the binding agent. The FTIR spectrum of PEG-4000 displays principal 

peaks at wave numbers of 1074.39, 1240.27, 1528.64, 1641.48, 2946.36, 3275.24 and 

3421.83 cm-1 corresponding to C-N vibrations, -C-O stretching, N-H bending vibration for 

secondary amines, C=C stretching of α,β–unsaturated ring, C-H stretching, O-H stretching 

and N-H amide ben-ding, respectively [77]. So, the results from DLS study corroborate with 

that of FTIR study. 

 

Fig.8.  FTIR spectrum of CZ50 
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7.3.5. Magnetic and hyperfine study 

The magnetization versus temperature curves of the sample were recorded in the 

temperature range of 5 – 300 K following standard zero-field cooled (ZFC) and field cooled 

(FC) magnetization protocol [55] at external magnetic fields of 100 and 500 Oe (Fig.9 (a) and 

(b)). The ZFC magnetization curve decreases with decreasing temperature from 300 to 100 

K. Below 100 K, the magnetization value decreases very slowly upto 25 K and then drops 

suddenly below 25 K. The ZFC curve shows two distinct features viz., a sharp drop in 

magnetization at freezing temperature Tf=25 K and a small shoulder at TS= 100 K. The 

position of Tf is almost field independent and ZFC magnetization remains almost constant 

between TS and Tf. The FC magnetization initially decreases monotonically with decreasing 

temperature in the range from 300 K to 250 K at 100 Oe which corresponds to non-

interacting regions and then shows constant value from 250 K to 100 K (showing temperature 

independence), and slightly increases below 100 K upto 5 K. This may be a consequence of 

finite-size interaction effects which occur from dipolar interactions and interparticle coupling 

interactions [77].  

 

Fig.9. ZFC-FC magnetization curves of the sample at (a) 100 Oe and (b) 500 Oe. The FC and 

ZFC magnetization are represented by red and the blue lines, respectively. 
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The variations of magnetization (M) as a function of the external magnetic field (H) at 

300, 100 and 5 K in the field range of ±5 T are shown in Fig. 10. The saturation 

magnetizations (MSAT) of the sample have been calculated from the M versus 1/H plot using 

the law of approach to saturation. The values of MSAT and coercivity (HC) at 300, 100 and 5 K 

are listed in Table 4. The values of MSAT increase gradually with the decrease in temperature 

due to development of magnetic ordering [55]. There is a steep increase in the value of HC at 

5 K, which may be attributed to the freezing of spins [55]. 

 

Fig.10. M-H (hysteresis) loop of the sample at (a) 300 K, (b) 150 K and (c) 5 K shown 

between ± 5 T. The M-H loops are shown in the inset between ± 1.0 T for shake of clarity 

Table 4 Values of crystallite size obtained from PXRD, saturation magnetization (MSAT) and 

coercivity (HC) 

 

 

 

 

Sl.No T (K) MSAT (emu/g) HC (Oe) 

1. 300 77.7 165 

2. 150 97.3 895 

3. 5 109.7 2963 
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57Fe Mössbauer spectroscopy is a trustworthy tool to determine the valency of iron 

ions and investigate the hyperfine interactions of the magnetic systems. Fig.11 shows the 

fitted room temperature (300 K) Mössbauer spectrum of CZ50 and the fitting parameters 

obtained using “Lorentzian site analysis” method of the Recoil program [78] are listed in 

Table 5. The spectrum exhibits a diffused sextet arising due to the collective behaviour of 

ensemble of magnetic nanoparticles which have aggregated to form the microspheres. The 

300 K Mössbauer spectrum has been fitted with two hyperfine split sextets and a doublet. The 

values of the isomer shift (IS) indicate towards existence of only the high-spin Fe3+ ions in 

the sample [79]. The simultaneous occurrence of both the sextets and a doublet (90 % and 10 

%, respectively) ascertains the samples consist of both superparamagnetic and magnetically 

well-ordered particles at room temperature [55]. Although CZ50 is an aggregation of large 

numbers of individual nanoparticles, SPM relaxation characteristic of single nanoparticle 

could not be absolutely wiped out from their aggregate. Aggregation of nanoparticles to form 

microspheres resulted in interparticle coupling interactions within the nanoparticle ensemble. 

So, anisotropy energy barrier cannot be defined for individual particle and CZ50 

microspheres display collective magnetic state. 

 

 

 

 

 

 

 

Fig.11. Mössbauer spectra of CZ5050 at 300 K (without field) fitted by Lorentzian site 

analysis method of the Recoil program 
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Table 5 Hyperfine parameters obtained by fitting the Mössbauer spectra at 300 K. 

 

Infield Mössbauer spectroscopy is one of the most useful techniques for probing the 

cation distribution and the spin disorder [80]. In order to determine the cation distribution and 

the relative occupancy of Fe3+ ions at tetrahedral (A) and octahedral [B] sites of the spinel 

lattice, Mössbauer spectra were recorded at 5 K and while subjecting the sample to 5 T 

external magnetic field (applied parallel to gamma rays) as well. The infield spectrum has 

been fitted using the “Lorentzian site analysis” method of the Recoil program by considering 

a pair of sextets assigned to the (A) and [B] site iron ions. The fitted spectrum is displayed in 

Fig. 12 (a) and the hyperfine parameters are enlisted in Table 6. The feeble intensities of the 

2nd and 5th lines in the spectrum suggest that some of the surface spins are canted [79]. There 

is presence of canted spins in the [B] site of the spinel lattice with canting angle of 17° (see 

Table 6), which has been estimated using standard formulae [81,82]. The relative ratio of Fe3+ 

ions among (A) and [B] sites (as determined from the areal intensity of the sextets 

corresponding to the (A) and [B] sites) is 0.5, whereas equilibrium ratio should be 0.33 [79]. 

Hence, it is apparent that Fe3+ ions have migrated from [B] to (A) sites. It may be noted that 

Co2+ has a strong tendency of occupying the [B] site owing to its favourable atomic radius 

and charge distribution in the octahedral crystal field, thus the estimated structural formula of 

CZ50 stands as (Zn2+
0.33Fe3+

0.67)A[Zn2+
0.17Co2+

0.50Fe3+
1.33]BO4. The 5 K without field 

Mössbauer spectrum has been fitted using the ratio of Fe3+ ions among (A) and [B] sites as 

obtained by fitting the infield pattern. The 5 K without field spectrum (Fig.12 (b)) has fitted 

with the experimental data very well and the values of the hyperfine parameters are enlisted 

in Table 6. This validates the observations of the infield study. Thus, it is evident from the 

Spectra IS (±0.02) 

(mm s-1) 

2ε (±0.03) 

(mm s-1) 

HMF (±0.1)  

(T) 

Width (±0.03)  

(mm s-1) 

Area (±0.3) 

(%) 

[ Fe3+
A] 0.48 0.0 51.0 0.40 30.0 

[ Fe3+
B] 0.55 0.0 55.0 0.70 60.0 

Doublet 0.35 0.6 - 0.30 10.0 
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Mössbauer study that CZ50 is ferrimagnetically ordered at 5 K, substantial migration of iron 

ions from [B] to (A) site has occurred and canting of surface spins has taken place. 

 

Fig.12. Mössbauer spectra at 5 K with 5 T external magnetic field and 5 K without field of 

the sample fitted by Lorentzian site analysis method of the Recoil program 

 

Table 6 Values of infield and zero field Mössbauer parameters of the samples at 5 K 

determined by Lorentzian profile fitting 

a Observed HMF (BHF) is the vector sum of the internal HMF and the external applied magnetic field. 
b The average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each subspectra, 

I2/I3(A23) according to θ=arccos[(4− I2/I3)/(4+ I2/I3)]1/2, where I2/I3 =A23. 
c Estimated according to the relationship of Beff, Bhf and applied field. 

 

Temperature Site Width IS 2ε Beff
a Bhf A23 θ b Area 

/Field  (mm s -1) (mm s -1) (mm s -1) (T) (T)  (Degree) (%) 

  (±0.03) (±0.03) (±0.03) (±0.3) (±0.2)  (±0.02) (±0.2) 

5 K /5 T [ Fe3+
A] 0.26 0.44 0.0 54.3 49.3c 0.00 0.00 34 

 [ Fe3+
B] 0.33 0.50 0.0 46.7 51.5c 0.17 17.0 66 

5 K /0 T [ Fe3+
A] 0.26 0.44 0.0 - 49.3 - - 34 

 [ Fe3+
B] 0.33 0.50 0.0 - 51.5 - - 66 
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7.3.6. Photocatalytic study 

CZ50 microspheres were used as photocatalyst for degradation of Congo Red (CR) 

dye. In order to find the best conditions for dye degradation, different parameters like effect 

of initial dye concentration, irradiation time and dark, visible and UV light irradiation were 

investigated in detail. CR is a structurally stable anionic dye possessing absorption bands at 

343 nm and 496 nm owing to the p–p* transition of the aromatic ring and to the n–p* 

transition of the lone pair present in the N atom of the chromophoric –NLN– azo moiety, 

respectively [83]. The degradation of the CR dye was monitored by observing the decrease in 

the intensity of the absorption band at 496 nm, indicating cleavage of the –NLN– bond [83]. 

7.3.6.1. Critical catalyst study 

The effect of catalyst amount was studied by adding 2 – 20 mg of catalyst in 20 ml of 

the as prepared stock solution. Initially, upon increasing the catalyst dosage from 2 – 10 mg, 

enhancement of degradation efficiency occurs as was observed from the reduction in the 

absorbance intensity of the characteristic peak of CR dye (Fig. 13). This may be due to an 

increase in the number of active reaction sites and reactive radicals [84]. Further, as the 

catalyst amount was increased to 20 mg, a decrease in the efficiency of dye degradation 

occurred. This may be possibly due to agglomeration of the catalyst, which subsequently 

minimized the active sites required for catalysis [85]. From Fig. 13, it appears that 8 mg is the 

best amount of catalyst for achieving the finest result. 

7.3.6.2. Dark degradation study  

Dark catalysis has become a potential method for effective degradation of industrial 

dyes [86]. This process neither requires photon energy nor any external energy as compared 

to photo degradation and heterogenous-Fenton catalysis [86]. So, the degradation efficiency 

of CR dye in dark condition was studied by mingling 8 mg of CZ50 microspheres with 20 ml 

of CR standard solution. 
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Fig.13. Critical catalyst study for degradation of Congo red dye 

The absorption spectra of the solutions found after separation by a magnet and purification of 

the aliquot part obtained from the CR solution broken down by CZ50 after 30, 60, 90, 120, 

150,180 and 210 min under dark conditions are presented in Fig. 14(a). It may be noted that 

there is a gradual decline in the intensity of the absorption peak of CR with increasing 

reaction time indicating degradation of CR dye (Fig. 14(a)). The empirically obtained 

degradation percentage of CR by CZ50 at subsequent times is shown in Fig. 14(b). The 

degradation percentage was calculated using the formula {(C0 – Ct)/C0}×100 %, where C0 

and Ct corresponds to the concentration of CR initially and after degradation for time ‘t’ [43]. 

It can be seen from the curves that maximum degradation occurs within first 15-30 minutes. 

The degradation efficiency under dark conditions is 70 %. A few research groups have 

studied the dark catalysis of CR dye [84,85,87], but CZ50 displays higher degradation 

efficiency under dark conditions as compared to all of them. CZ50 was synthesized using 

organic compounds like ethylene glycol and polyethylene glycol; some traces of these remain 
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on the surface of the catalyst. All these compounds consist of a number of OH groups 

attached to the carbon atom. The presence of these organic residues results in high electron 

density and thus acts as reductive sites [88]. They would facilitate the formation of reactive 

oxygen species which result in the degradation of CR dye even in dark conditions. 

 

 

Fig. 14. The UV- Vis absorption spectra showing the degradation of CR dye for different time 

intervals in the presence of 8 mg catalyst under (a) dark (b) visible (c) UV light and plot of 

ln(Ct/C0) versus irradiation time for degradation of CR dye by CZ50 under (d) dark (e) visible 

(f) UV light conditions. 

 

7.3.6.3. Photodegradation study 

Under dark conditions, the dye could not be completely degraded even after 210 

minutes. Therefore, we have also examined the efficiency of the catalyst under visible and 

UV light conditions. Fig. 14 (c) and (e) show the respective absorption spectra of CR dye 

solution catalyzed by CZ50 under visible and UV light irradiation with time. The degradation  
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efficiency under visible and UV light conditions are 80 and 90 %, respectively (Fig.14 (d) 

and (f)). The CR dye got degraded totally within 90 min under visible light and within 60 min 

under UV light irradiation. The degradation efficiency of the catalyst increased in the present 

cases as compared to that under dark conditions. This may be due to inclusion of extra energy 

in the catalyst system, which results in easier bridging of energy band gap by electrons on the 

photocatalyst surface. The ejected electron creates a hole in the valence band, which on 

reaction with water molecules produces reactive oxygen species, thus causing dye 

degradation. 

7.3.6.4. Degradation kinetics study 

 The dye degradation process usually follows the first order kinetic model [56]. So, the 

kinetics of the degradation in the present case were explored by plotting the ln vs time (t) 

curves of CR dye degraded by CZ50 under dark, visible and UV light conditions (Fig.15), 

where C0 and Ct represent initial concentration of dye and concentration of dye at time ‘t’, 

respectively. The reaction rate constant (k) can be calculated from the slope of this curve. The 

values of ‘k’ and correlation coefficient (R2) are listed in Table 7.  The fitted line approves 

with the experimental data and this suggests that the degradation follows pseudo first-order 

kinetic model [43]. The testified values of ‘k’ for photodegradation of CR with diverse initial 

concentrations by means of CoFe2O4 as catalyst varies from 5-7 x 10-3 min-1 [44]. The values 

of ‘k’ for CZ50 are slightly less than CoFe2O4 under dark conditions but much greater under 

light conditions. Thus, CZ50 can aid as an effective catalyst for elimination of Congo Red 

from the solution medium. 
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Fig.15. Degradation percentage versus time plot for degradation of CR dye by CZ50 

 

Table 7 Fitting parameters calculated from pseudo-first-order kinetics model 

Conditions Rate constant, k (min-1) Correlation coefficient (R2) 

Dark 3.0 x 10-3 0.98 

Visible light 2.4 x 10-2 0.95 

UV light 2.0 x 10-2 0.94 

 

7.3.6.5. Resuability test 

The reusability of CZ50 as a photocatalyst was investigated under UV light conditions 

only as CR dye got degraded substantially in short span of time when exposed to UV light as 

compared to dark and visible light conditions. In this regard, the catalyst-CR dye mixture was 

subjected to UV light conditions for required time and all relevant procedures were followed 

subsequently as already mentioned in the previous part of the text. Prior to each cycle, the 

catalyst was magnetically separated from the mixture, washed properly with deionized water 
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and dried in vacuum at 100 °C. Almost 90, 85 and 81% of CR dye was photodegraded during 

the first, second and third cycle of the catalytic experiment, respectively (Fig.16). So, there is 

trivial change in the catalytic degradation efficiency of CZ50 upon recycling. Moreover, we 

have captured the FESEM micrograph (Fig.17) of the catalyst separated after three cycles of 

photocatalytic reaction. The recovered catalyst has retained its morphology after three cycles 

of photocatalytic reaction. Thus, CZ50 can be reused as an effective photocatalyst for 

degradation of CR dye under UV light exposure for several times. 

 

Fig.16. Recyclability test for degradation of CR dye by CZ50 

 

Fig.17. FESEM of CZ50 after three cycles of photocatalytic reaction. 
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7.4. Discussion 

 The structural and morphological characterization through PXRD, FESEM and 

TEM reveals following facts about CZ50. The microspheres are of diameter ~ 140 nm and 

composed of particles of crystallite size ~ 25 nm. The microspheres have crystallized in cubic 

spinel phase with values of lattice parameter ~ 8.397 Å and 8.41 Å, respectively, obtained by 

analyzing PXRD data using MAUD2.33 and GSAS software. The theoretical value of lattice 

parameter (aav) for Co0.5Zn0.5Fe2O4 system can be calculated byconsidering the weighted 

average of the lattice parameters of pure CoFe2O4 and ZnFe2O4 i.e., using the relation aav = 

0.5 ac + 0.5 az, where ac = 8.391 Å and az = 8.440 Å are the lattice parameters of CoFe2O4 

(JCPDS ICDD card no. 22-1086) and ZnFe2O4 (JCPDS ICDD card no. 82-1049), 

respectively. The calculated value of aav is ~ 8.41 Å. The values of lattice parameter obtained 

from PXRD and calculated theoretically are in good accord.Thus, the results obtained from 

PXRD analysis are trustworthy. Existence of clear lattice fringes in the HRTEM micrograph 

and distinct rings in the SAED pattern together ascertain good crystallinity of the sample.  

 The cation distribution of CZ50 deduced from PXRD and infield Mӧssbauer 

spectroscopic studies are in good consonance. We have also calculated the theoretical value 

of magnetic moment per formula unit using the cation distribution obtained from the above 

studies and compared them with their experimental values obtained from dc magnetic studies. 

The theoretical magnetic moment per formula unit (mth) of ferrites can be written as mth = 

mBcosθB – mAcosθA where, mB and mA are the magnetic moments associated with [B] and 

(A) sublatttice of the spinel structure, respectively, θA and θB are the (A) and [B] site canting 

angles, respectively. Taking into account the canting angles for CZ50 as mentioned in Table 

6, we have calculated the value of mth as 4.44 μB. The experimental magnetic moment per 

formula unit (mexp) obtained from the value of MSAT of 5 K M-H curve is 4.67 μB. The values 
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of mth and mexp are in goodconformity. So, the deduced cation distribution for the present 

sample is reliable.   

 The dc magnetic measurements and Mӧssbauer spectroscopic studies unravel some 

fascinating magnetic phenomena like spin glass-like freezing and collective magnetic 

excitations in the sample. The Mössbauer study divulges that CZ50 is in collective state at 

300 K. According to the findings of ZFC-FC studies, CZ50 exhibits spin glass-like behavior 

below Tf = 25 K. Thus, it may be asserted that CZ50 exhibits mixed magnetic phase i.e., the 

system is in collective magnetic state above Tf and spin glass-like freezing of magnetic 

moments happens at Tf. In the collective state, it is not possible to outline the anisotropy 

energy of individual particles instead the anisotropy energy of the assembly needs to be 

considered. The anisotropy energy of the assemblage shows multiminima in phase space as 

for spin glass phase [89]. This is primarily manifested by a sudden fall in ZFC magnetization 

at Tf.In the present case, no superparamagnetic blocking has been observed. CZ50 has been 

formed by self-assembly of nanoparticles having varied shape and sizes. So, it is inevitable 

that strong interparticle interactions will exist within the ensemble. It has been reported 

earlier that blocked state gets suppressed and a transition from superparamagnetic to 

collective state takes place under the influence of interactions [89]. The blocking temperature 

of the system decreases with interaction and if strength of interaction is above a critical value 

the temperature of appearance of collective state increases. Since the sample under 

investigation is an assemblage of magnetic nanoparticles, hence interparticle interactions 

overpower the characteristic blocked state of each particle. 

 The 5 K Mössbauer spectroscopic study (both infield and without field) reveal that 

CZ50 comprises of particles displaying ferrimagnetic phase and no sign of relaxation is 

noticeable at this temperature. Additionally, the sample exhibits spin canting. On the other 

hand, the ZFC-FC study on CZ50 point towards existence of a spin glass-like freezing in the 
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sample below 50 K which evidently objects the outcomes of Mössbauer spectroscopic study 

carried out at 5K. This discrepancy amongst the two measurements can be addressed by 

bearing in mind the fact that Mössbauer spectroscopy investigates the local fluctuations of 

hyperfine magnetic field whereas dc magnetization records the overall magnetic moment of 

the sample as a whole [90]. The presence of both (A) and [B] site sextets in the Mössbauer 

spectra of CZ50 at 5 K reveals that either the sample as a whole is ferrimagnetic or there are 

portions (clusters) inside the constituent particles of CZ50that are in ferrimagnetic state. 

Thus, in view of the results of Mössbauer spectroscopic study and dc magnetic measurements 

collectively, it can be ascertained that ferrimagnetically ordered clusters exist within the 

grains of the sample. With the reduction in temperature, the interaction between conflicting 

sublattice interactions and frustrations produce freezing of local magnetic moment of these 

clusters in haphazard way and the system all together freezes in a spin glass like phase [90]. 

 The sample exhibits a sudden rise in the value of coercivity at 5 K as compared to 

300 and 100 K in its M-H study and spin canting in its in its 5 K infield Mössbauer 

spectroscopic study. Kodama and Berkowitz elaborated that the coercivity of nanosized 

ferrites would increase only when there is presence of broken exchange bonds in the near-

surface layers [91]. It may be noted that CZ50 has been synthesized by using PEG-4000 as 

binding agent. Moreover, the results of DLS and FTIR studies have indicated the presence of 

an organic layer of PEG-4000 on the outer surface of the microspheres. It is well-known that 

variation in coordination of surface cations result in a distribution of net exchange field [ref]. 

Moreover, the exchange interactions are mediated by an intervening oxygen ion. If organic 

molecules are bonded to the surface, then these oxygen ions are missing on the surface 

resulting in broken exchange bonds. These broken exchange bonds additionally reduce 

overall coordination of surface cations and enforce the phenomena of surface spin disorder. 
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Consequently, there is an additional increase in the coercivity of the sample at 5 K induced 

by boost in anisotropy energy following freezing of the disordered spins.  

7.5. Conclusion 

In summary, Co0.5Zn0.5Fe2O4 microspheres were synthesized by facile solvothermal 

method and characterized by powder X-ray diffraction, scanning and transmission electron 

microscopic, UV-Vis, photoluminescence, dynamic light scattering, dc magnetic and 

Mössbauer spectroscopic techniques. These microspheres are single-phase cubic spinel ferrite 

crystallized in the Fd m symmetry and possess monodispersity in size. The FESEM and 

TEM micrographs display mesoporous clusters of Co0.5Zn0.5Fe2O4nanoparticles. The sample 

displays both direct and indirect band gaps of 3.25 and 2.3 eV, respectively. The PL spectrum 

displays hump in the range of 415-450 nm indicating defects related to the interface traps 

existing at the grain boundaries. The hydrodynamic diameter of the microspheres is ~ 330 

nm, which is much greater than the true diameter due to the presence of carbonaceous 

binding agents on the microspheres surface. The M-T studies have suggested presence of 

dipolar and interparticle coupling interactions within the nanoparticles. The sample exhibits 

increase in coercivity values at low temperature owing to the freezing of surface spins. The 

room temperature Mössbauer spectrum exhibits a diffused sextet along with a doublet and 

can be attributed to the collective behaviour of ensemble of magnetic nanoparticles which 

have aggregated to form the microspheres. The low temperature Mössbauer study ascertains 

that the microspheres are ferrimagnetically ordered at 5 K, substantial migration of Fe3+ ions 

have occurred from [B] to (A) site of the spinel lattice and surface spin canting has taken 

place. The sample has successfully degraded Congo Red dye under dark conditions due to the 

presence of organic residues on the microsphere surface. In addition, the sample can serve as 

a very efficient photocatalyst for removal of Congo Red dye. 
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8.1 Conclusions 

The present thesis comprises of the details on synthesis technique and characterization 

of both nano- and micro-sized Co0.5Zn0.5Fe2O4, solid and hollow ZnFe2O4 microspheres and 

nanosized Co0.8Zn0.2Fe2O4 ferrites. Moreover, it also deals with exploration of their 

application potential in the field of magnetic storage device, catalysis and photocatalysis. 

These samples have shown some fascinating properties, which are incredible both from basic 

science and industrial application viewpoint. The development of superior magnetic quality 

in the samples like existence of stable magnetic ordering at room temperature and high 

saturation magnetization in nanosize regime are the primary requirements for their 

application in the arena of magnetic storage devices, hyperthermia, biomedicine etc. The 

nanoparticles possessing superparamagnetic (SPM) character are most suited for application 

in biomedical field owing to negligible interparticle interactions. But lowering of 

magnetization due to finite size and spin canting effect restricts their potential in the various 

application fields. Thus, the need of the hour is to overcome the shortcomings of SPM 

nanoparticles along with retention of their beneficial characteristics. Keeping this mind, 

efforts have been made to fabricate ferrite microspheres through self-assembly of 

nanoparticles such that their size is similar to that of protein molecules and they possess high 

saturation magnetization. In this context, the principal objectives of the thesis work are 

upgradation of basic magnetic features such as saturation magnetization, coercivity, 

anisotropy energy and magnetic ordering temperature of nanosized ferrites remarkably. In 

this attempt, strain anisotropy has been produced in the nanoparticle ensemble by mechanical 

milling and reduction of spin canting by heat treatment. Moreover, doping of nonmagnetic 

Zn2+ ions in nanosized Fe3O4 and CoFe2O4, respectively, results in arousal of some 

interesting magnetic properties like superparamagnetism, collective magnetic state, spin 

canting effect, spin glass like behavior, ferrimagnetism etc. owing to the change in 
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superexchange interactions. Hence, cation redistribution caused either by mechanical 

activation or magnetic dilution can obliterate the undesirable effects of spin canting and 

superparamagnetism in nanosized ferrites in a constructive manner. Furthermore, there is a 

significant boost in anisotropy energy of the system due to lattice strain caused by mechanical 

milling. On the other hand, the magnetic properties of self-assembled microspheres 

composed of SPM Co0.5Zn0.5Fe2O4 nanoparticles have been analyzed in detail and they have 

shown collective magnetic behavior at room temperature. They have proved to excellent 

photocatalyst in the removal of an azo dye. The main conclusions of the thesis work are as 

follows: 

[1] The first work of the thesis is a detailed study on the effects of mechanical 

activation caused by high energy ball milling on the structural, magnetic and hyperfine 

properties of nanosized Co0.5Zn0.5Fe2O4 having three different particle sizes 63 (M1), 25 

(M2) and 17 nm (M3) synthesized by chemical coprecipitation method. Characterization 

techniques like powder x-ray diffraction, high resolution transmission electron microscopy, 

dc magnetic measurements and Mössbauer spectroscopic techniques have been employed to 

examine M1, M2 and M3 thoroughly. All the three samples are cubic spinel ferrites with 

 symmetry. The lattice parameters of M1, M2 and M3 are 8.395, 8.391 and 8.375Å, 

respectively. The particles constituting all the three samples possess both superparamagnetic 

and ferrimagnetic phases at room temperature. The values of blocking temperature of M1, 

M2 and M3 are 204, 210 and 220 K, respectively. The values of saturation magnetization of 

M1, M2 and M3 at 300 and 10 K are 56.8, 55.3, 51.5 emu g-1 and 115.68, 113.84, 109.65 

emu g-1, respectively. The values of coercivity for M1, M2 and M3 at 10 K are 1395, 2190 

and 1950 Oe, respectively. The theory of magnetic domains has been exploited to explicate 

the trend in coercivity. The cation distribution of M2 is 

(Zn2+
0.48Fe3+

0.52)A[Co2+
0.5Zn2+

0.02Fe3+
1.48]BO4. The effects of mechanical activation on cation 
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redistribution and magnetic property of M2 have been investigated by infield Mössbauer 

spectroscopic measurements and verified by theoretical analysis of experimental results of 

Rietveld refinement of powder x-ray diffraction data in conjugation with dc magnetic study. 

The sample M2 is basically ferrimagnetic in nature possessing a slightly canted core 

surrounded by a disordered shell. It exhibits excellent memory effect in its dc magnetization 

measurement. The sample is capable of encoding, preserving and recalling binary numbers 

through magnetic field change. This property of the sample may be used to design magnetic 

coding and sensing devices. 

[2] Herein, we have compared the structural, morphological, magnetic and hyperfine 

properties of ZnFe2O4 solid (ZFMS) and hollow (ZFMH) microspheres synthesized by 

simple solvothermal technique. ZFMS, having diameter ~ 314 nm and formed by self- 

assembly of nanoparticles, displays superparamagnetic character predominantly along with 

collective magnetic excitations at room temperature. ZFMH of diameter ~375 nm exhibits 

single crystal like dotted selected area electron diffraction pattern and is magnetically well-

ordered at room temperature. The values of saturation magnetization of ZFMS and ZFMH at 

300, 100 and 10 K are 41.5, 64, 85.7 and 77, 84.5, 90.75 emu/g, respectively.  Further, 

ZFMH has been found to be nonstoichiometric and possess cation vacancy from both X-ray 

photoelectron spectroscopic and Mӧssbauer studies. The cation distribution of the ZFMS and 

ZFMH are (Zn0.44Fe0.56)[Zn0.56Fe1.44]O4 and (Fe3+
0.925Zn2+

0.075)[Fe2+
0.31Fe3+

1.46Φ0.23]O4, 

respectively, where Φ corresponds to vacancy. ZFMH displays Verway transition due to the 

presence Fe2+ ions caused by cation vacancy in ZFMH while ZFMS does not. 

[3] Herein, we report the electrochemical study of nanosized Co0.5Zn0.5Fe2O4 

synthesized by hydrothermal method. Structural and microstructural characterization has 

been carried out by powder x-ray diffraction (PXRD), field emission scanning and 

transmission electron microscopic techniques. UV−vis diffuse reflectance spectroscopy has 
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been performed to analyze the optical property of the sample. dc magnetic measurements 

have been done to investigate the magnetic character of the sample. The PXRD study 

suggests that the sample has crystallized as a single-phase cubic spinel ferrite with Fd m 

symmetry. The average particle size is ~ 19 nm. The band gap of the sample is 1.75 eV. The 

sample exhibits maximum specific capacitance of 85.5 F/g at 10 mV/s scan rate. The dc 

magnetic studies ascertain that the sample is magnetically ordered at room temperature and 

possess strong interparticle interactions within the assemblage of nanoparticles. The 

pseudocapacitive behavior of the sample can be established from the non-rectangular shape 

of cyclic voltammetry curves. The sample can act as a supercapacitor.    

[4] Here, we have shown that the particle size, cation redistribution, interparticle 

interactions, surface spin disorder and strain induced anisotropy play a pivotal role in shaping 

the magnetic and hyperfine properties of nanosized Co0.8Zn0.2Fe2O4 samples prepared by 

coprecipitation method followed by high energy ball milling and subsequent thermal 

treatment. Three samples with different particle size viz., 23 nm (CZ1), 34 nm (CZ2) and 42 

nm (CZ3) are characterized by powder x-ray diffraction, transmission electron microscopy 

and energy dispersive x-ray spectroscopy studies. The samples are well-crystalline, single-

phase spinel with appropriate stoichiometry, assorted size and shape. All three samples are 

magnetically ordered at 300 K with MSAT and HC values 75.22, 81.07, 82.89 emu g-1, 

respectively, and 530, 460, 420 Oe, respectively. The values of coercivity at 10 K are 

remarkably high. Cation distribution of CZ1, CZ2 and CZ3 as estimated by taking into 

account the results of infield Mössbauer spectroscopic study and powder x-ray diffraction in 

conjugation are: ( )A[ ]BO4 (core region of CZ1), 

( )A,[ ]BO4 (shell region of CZ1),  

( )A[ ]BO4 and ( )A[ ]BO4, 

respectively. Further, this result has been validated theoretically. Owing to the core-shell 
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structure (ferrimagnetically ordered core surrounded by a disordered shell), sample CZ1 

having particle size below calculated critical diameter (~ 27 nm) exhibits exchange bias 

effect. All three samples display excellent catalytic activity in the multicomponent reaction 

for the synthesis of coumarin-3-carboxamide. CZ1 shows best catalytic activity owing to its 

high surface to volume ratio.  

[5] It has been shown that Co0.5Zn0.5Fe2O4 microspheres (~ 140 nm) are comprised of 

closely packed nanoparticles (~ 27 nm) and successfully synthesized by template-free 

solvothermal technique. Powder x-ray diffraction and electron microscopic techniques were 

utilised to methodically examine the structural and microstructural properties of these 

microspheres. The optical properties of the microspheres were explored using UV−vis , 

Fourier Transform Infrared spectroscopic and photoluminescence measurements. The FTIR 

spectrum divulges that the microspheres are cubic spinel ferrite. The results revealed that 

Co0.5Zn0.5Fe2O4 microspheres possess both direct and indirect transitions and display violet 

emissions in their PL spectra. The colloidal stability of the microspheres was analysed by 

dynamic light scattering and zeta potential measurements. The outcomes indicate that the 

hydrodynamic size of the microspheres is much larger as compared to their true diameter and 

they possess positive surface charge . The dc magnetic and Mo ̈ ssbauer spectroscopic studies 

together confirm that the sample is ferrimagnetic in nature and migration of iron ions have 

occurred from [B] to (A) sites causing cation redistribution. The estimated cation distribution 

is as follows: (Zn2+
0.33Fe3+

0.67)A[Zn2+
0.17Co2+

0.50Fe3+
1.33]BO4. The cation distribution of the 

microspheres has been testified by comparing the theoretical and experimental values of 

magnetic moment per formula unit and found to be reliable. The sample acts as an efficient 

catalyst in the degradation of Congo Red dye in dark conditions. It also displays very high 

photodegradation efficiency under both visible and UV light conditions. 
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8.2 Future scope of the work 

 In this thesis, nano- and micro-sized Co0.5Zn0.5Fe2O4, solid and hollow ZnFe2O4 

microspheres and nanosized Co0.8Zn0.2Fe2O4 ferrites have been prepared through different 

synthesis methods. Their structural, microstructural, optical, magnetic and hyperfine 

properties have been characterized thoroughly. In addition, their application potential in the 

fields of magnetic data storage devices, catalysis and photocatalyst for dye degradation have 

been investigated in detail. Hierarchical ferrite microspheres synthesized by implementing 

simple synthesis procedures have displayed possibility for application in drug delivery 

system, catalysis, biomedical fields etc. They have also revealed fascinating properties 

different from nanoparticle counterparts. Thus, it can be ascertained that the role of synthesis 

procedure in tuning the physico-chemical properties of these ferrites is significant. On the 

basis of the revelations from the works in the present thesis, following works can be planned 

as future prospect.  

 In recent times, several research groups have fabricated nano/microstructured 

(spheres, cube, rods, flower-like structures etc.) ferrites with ferrite nanoparticles as their 

primary constituent. There is a growing interest in development of one-step facile methods of 

synthesizing different nano/microstructured ferrites of varied chemical composition. 

Alongside, magnetic core-non-magnetic shell type nano and microstructures display 

improved magnetic and optical properties with their plausible applications in hyperthermia as 

heat intermediaries, drug delivery system as drug carriers, magnetic resonance imaging 

(MRI) as contrast agents, photo-magnetic nano device, magneto-optical recording industry 

etc. 

 Hollow nano/microstructured ferrites are in the limelight due to their widespread 

applicability in the field of drug delivery. Efforts are being made to produce hollow ferrites 

with desirable size, shape, shell thickness by modifying the reaction parameters. In addition, 
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these hollow ferrite nano/microspheres have proved themselves as excellent absorber of As 

(V) Cr (VI) from wastewater. They can even degrade diverse pollutants like benzene and 

other harmful dyes under both dark and visible light irradiation owing to their physical 

characteristics like high surface area, highly porous structure and high saturation 

magnetization. Recently, studies have shown that the hollow nanoparticles and microspheres 

can be used not only as a cheap, efficient, and environmentally beneficial anode material for 

lithium-ion batteries but also in a plethora of industrial areas such as catalyst, 

supercapacitors, sensors etc. due to their huge specific capacity, reversibility, recoverability 

and retentivity. 

 The motto of the research is to tune the dimension and morphology of ferrites by 

engaging diverse synthesis routes as such variations can help in increasing their 

photocatalytic degradation efficiency. It has been noted that combination of other 

photocatalysts with ferrites in different ratios has enhanced their overall photocatalytic 

activity owing to broadening of band-gap in the resultant composite. This results in arousal of 

a greater number of reactive species to degrade a vast range of contaminants. Recently, the 

scientific community is engrossed in developing mixed ternary transition metal ferrites to 

investigate their potential as electrode material for supercapacitors and found them highly 

efficient with distinct redox behavior and high value of specific capacitance. 

 In this framework, it seems prudent to fabricate nano/microstructured ferrite with 

controlled shape, size and chemical composition by employing varied combinations of facile 

and environmentally benign synthesis procedures. The influence of morphology on the 

magnetic and hyperfine properties of these ferrites can be studied in detail. Moreover, there is 

a room to investigate the potential of these ferrites in diverse technological fields such as 

hyperthermia, drug delivery, magnetic resonance imaging, magneto-optical recording 
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industry, microwave absorber, wastewater pollutant absorber, anode material for lithium-ion 

batteries, catalyst, supercapacitors, sensors and photocatalyst. 
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Presence of mixed magnetic phase in mechanically milled nanosized
Co0.5Zn0.5Fe2O4: A study on structural, magnetic and hyperfine properties
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A B S T R A C T

In this paper, we have presented a detailed study on the effects of mechanical activation caused by high energy
ball milling on the structural, magnetic and hyperfine properties of nanosized Co0.5Zn0.5Fe2O4 having three
different particle sizes 63 (M1), 25 (M2) and 17 nm (M3) synthesized by chemical coprecipitation method.
Characterization techniques like powder x-ray diffraction, high resolution transmission electron microscopy, dc
magnetic measurements and Mössbauer spectroscopic techniques have been employed to examine M1, M2 and
M3 thoroughly. All the three samples are cubic spinel ferrites with Fd m3 symmetry. The lattice parameters of
M1, M2 and M3 are 8.395, 8.391 and 8.375 Å, respectively. The particles constituting all the three samples
possess both superparamagnetic and ferrimagnetic phases at room temperature. The values of blocking tem-
perature of M1, M2 and M3 are 204, 210 and 220 K, respectively. The values of saturation magnetization of M1,
M2 and M3 at 300 and 10 K are 56.8, 55.3, 51.5 emu g−1 and 115.68, 113.84, 109.65 emu g−1, respectively. The
values of coercivity for M1, M2 and M3 at 10 K are 1395, 2190 and 1950 Oe, respectively. The theory of
magnetic domains has been exploited to explicate the trend in coercivity. The cation distribution of M2 is
(Zn2+0.48Fe3+0.52)A[Co2+0.5Zn2+0.02Fe3+1.48]BO4. The effects of mechanical activation on cation redistribution and magnetic
property of M2 have been investigated by infield Mössbauer spectroscopic measurements and verified by the-
oretical analysis of experimental results of Rietveld refinement of powder x-ray diffraction data in conjugation
with dc magnetic study. The sample M2 is basically ferrimagnetic in nature possessing a slightly canted core
surrounded by a disordered shell. It exhibits excellent memory effect in its dc magnetization measurement. The
sample is capable of encoding, preserving and recalling binary numbers through magnetic field change. This
property of the sample may be used to design magnetic coding and sensing devices.

1. Introduction

In recent times, nanosized spinel ferrites are in the limelight not
only because of their application in hyperthermia [1], drug delivery
[2], magnetic storage devices [3], sensors (electrochemical and gas
sensing) [4,5], high frequency electronic devices [6,7] along with their
use as contrast agent in magnetic resonance imaging [8] and active
component in ferrofluid technology [9] but also pertaining to their
distinctive physicochemical features as compared to their bulk coun-
terparts [10,11]. The arousal of extraordinary properties in these spinel
ferrites when reduced to nanoscale is due to increase in the surface to
volume ratio, spin canting at the surface, cation redistribution between
two interstitial sites of the spinel lattice and finite size effect [12,13].
On curbing down to the nanometric regime, stunning magnetic beha-
viors like superparamagnetism, high saturation magnetization, spin

glass like freezing and several unique electrical properties like high
electrical resistivity and high permeability crop up [11,14–18]. These
properties have shown variations following the synthesis procedure
adopted, composition, size and shape of the fabricated nanoparticles
[3,19–24]. So, tailoring of these parameters can enable us to control the
properties of the nanosized ferrites and render them suitable for various
technological applications.

Nanosized Co1−XZnXFe2O4 ferrites have been studied comprehen-
sively in recent years due to their phenomenal magnetic, electrical and
photocatalytic properties [13,18–22,25–27]. Bulk ZnFe2O4 is a non-
toxic and soft-magnetic normal spinel whereas bulk CoFe2O4 is a
comparatively toxic and hard-magnetic inverse spinel [28]. Replace-
ment of Co2+ ions by Zn2+ ions through proper synthesis procedure
produces non-toxic nanosized Co1−XZnXFe2O4 ferrites and helps in
optimizing their magnetic behavior, which leads to development of
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diverse magnetic orders owing to variation in sublattice exchange in-
teractions within the spinel lattice [12,13,20–22,29]. Doping of non-
magnetic Zn2+ ions in nanometric CoFe2O4 at a ratio of X= 0.5 gives
rise to maximum value of saturation magnetization due to increase in
inter-sublattice A-O-B (JAB) exchange interactions between tetrahedral
(A) site and octahedral [B] site of the spinel lattice [30–33]. Above this
ratio (X > 0.5), magnetization starts to decrease due to movement of
Fe3+ ions from [B] site to (A) site in lieu of Zn2+ ions which pre-
ferentially occupy (A) site when X < 0.5. As per literature review,
magnetization of nanometric Co1−XZnXFe2O4 increases systematically
in the region 0.1≤X≤0.5 [34]. For X > 0.5, non-magnetic Zn2+ ions
tends to occupy octahedral [B] site which results in weakening of the
long range JAB interactions and strengthening of the short range B-O-B
(JBB) and A-O-A (JAA) interactions, simultaneously [34]. Thus, thor-
ough investigation of magnetic properties of Co0.5Zn0.5Fe2O4 appears to
be promising.

According to literature survey, most of the studies on nanosized
Co1−XZnXFe2O4 ferrites till date involve investigation of structural,
magnetic and electrical properties of entire series of this system
[20–22,29,31–33,35–37]. Very few groups have studied the properties
of a particular composition of Co1−XZnXFe2O4 in detail and some of
them have come out with exceptional results, which otherwise get
overshadowed when studied in series. Presence of nanosized magnetic
clusters in an infinite magnetic framework, cluster-paramagnetic phase,
cluster glass phase, mixed magnetic phase, non-collinear spin structure
and superparamagnetic clusters have been recognized in nanosized
Co0.2Zn0.8Fe2O4, Co0.3Zn0.7Fe2O4, Co0.4Zn0.6Fe2O4, Co0.5Zn0.5Fe2O4

and Co0.6Zn0.4Fe2O4 ferrites [34,38–43]. The nanometric
Co0.5Zn0.5Fe2O4 has attracted special attention due to rare presence of
mixed magnetic phase in this system [34,43].

The synthesis procedure of nanosized spinel ferrites is of particular
importance in determining their properties and their effectiveness in
technological applications [19,25–27]. In this regard, chemical copre-
cipitation method has emerged as an efficient synthesis technique be-
cause of low cost precursors, moderate preparation time, modest
heating and large scale production of nanometric ferrites, all of which
are industrially important [19,21,22,36,37,44]. But, these nanometric
ferrites are vulnerable to reduction of magnetization and magnetic or-
dering temperature due to the undesirable effects of surface spin
canting and superparamagnetism related to finite size effect [45–49].
Heat treatment can increase magnetization and blocking temperature of
nanosized ferrites [22,42] but is associated with the drawback of in-
crease in particle size [46]. Interestingly, nanosized ferrites have dis-
played enhancement in magnetic parameters on mechanical milling due
to cation rearrangement among the two interstitial sites of spinel lattice
and escalation of stress anisotropy energy induced by the mechanical
strain generated in the process [3,12,13,45,46,50,51]. So, synthesis of
nanosized spinel ferrites by chemical coprecipitation method followed
by mechanical treatment through high energy ball milling seems to be
an appropriate technique to produce nanosized spinel ferrites of su-
perior magnetic quality without compromising on the industrial de-
mand of miniaturization.

In this background, we have employed the method of chemical
coprecipitation to synthesize nanosized Co0.5Zn0.5Fe2O4 and ball milled
it for duration of three, six and nine hours to obtain samples M1, M2
and M3, respectively, with the aim to examine the changes that have
arisen in the structural, microstructural, magnetic and hyperfine
properties of the samples as they undergo milling for different duration.
The structural and microstructural characteristics have been inspected
through powder x-ray diffraction and transmission electron microscopic
techniques. The infield and without field Mössbauer spectroscopic
technique along with dc magnetic measurements have been utilized to
delve into the variations that have emerged in magnetic and hyperfine
properties of the samples. Moreover, the dependence of magnetic
properties on the structural changes induced by high energy ball milling
has been investigated thoroughly on sample M2.

2. Experimental

Co0.5Zn0.5Fe2O4 nanoparticles were synthesized by chemical co-
precipitation method followed by ball milling for three, six and nine
hours to obtain samples M1 (∼63 nm), M2 (∼25 nm) and M3
(∼17 nm). All Sigma-Aldrich made (purity> 99.99%) reagents viz.,
CoCl2·6H2O, ZnSO4·7H2O and Fe(NO3)3·9H2O (precursors of the reac-
tion) were taken in proper stoichiometric ratio and mixed in distilled
water following addition of 10M NaOH solution to attain a pH of∼ 12
under constant stirring. Afterward, the solution was continuously
stirred for 9–10 h and then the precipitate was washed in ethanol and
collected by centrifugation. This precipitate was sintered at 700˚C for
8 h to obtain fine black powder. Further, this powder was annealed at
1000˚C for 12 h to attain better crystallinity. The so obtained sample
shows average particle size of∼ 90 nm (Fig. S1, see supplementary
file). In general, the particle size of Co-Zn ferrites obtained from co-
precipitation method ranges around 10–20 nm [12,13,22,52], but in
the present case the average particle size is much larger due to the heat
treatment of the sample obtained from coprecipitation method. The
heat treated sample was ball milled in a Fritsch Planetary Mono Mill
Pulverisette 6 ball mill at a rotational speed of 330 rpm with ball to
mass ratio 20:1 using tungsten carbide balls and vials. The detailed
procedure followed for synthesis of the samples and the methodologies
of ball milling experiment are also presented in our previous work [47].
Bruker D8 Advanced diffractometer, FEI Inspect F50 FESEM, JEOL
2100 HRTEM equipped with Bruker EDS system, Wissel made Möss-
bauer spectrometer equipped with Janis SuperOptimag super-
conducting magnet and Superconducting quantum interference device
(SQUID) magnetometer (Quantum Design, SVSM, USA) were used for
structural, morphological, hyperfine and magnetic characterization of
the samples, respectively, by adopting standard measurement protocol
illustrated in our earlier work [13]. The Mössbauer data of the samples
were analyzed by Recoil program [53].

3. Results

3.1. Structural characterization

The observed reflections in the powder x-ray diffraction (PXRD) pat-
terns of M1, M2 and M3 are in good conformity with the miller indices of
cubic spinel structure of Fd m3 space group and match well with JCPDS
ICDD card numbers 22–1086 and 82–1049 for Co and Zn ferrite, respec-
tively. The PXRD patterns of the samples M1, M2 and M3 have been in-
dexed by Rietveld based software packages Fullprof2k [54,55]. MAUD2.33
package [56] has been used to analyze the phase purity and determine the
microstructural parameters of the samples as this software can determine
quantitative abundance of different phases in a composite (multiphase)
material by structural refinement along with meaningful extraction of
microstructural parameters by peak shift and broadening analysis of PXRD
profile [57] whereas most of the Rietveld programs (Fullprof, EXPO etc.)
are not capable of implementing this procedure. The outcomes are sum-
marized in Fig. S2 and Table S1 (see supplementary file). Further, GSAS
software [58] has been used for extracting precise information on crystal
structure of the samples taking into account the standard methodology
reported earlier [3,13] and the results are presented in Fig. 1, Fig. S3 (see
supplementary file) and Tables 1 and 2. For Rietveld refinement by GSAS
software, the initial positions of tetrahedral (A) site metal ions, octahedral
[B] site metal ions, and O atoms have been assigned in the special Wyckoff
positions 8(b), 16(c), and 32(e), respectively, and refinement was carried
out for the position coordinates of the oxygen atom, lattice parameters,
background coefficients, cation occupancies and profile parameters. In the
final stages of refinement, the preferred orientation correction was per-
formed using the generalized spherical harmonic (order 14) model. The
refinement of 63 parameters viz., 3 coordinates, 1 lattice parameter, 36
background points, 15 profile parameters, 7 orientation distribution
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function coefficients and 1 scale factor were performed. The experimentally
recorded PXRD patterns of the samples are in good agreement with the
corresponding simulated patterns. The values of lattice parameter obtained
for M1, M2 andM3 are in good agreement with those for nanometric Co-Zn
ferrites reported earlier [19,29–32,34,50]. This clearly discards the possi-
bility of presence of any probable impurity phase in the samples. The re-
sults of fitting reveal that the samples are single phase nanometric spinel
ferrites ofFd m3 symmetry. The structural formula of M1 is
(Zn2+0.5Fe3+0.5 )A[Co2+0.5Fe3+1.5]BO4, M2 is (Zn2+0.48Fe3+0.52)A[Co2+0.5Zn2+0.02Fe3+1.48]BO4,
and M3 is (Zn2+0.46Fe3+0.54)A[Co2+0.5Zn2+0.04Fe3+1.46]BO4. It may be noted that in our
attempt to fit the PXRD data by placing Co2+ ions at (A) site, the values of
refinement parameters (Rp, Rwp, and GOF) turned out to be undesirable.
Thus, Co2+ ions have probably not occupied (A) site of the spinel lattice.

3.2. Electron microscopic investigation

Transmission electron microscopic (TEM) images representing the
distribution of particle size in M1, M2 and M3 (Fig. 2) reveal that the
constituent particles in all three samples are of variable shape and size
along with a strong tendency of aggregate formation, which increases

with the diminution of particle size and vary following the sequence
M3 > M2 > M1. Such agglomeration is a common trait in case of
ferrites because of strong interparticle interaction [59]. All the three
samples exhibits clear lattice fringes in their high resolution TEM mi-
crograph (Fig. 2). The distribution of particle size for M1, M2 and M3
has been examined by taking diameters (considering particles as nearly
spherical) of nearly hundred nanoparticles into consideration and re-
presented in the form of histograms. The polydispersive nature of the
samples is clear from their respective histograms. The fitting of histo-
grams with the log normal function (Fig. S4, see supplementary file)
yields average particle sizes of M1, M2 and M3 as∼63, 25 and 17 nm
with values of standard deviation (σ) as 0.15, 0.24 and 0.08, respec-
tively. The value of ‘σ’ quantifies the amount of dispersion in data va-
lues and so in the present case gives an idea about the polydispersity of
the samples, which is directly related to the blocking temperature dis-
tribution.

The presence of bright distinct rings in the selected area diffraction
(SAED) pattern of sample M2 (Fig. S5, see supplementary file) and
matching of ‘d’ values obtained from PXRD study with those obtained
by evaluating the SAED pattern together with assure about the crys-
tallinity of the nanoparticles. The EDX survey spectrum of M2 (Fig. S6,
see supplementary file) in the energy range of 0–16 keV displays only
peaks for the constituent elements (Co, Zn and Fe) with no signature of
any impurity phase. The ratio of Co, Zn and Fe is 16.14:16.16:64.71,
which assure that the sample is in appropriate stoichiometry.

3.3. Magnetic and hyperfine study

The curves of zero field cooled (ZFC) and field cooled (FC) mag-
netization versus temperature (range of 5–350 K) of samples M1
(Fig. 3(a)), M2 (Fig. 3(b)) and M3 (Fig. 3(c)) under an external applied
magnetic field of 100 Oe primarily exhibiting phase transition from
superparamagnetic to magnetically well-ordered state with the de-
crease in temperature are shown in Fig. 3. It is well known that the
distribution of blocking temperatures is closely related to the aniso-
tropy energy barrier distribution of the system and thus, with the par-
ticle size distribution [60]. If the particle size distribution is uniform,
the half-width of the ZFC versus temperature (T) curve is expected to be
narrower [60]. The TEM study indicates the polydispersive nature of all
three samples which in turn resulted in an increase in the half-width of
the ZFC vs T curve. In such case, the maximum of the ZFC curve (Tmax)
corresponds to the blocking of particles with average volume [61,62]
and can be written as Tmax= βTB [63], where β is proportionality
constant that depends on the type of size distribution and TB is defined
as the temperature at which 50% of the nanoparticles are in blocked
state and rest 50% are in superparamagnetic state. To account for the
polydispersive nature of the samples, it would be better to determine TB
from the derivative of the difference in ZFC magnetization (MZFC) and
FC magnetization (MFC) with respect to temperature [22,60]. We have
plotted the (d(MZFC – MFC))/dT versus T curve (Fig. 4) and estimated

Fig. 1. Indexed powder PXRD pattern of the sample (red dots) and the simulated Rietveld refinement plot (continuous green line) obtained by fitting the experi-
mental powder PXRD pattern using GSAS program. The respective residue is plotted at the bottom (pink line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Structural and microstructural parameters along with metal–oxygen (M−O)
bond angles and bond lengths of M1, M2 and M3 obtained from Rietveld
analysis of PXRD pattern of the sample by GSAS program.

Parameters M1 M2 M3

Formula weight 475.7 475.7 475.7
Crystal System F d −3m F d −3m F d −3m
Lattice parameter (Å) 8.396 (2) 8.390 (6) 8.378 (10)
Density (g cm−3) 5.338 5.331 5.373
Volume (Å3) 591.89 (4) 592.76 (13) 588.12 (2)
Metal-Oxygen bond length

(Å)
1.835 (A-site) 1.836 (A-site) 1.831 (A-site)
2.089 (B-site) 2.090 (B-site) 2.085 (B-site)

Metal-Oxygen bond angle
(Å)

109.47˚ (A-
site)

109.47˚ (A-
site)

109.47˚ (A-site)

89.45˚ (B-site) 89.45˚ (B-site) 89.45˚ (B-site)

Table 2
Fractional coordinates and occupancy of different ions obtained from the
Rietveld refinement of PXRD pattern of M2 by GSAS program.

Occupancy

Ions x y z (± 0.003)

Zn (A) 0.125000 0.125000 0.125000 0.4800
Fe (A) 0.125000 0.125000 0.125000 0.5200
Co (B) 0.500000 0.500000 0.500000 0.2500
Zn (B) 0.500000 0.500000 0.500000 0.0100
Fe (B) 0.500000 0.500000 0.500000 0.7400
O 0.251194 (3) 0.251194 (3) 0.251194 (3) 1.0000
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the value of TB for each sample. The values of Tmax, TB and Tirr (tem-
perature corresponding to the blocking of the largest particle) are en-
listed in Table 3. The values of β for all three samples lies in the range
1.5–2.5 as should be for a nanoparticle assembly following log-normal
distribution [64]. Further, the variations in values of TB, Tmax and Tirr
i.e., TB < Tmax < Tirr points out that the samples are polydispersive,
thus, corroborating with the TEM study.

A second phase change transpires at about 50 K which is seen as a
cusp in the ZFC curves of all the samples suggesting a spin glass like
random freezing of moments resulting from strong magnetic interaction
within the constituent particles of the samples [15,16,65]. This tem-
perature is usually termed as the freezing temperature (Tf) of the
system. In order to gain insight of the observed phase transition at low
temperature, we have plotted the dMZFC/dT versus T curves for all three
samples. The dMZFC/dT versus T curves for M1, M2 and M3 (Fig. 5)
exhibit a maximum at∼ 20 K and the change in derivative begins at
∼50 K which marks the inception of spin glass like behavior in their
ZFC curve. Further, it is expected that FC curve will increase mono-
tonically with reduction in temperature due to decreasing thermal

Fig. 2. TEM micrographs showing particle distribution and lattice fringes of (a) M1 (b) M2 (c) M3.

Fig. 3. ZFC-FC magnetization curves of (a) M1 (b) M2 and (c) M3 at 100 Oe. The FC and ZFC magnetization is represented by red and the black lines, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. d(ZFC-FC)/dT versus T curves for M1, M2 and M3.
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fluctuations for typical superparamagnetic system [59]. But in this case,
the FC curves of all three samples exhibit a slow fall in magnetization
on decreasing the temperature below Tf of the ZFC curve. Usually if
there is a combined interplay of interparticle interactions and spin glass
like freezing, a flat region develops in the FC curve at very low tem-
peratures. So, this unexpected behavior in magnetization of the FC
curve below 50 K, in the present case, can be due to the random
freezing of canted surface spin arrangement in the sample reinforced
due to higher non-magnetic Zn2+ concentration in it, which can be
further confirmed from infield Mössbauer spectroscopic study. We have
further performed M-H (variation of magnetization with field change)
loop measurements to validate the findings of ZFC-FC study. The M-H
loops of M1, M2 and M3 at 300 and 10 K in the field range −1 to +1 T
are shown in Fig. 6. M1 and M2 exhibit a small hysteresis in their M-H
loops at room temperature but M3 does not. So, M3 is mostly super-
paramagnetic but M1 and M2 clearly exhibit mixed magnetic phases.
However, all the three samples exhibit clear hysteresis loops at 10 K.

The values of saturation magnetization (MSAT) at 300 and 10 K for the
three samples have been estimated by plotting M versus 1/H curve
using the law of approach to saturation. The values of MSAT and coer-
civity (HC) are provided in Table 3. The steep increase in the values of
MSAT and HC at low temperature suggest development of magnetic or-
dering with the decrease in temperature, which may be due to freezing
of surface canted spins.

57Fe Mössbauer spectroscopy has been employed to determine the
valency of iron ions and probe the hyperfine interactions to further
delve into the observations arrived from the dc magnetic studies. The
room temperature (300 K) Mössbauer data of M1, M2 and M3 have
been analyzed by Recoil program [53] and the fitted spectra are pre-
sented in Fig. 7. The values of hyperfine parameters are listed in Table
S2 (see supplementary file). The values of isomer shift (IS) indicate
presence of only Fe3+ ions in all three samples [3,12,13,45,46]. M1
exhibits a clear hyperfine sextet (76.9%) and a feeble doublet (23.1%).
In the spectrum of M2, a less intense sextet (69.9%) as compared to M1
along with a superparamagnetic doublet (30.1%) has been found. M3
displays a prominent doublet (49.73%) along with a poorly defined
sextet (50.26%) in its room temperature Mössbauer spectrum. The in-
tensity of the hyperfine sextet gradually diminishes with decreasing
particle size. The doublet has large line width while the sextet is dif-
fused in nature (Fig. 7). The pattern of evolution of the Mössbauer
spectra with increase of particle size can be elucidated by the theory of
superparamagnetic relaxations [14,15,28,59,65].The dependence of
the relaxation time (τ) of superparamagnetic nanoparticles on particle
volume (V), temperature (T) and anisotropy energy constant (K) is
given by Neel- Brown equation = ( )(0)exp KV

kT [28] (k is the Boltz-
mann constant), which suggests that τ decreases with the reduction in
particle size. If τ < < time of measurement (τm), total moment during
the time of measurement becomes zero giving rise to a doublet [59]. On
the contrary for τ > > τm, a narrow hyperfine split sextet emerges
[59]. But, the presence of an admixture of a relaxed sextet with a su-
perparamagnetic doublet for all three samples indicates that the sam-
ples consist of both superparamagnetic (τ < < τm) and magnetically
well-ordered (τ > > τm) particles. The results of dc magnetic

Table 3
Values of crystallite size obtained from PXRD, particle size obtained from TEM, blocking temperature (TB), temperature corresponding to the maximum in ZFC curve
(Tmax), irreversibility temperature (Tirr), saturation magnetization (MSAT) and coercivity (HC).

Sl. No Sample Crystallite size (nm) Particle size (nm) TB Tmax Tirr MSAT (emu g−1) HC (Oe)

1. M1 63 63 220 330 348 56.8 (300 K) 30 (300 K)
115.68 (10 K) 1395 (10 K)

2. M2 25 25 210 318 345 55.3 (300 K) 20 (300 K)
113.84 (10 K) 2190 (10 K)

3. M3 17 17 204 310 340 51.5 (300 K) 0 (300 K)
109.65 (10 K) 1950 (10 K)

Fig. 5. d(ZFC)/dT versus T curves for M1, M2 and M3.

Fig. 6. M-H (hysteresis) loop of M1 (black line), M2 (blue line) and M3 (red line) at (a) 300 and (b) 10 K shown between± 1 T. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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measurements and room temperature Mössbauer spectroscopic mea-
surements, together with, suggest that at room temperature particles in
all the samples exhibit mixed magnetic state composed of super-
paramagnetic and magnetically ordered phases.

Low temperature (5 K) infield and without field Mössbauer spec-
troscopic data have been recorded to determine the spin configuration
of M2, estimate the ratio of Fe3+ ions at (A) and [B] sites of the spinel
lattice and explicate the magnetic behavior of M2 thoroughly. The in-
field Mössbauer spectrum was recorded in presence of 5 T magnetic
field applied parallel to the γ-ray direction. The ferrimagnetic nature of
M2 can be affirmed from the appearance of a split in the 1st and the 6th
line of the infield Mössbauer spectrum of the sample
[3,12,13,45–47,59]. Further, the occurrence of 2nd and 5th lines in the
infield Mössbauer spectrum of M2 clearly suggests the presence of
canted spins in the sample [3,12,13,45–47,59]. Although two-compo-
nent fitting is capable of extracting the information on the global
canting of the system but it is unable to extort the local hyperfine
character embedded in the Mössbauer spectrum [3,12]. So, the infield
Mössbauer spectrum recorded at 5 K has been fitted by four sextets
using “Lorentzian site analysis” of Recoil program to acquire quanti-
tative information on the distribution of cations and spin canting effect
at the core and surface regions of the sample [12]. The refined values of
the hyperfine parameters and the precise values of canting angles have
been depicted in Table 4. The pair of sextet with lower hyperfine field
(HMF), higher isomer shift (IS) and higher canting angles corresponds
to the canted surface region. The core is also not perfectly aligned and
possesses canted spins. The simulated and experimental spectra corro-
borate with each other (Fig. 8) and the values of refinement parameters
are good enough. Presence of only Fe3+ ions in the sample can be as-
serted from the values of IS [28]. The proportion of the intensity of the

sextets corresponding to (A) and [B] site of M2 for both core and shell is
0.35 which is greater than its bulk counterpart with equilibrium cation
distribution (0.33). This suggests that the sample is chemically homo-
geneous and Fe3+ ions have migrated from [B] site to (A) site in M2.
The ratio of Fe3+ at (A) and [B] sites obtained from the infield Möss-
bauer spectrum corroborates with the one obtained from Rietveld re-
finement of PXRD pattern. Thus, the four-component fitting assuming
the core–shell model in case of M2 is capable of divulging the hyperfine
character of the system accurately.

The without field Mössbauer spectrum of M2 at 5 K has been fitted
with “Lorentzian profile” using four sextets by restricting the ratio of
iron ions in (A) and [B] sites to that obtained from the infield spectrum
to verify the results acquired from infield Mössbauer measurements
[3,13]. The experimentally obtained and fitted spectra have matched
with an excellent concord (Fig. 8). Presence of a well-defined sextet in
the without field Mössbauer spectrum of M2 suggests that super-
paramagnetic relaxation has completely vanished at 5 K [3,13]. Table 4
contains the fitted values of hyperfine parameters of both the without
field and infield Mössbauer study, and they agree very well with each
other. Thus, taking into account the outcomes of the room temperature
Mössbauer study, infield and without field Mössbauer spectrum of M2
at 5 K and dc magnetic measurements, it can be inferred that particles
in M2 possess core–shell structure with a slightly canted core sur-
rounded by a disordered shell and they exhibit superparamagnetic be-
havior at room temperature owing to their nanometric size.

3.4. Study of memory effect

From literature survey, it is well-established that magnetic

Fig. 7. Mössbauer spectrum of (a) M1, (b) M2 and (c) M3 at 300 K.

Table 4
Values of zero field and infield Mössbauer parameters of the sample at 5 K determined by Lorentzian profile fitting.

Temperature/Field Site Width (mm s−1) IS (mm s−1) 2ε (mm s−1) Beffa (T) Bhf (T) A23 θb (degree) Area (%)

5 K/5 T [ Fe3+A ]C 0.28 0.31 – 54.94 50.07c 0.1 12.75 17.9
[ Fe3+A ]C 0.31 0.47 – 46.5 51.17c 0.3 21.93 50.69
[ Fe3+A ]S 0.28 0.30 – 53.5 48.76c 0.2 17.97 8.14
[ Fe3+A ]S 0.31 0.50 – 46.0 50.06c 0.9 37.31 23.25

5 K/0 T [ Fe3+A ]C 0.28 0.31 – – 50.07 – – 17.55
[ Fe3+A ]C 0.31 0.47 – – 51.17 – – 46.80
[ Fe3+A ]S 0.28 0.30 – – 48.76 – – 9.29
[ Fe3+A ]S 0.31 0.50 – – 50.06 – – 26.33

‘C’ denotes the core region and ‘S’ denotes the shell region.
a Observed HMF (BHF) is the vector sum of the internal HMF and the external applied magnetic field.
b The average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each subspectra, I2/I3 (A23) according to θ= arccos[(4−I2/I3)/

(4+ I2/I3)]1/2. Where I2/I3=A23.
c Estimated according to the relationship of Beff, Bhf and applied field.

Fig. 8. Mössbauer spectra of M2 at (a) 5 K with 5 T external magnetic field and
(b) 5 K fitted by Lorentzian site analysis method of the Recoil program.
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nanoparticles can keep a track of field changes in their dc magnetiza-
tion measurement as a function of temperature [66–69]. The origin of
this effect can be accredited to the presence of either spin glass like
state in the system or due to broad particle size distribution in the
nanoparticle assembly [66,67]. In the present case, all the three sam-
ples consist of both superparamagnetic (single domain) and magneti-
cally well-ordered (multidomain) particles with broad size distribution.
Further, the constituent particles in all three samples possess strong
interparticle interactions which result in spin glass like phase at low
temperature. Thus, it can be predicted that the samples under in-
vestigation may exhibit memory effect in both low and high tempera-
ture regions.

In order to testify the above argument, we have carried out a
memory protocol experiment on sample M2 following the procedure
described herein. At first, the magnetization versus temperature (M (T))
data of M2 was recorded as the sample underwent cooling from 300 K
to 250 K with application of 100 Oe external magnetic field. Then, the
field was switched off after 250 K temperature was attained and the
system was held in this state for one hour. Post that, the 100 Oe field
was reinstated and M (T) data was recorded for temperature decrease
from 250 to 70 K. The field was raised to 200 Oe after the system
reached 70 K and kept in this condition for one hour. Thereafter, the
field was reduced to 100 Oe and M (T) data was recorded from 70 to
25 K under 100 Oe field. The field was turned off and the system was
arrested in this state for one hour. Again, 100 Oe field was restored and
M (T) data was taken from 25 to 5 K. After reaching 5 K, the system was
heated from 5 to 300 K under 100 Oe magnetic field and M (T) data was
recorded. Both cooling and heating rates were fixed at 2 K/min
throughout the experiment. Fig. 9 depicts the outcomes of the memory
experiment. It clearly reveals that the system remembers the changes
made in the values of applied magnetic field during the experiment and
can track such changes, thus displaying “memory effect”. So, it seems
that the nanoparticle assembly can encode a rapid rise or fall in the
applied field during cooling process which can be successfully decoded
in the heating cycle.

4. Discussions

The results of Rietveld refinement of the PXRD pattern of M1, M2
and M3 using MAUD2.33 has revealed that all three samples are single
phase nanometric spinel ferrite possessing Fd m3 symmetry having
chemical composition Co0.5Zn0.5Fe2O4. It is possible to estimate the
value of lattice parameter (aes) of Co0.5Zn0.5Fe2O4 system by taking the

weighted average of the lattice parameters of pure CoFe2O4 and
ZnFe2O4 i.e., using the relation aes= 0.5 a1+ 0.5 a2, where
a1= 8.391 Å and a2= 8.440 Å are the lattice parameters of CoFe2O4

(JCPDS ICDD card no. 22–1086) and ZnFe2O4 (JCPDS ICDD card no.
82–1049), respectively. The obtained value of aes is∼ 8.41 Å, which is
in good agreement with those of the present samples. The values of
microstrain (Table S1, see supplementary file) vary in the order M3
(63 nm) > M2 (25 nm) > M1 (17 nm) i.e., microstrain increases upon
increase in milling time which is a common phenomenon in mechani-
cally milled ferrites [3]. In the present case, the values of lattice para-
meter (Table 1 and Table S1, see supplementary file) change following
the sequence M3 < M2 < M1 i.e., decreases with the increase in
milling time. It is well known that mechanical milling promotes
changes in structural and microstructural properties due to cation re-
distribution which, in turn, affect the magnetic properties of these
compounds [3,12,13,45,46,50,51]. In this light, we have studied the
effects of mechanical activation through ball milling on bonding
properties, cation distribution and size reduction of all three samples. In
this regard, we have calculated the theoretical values of lattice para-
meter (a), tetrahedral (dAO) and octahedral (dBO) bond lengths, and
oxygen positional parameter (u) using the formulae described in detail
in following works [3,29,70–74] taking into consideration the Shannon
effective ionic radii [75] and compared those values with the ones
obtained experimentally. All the calculations have been executed using
the cation distribution obtained collectively from the Rietveld refine-
ment of PXRD data and infield Mössbauer spectroscopy. The experi-
mental results and theoretical calculations are in consonance (Table S3,
see supplementary file). This validates that the outcomes of analysis of
the PXRD data are reliable and the cation distribution of M2 is trust-
worthy. As can be seen from Table S3 (see supplementary file), the
values of ‘a’ for all three samples are slightly reduced in comparison to
bulk Co0.5Zn0.5Fe2O4 [76]. Further, the values of dAO have reduced and
dBO increased in all three cases in contrast to bulk. It is a well known
fact that by comparing the value of u, one can map out the possibility of
cation migration in spinel ferrites [70]. We have also observed that the
value of u for the bulk Co0.5Zn0.5Fe2O4 [77] is different from all three
samples indicating cation redistribution as has been estimated from
infield Mössbauer spectroscopic study. So, we can conclude that, in the
present case, structural parameters have changed noticeably upon
scaling down to nanometric size as a result of incorporation of me-
chanical strain by ball milling.

Furthermore, we have calculated the theoretical value of magnetic
moment per formula unit (m) adopting the procedure described in our
earlier works [3,13]. Since the cation distribution for both core and
shell of M2 is (Zn2+0.48Fe3+0.52)A[Co2+0.5Zn2+0.02Fe3+1.48]BO4, we have calculated
the theoretical value of m using this formula and taking canting angles
from Table 4. The values of the magnetic moment for the core region
(mCR) and surface region (mSR) are 5.72 and 4.606 μB, respectively.
From the results of Mössbauer spectroscopic study, it has been found
that the core and the shell regions cover 68.6% and 31.4% of the total
volume of each particle, respectively. Considering this fact, we have
calculated the value of m of the sample using the formula
m=0.686×mCR+0.314×mSR and obtained value of m is 5.37 μB.
The experimental value of m for M2 in Bohr magneton (μB) obtained by
using M-H data at 10 K is 5.32 μB. The experimental and theoretical
values of ‘m’ are very close to each other which indicate that the
structural formula used for the calculation of magnetic moments has
been precisely determined and the particles in the sample possess al-
most ferrimagnetically aligned core with small canting along with
magnetically disordered shell.

The results of TEM, dc magnetic and Mössbauer studies together
with bring about following main issues about all three samples: (i)
existence of mixed magnetic phases at room temperature, (ii) presence
of overall ferrimagnetic ordering along with surface spin canting, and
(iii) random spin glass like freezing of magnetic moments at low tem-
perature. The possible reasons for such observations have been

Fig. 9. Memory effect in the dc magnetization of M2 (red line and blue dots
represent the magnetization data for the heating and the cooling cycles, re-
spectively). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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discussed thoroughly with supporting references in the rest part of this
text. The morphological study of M1, M2 and M3 using TEM indicates
that constituent particles of all three samples have variable shape and
size, possess interparticle interactions and surface disorder. These fea-
tures have induced two different phase transitions in the ZFC versus T
curves of M1, M2 and M3; transition from superparamagnetic to
blocked state below blocking temperature (TB) and a random spin glass
like freezing below Tf (< TB). According to the outcomes of Mössbauer
spectroscopic studies at room temperature (∼300 K), majority of the
particles in the milled samples are in superparamagnetic state (single
domain) and a small fraction (multi domain) exhibit collective mag-
netic excitations. Further, due to the presence of strong interparticle
interactions within the samples, the particles in the samples undergo
transition from collective state to spin glass like state, which has been
indicated by the appearance of a sharp cusp in the ZFC versus T curve
[65]. Hence, the observed behaviour of the ZFC versus T curves is a
result of a complex combination of individual blocking phenomena,
interparticle interaction and collective freezing of magnetic moments.

Further, the low temperature infield Mössbauer spectroscopic stu-
dies also bring forth the core–shell structure of the nanoparticles in M2
with a core having slightly canted spins surrounded by a shell with
disordered spin alignment. The effect of these disordered spins at the
surface gets more prominent below a certain particle size when the
surface to volume ratio is high. Thus for the nanoparticle assembly in
M2, these disordered surface spins get randomly frozen as the tem-
perature is lowered and it has been manifested by fall in magnetization
of the FC curve at very low temperatures. Thus, the dc magnetic and
infield Mössbauer studies together suggest that the freezing of dis-
ordered spins of the core–shell structure is responsible for the un-
expected and topical magnetic behavior of the FC curves of the present
samples at low temperature.

The constituent particles of all three samples M1, M2 and M3 are
polydispersive in nature as has been observed from TEM analysis.
Further, the room temperature Mӧssbauer spectra of all three samples
possess an admixture of a superparamagnetic doublet and a diffused
sextet. So, it is clear that all the samples consist of both single domain
and multi domain particles. It is well known that for uniaxial single
domain particles, anisotropy energy constant (K) can be calculated
using the formula KV=25 kBTB, where V is the particle volume, kB is
the Boltzmann constant and TB is the blocking temperature of the
particle. So, in the present case, it will not be appropriate to use the
above formula for calculation of K. But still then, we have used the
above formula and found the values of K for M1, M2 and M3 as
3.07×102, 4.4× 103, 1.41×104 J/m3, which are unusually small as
compared to other nanosized Co-Zn systems [13,52,78]. So, we have
employed a formula for the calculation of K, which does not take the
particle size of the samples into consideration; instead the values of
MSAT, HC and density of the nanoparticles (ρ) are used and can be
written as K= μ0 MSAT

H
2
aρ, where Ha is the anisotropy field and H

2
a

corresponds to the maximum value of HC [78]. The values of K obtained
using this formula are 8.6× 104, 1.3× 105, 1.1× 105 J/m3 for M1, M2
and M3, respectively. The calculations have been done taking into
consideration the estimated values of MSAT and HC provided in Table 3,
and values of ρ present in Table 1. These values of K for M1, M2 and M3
are very close to that of pure cobalt ferrite (∼2×105 J/m3). It can be
clearly seen that there is a difference of almost two orders in the values
of K for M1 and M2 obtained using formulae KV=25 kBTB and K=μ0
MSAT

H
2
aρ as both consist of mainly multi domain particles, whereas for

M1 the difference is of one order as most of the constituent particles of
M1 are single domain (superparamagnetic). Thus, the values of K ob-
tained using K=μ0 MSAT

H
2
aρ formula is trustworthy. All the three

samples exhibit high values of K due to enhancement of both magne-
tocrystalline and strain induced anisotropy caused by mechanical strain
produced through high energy ball milling [13]. We have compared the
lattice parameter of the present samples with bulk Co0.5Zn0.5Fe2O4 in

Table S3 (see supplementary file) and observed that there is a con-
traction in lattice parameter for the present samples. This contraction
has contributed to the increase in magnetocrystalline anisotropy en-
ergy. Further, an increase in microstrain with increasing milling time
has been observed for the present samples. Thus, strain induced ani-
sotropy and magnetocrystalline anisotropy together have lead to the
enhancement of K.

The values of MSAT of M1, M2 and M3, both at 300 and 10 K, falls off
gradually with the decrement in particle size i.e., M1 (63 nm) > M2
(25 nm) > M3 (17 nm). This reduction can be ascribed to the occur-
rence of spin canting at the nanoparticle surface introduced by high
energy ball milling resulting in magnetic disorder [3,12,13,59]. With
the minimization in particle size upon mechanical milling, surface ef-
fects become more prominent and thus, canted spins at the surface can
cause a reduction in effective magnetization of the system [63,79].
Table 5 compares the values of room temperature (300 K) magnetic
parameters like MSAT and HC for nanosized Co0.5Zn0.5Fe2O4 ferrites
synthesized by different techniques with that of the present samples. It
suggests that the value of MSAT of Co0.5Zn0.5Fe2O4 ferrite depends upon
the synthesis procedure and particle size. Further, the values of MSAT of
the present samples M1, M2 and M3 at 10 K, Co0.5Zn0.5Fe2O4 synthe-
sized by coprecipitation followed by heat treatment with particle size
15 and 22 nm at 4.5 K [22] and Co0.5Zn0.5Fe2O4 synthesized by low
temperature solution combustion method having particle size 12 nm at
20 K [32] are 115.68, 113.84, 109.65, 112.5, 125 and 100 emu g−1,
respectively. There is a sheer rise in the values of MSAT at low tem-
perature (10 K) as compared to room temperature (300 K). This beha-
vior has been detected in ferrimagnetic nanoparticles and assigned to
the freezing of surface spins [57,63,79,80].

Samples M1 and M2 exhibit small coercivity at room temperature
(300 K) but M3 does not as it is almost purely superparamagnetic
possessing very few larger sized particles as has been predicted from
room temperature Mössbauer spectroscopic study. The small coercivity
at 300 K displayed by M1 and M2 are due to increased magnetocrys-
talline anisotropy of the samples caused by ball milling [12]. At 10 K,
the coercive field varies following the order M2 > M3 > M1. Waje
et al., and Iqbal et al., have obtained similar changes in coercivity (HC)
beyond a certain particle size [18,85]. This pattern of variation in HC

can be explained from the magnetic domain theory as has been illu-
strated in our earlier work [3]. Although for strongly interacting par-
ticles, it is problematic to obtain parameters related to non-interacting
independent particles, we have calculated the critical diameter (DC) of a
particle approximately by using the formula DC=9Ep/2πMs, where
Ep= 2k T K

a
B C is the energy density of the magnetic domain wall and MS

is the saturation magnetization, considering it to be nearly spherical
[3]. We have first estimated the value of Ep by taking Boltzmann con-
stant kB, magnetocrystalline anisotropy K=1.1× 105 J/m3, lattice
constant a= 8.40 Å, saturation magnetization MS=647.17 Gauss and
Curie temperature TC=420 K as has been obtained from Veverka et al.,
considering the fact that sample M3 has particle size nearly equal to one
of their samples having same chemical composition [22]. The calcu-
lated value of DC for nanosized Co0.5Zn0.5Fe2O4 is∼ 27 nm. Thus,
particles in M1 (63 nm) are multi domain whereas M2 (25 nm) and M3
(17 nm) can be considered as single domain. Among three samples, the
particle size of M2 is closest to the value of DC. It is well known that the
value of HC increases with the decrement in particle size in multi do-
main region then attains a maximum value at DC and again decreases in
single domain regime with diminution of particle size [11,87]. In the
present case, the highest value of HC has been obtained for M2 which
consists of particles with diameter closer to the critical diameter while
value of HC decreases for both M3 with particle size much smaller than
DC and M1 with particle size larger than DC. In larger particles, reversal
of magnetization occurs by magnetic domain wall motion, whereas in a
fine particle, entire spin needs to be rotated for magnetization reversal
[3]. It is easier to rotate the domain wall in comparison to rotation of all
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the spins [11,87]. Thus, higher value of HC for M2 and M3 as compared
to M1 is justified.

The superposition of a doublet and a sextet in the room temperature
Mössbauer spectrum of all three samples suggest that some of the
particles are very small and single domain in nature, hence, they exhibit
superparamagnetic behavior while rest of the particles are larger in size
and they display ferrimagnetic behavior. It infers that the particles in
the samples are not monodispered. The outcomes of the low tempera-
ture (5 K) Mössbauer spectroscopic study (both infield and without
field) reveal that M2 constitutes of particles having ferrimagnetic phase
and no signature of relaxation is visible at this temperature. However,
the sample exhibits spin canting. On contrary, the dc magnetization
study on M2 indicates presence of a cluster glass like state in the sample
below 50 K which apparently disapproves the results of Mössbauer
spectroscopic study performed at 5 K. This disparity between the two
measurements can be accounted by considering the fact that Mössbauer
spectroscopy probes the local fluctuations of hyperfine magnetic field
whereas dc magnetization records the effective magnetic moment of the
sample as a whole [65]. The presence of both (A) and [B] site sextets in
the Mössbauer spectra of M2 at 5 K reveals that M2 is either ferri-
magnetic in nature or there are regions (clusters) inside the particles of
M2 which are in ferrimagnetic state. Thus, considering the results of
Mössbauer spectroscopic study and dc magnetic measurements to-
gether, it can be concluded that there are ferrimagnetically ordered
clusters inside the grains of the sample and with decreasing tempera-
ture the interplay between opposing sublattice interactions and frus-
trations result in freezing of local magnetic moment of these clusters in
random orientation and the system en masse stabilizes in a spin glass
like state [65].

The sample M2 has exhibited excellent memory effect in its dc
magnetization measurements in both high temperature and low tem-
perature regimes. The presence of strong interactions within the na-
noparticle assembly and polydispersive nature of the sample have to-
gether given rise to the memory effect in M2. The presence of a stable
spin glass phase in the sample is responsible for the origin of memory
effect at low temperature region. The ensemble of nanoparticles can
memorize the field change in its cooling cycle and can recall it accu-
rately during the heating cycle. Hence, binary numbers 0 and 1 can be
coded by defining ‘H decrease’ as “0″ and ‘H increase’ as “1” in the
cooling cycle of the dc magnetization measurement and decoded if

heating is done under constant magnetic field keeping both heating and
cooling rates same.

5. Conclusion

The structural, microstructural, magnetic and hyperfine properties
of nanosized Co0.5Zn0.5Fe2O4 having three different particle sizes have
been carefully examined by PXRD, HRTEM, dc magnetic and Mössbauer
spectroscopic techniques. The particle size from PXRD and crystallite
size from TEM studies match well with each other revealing that M1,
M2 and M3 are well-crystalline in nature. All the three samples have a
wide distribution in particle size and possess strong interparticle in-
teractions. The dc magnetic and room temperature Mössbauer spec-
troscopic studies together reveal that M1, M2 and M3 exhibit mixed
magnetic behavior possessing both superparamagnetic and magneti-
cally well-ordered phases at room temperature along with spin glass
like freezing at low temperature invoked by the strong interparticle
interactions within the ensemble of nanoparticles and random freezing
of disordered surface spins at low temperature. The values of saturation
magnetization of the samples are slightly lower than its equivalents due
to presence of spin canting caused by milling. The values of coercivity
at 10 K are much higher than at room temperature indicating absence of
any relaxations within the samples at 10 K. The cation distribution of
M2 obtained using infield Mössbauer spectroscopic and PXRD studies
has been testified by a trustworthy method of comparison of the ex-
perimentally obtained value of magnetic moment per formula unit with
that of its theoretically calculated value. The sample M2 can keep a
memory of field changes in its dc magnetic measurements, i.e., displays
“memory effect” and may be technologically applicable for fabrication
of sensors capable of detecting field changes and in encoding and de-
coding binary numbers. In summary, we can conclude that the mag-
netic structure of nanosized ferrites can be moderated suitably through
mechanical activation to produce samples which can meet industrial
demand of manufacturing miniature devices having superior magnetic
quality.
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A B S T R A C T   

In this report, we have compared the structural, morphological, magnetic and hyperfine properties of ZnFe2O4 
solid (ZFMS) and hollow (ZFMH) microspheres synthesized by simple solvothermal technique. ZFMS, having 
diameter ~314 nm and formed by self-assembly of nanoparticles, displays superparamagnetic character pre
dominantly along with collective magnetic excitations at room temperature. ZFMH of diameter ~375 nm ex
hibits single crystal like dotted selected area electron diffraction pattern and is magnetically well-ordered at 
room temperature. The values of saturation magnetization of ZFMS and ZFMH at 300, 100 and 10 K are 41.5, 64, 
85.7 and 77, 84.5, 90.75 emu/g, respectively. According to x-ray photoelectron and M€ossbauer spectroscopic 
studies the cation distribution of the ZFMS and ZFMH are (Zn0.44Fe0.56)[Zn0.56Fe1.44]O4 and (Fe3þ

0.925Zn2þ
0.075) 

[Fe2þ
0.31Fe3þ

1.46Φ0.23]O4, respectively, where Φ corresponds to vacancy. ZFMH displays Verway transition due 
to the presence Fe2þ ions caused by cation vacancy in ZFMH while ZFMS does not.   

1. Introduction 

In recent times, the fabrication of self-assembled heterostructured 
magnetic materials have attracted immense attention of material sci
entists as their properties can be potentially tuned by building increas
ingly complex structures [1] leading to interesting functional features 
and wide variety of applications as well [1,2]. Fabrication of assembly of 
nanoparticles to form microspheres in the size range of protein mole
cules has extensive applications in the field of drug delivery [3–6]. 
Superparamagnetic ferrite nanoparticles display good dispersibility in 
solvent [7,8] as interparticle interactions within the nanoparticles is 
weak and thus, they do not agglomerate. These characteristics render 
them apposite for biomedical applications [9,10]. But low magnetiza
tion resulting from finite size effect and spin canting hinders their 
application potential in many areas [11,12]. In order to attain high 
saturation magnetization while retaining the superparamagnetic char
acter of the nanoparticles, a novel way of fabricating self-assembled 
heterostructures has been developed [1,2,13]. Among these hetero
structures, microspheres have displayed highest value of saturation 
magnetization [14]. Further, self-assembled ferrite microspheres 
generally possess smooth and highly porous surface [15,16]. So, it seems 
obvious that nanoparticle-assembled ferrite microspheres will fare very 
well in magnetically guided site-specific drug delivery, magnetic 

hyperthermia and catalysis [17]. Apart from their application potential, 
these ferrite microspheres give rise to astonishing magnetic behavior 
like enhanced saturation magnetization and reduced coercive field at 
low temperature compared to those of their constituent nanoparticles 
[17–19]. These magnetic properties are very interesting from scientific 
view point and at the same time crucial for application in various fields. 
Since the microspheres are formed by self-assembly of nanoparticles, 
modulations of size and shape in the nanoscale regime can direct the 
evolution of their magnetic properties in unexpected ways [20,21]. 
These modulations can be controlled by tuning different parameters of 
synthesis procedure of the nanocrystals. So, in order to obtain function 
specific nano/micro structures, choice of proper synthesis procedure is 
very important. 

ZnFe2O4 is an important member of the ferrite family owing to its 
fascinating magnetic, electrical, electrochemical and sensing properties 
[22–31]. Although electrochemical and sensing properties of ZnFe2O4 
nano and microstructures have been explored in great detail [27,30,32, 
33], there are only few studies on its magnetic behavior [15,16,23,24, 
26,29,34–37]. Among them, Guo et al., have showed that ZnFe2O4 solid 
microspheres (diameter ~ 450 nm) composed of small nanosheets 
synthesized by solvothermal method exhibit superparamagnetic 
behavior [23], Rahimi et al., have found that ZnFe2O4 hollow nano
spheres (diameter ~ 127 nm) synthesized by solvothermal method using 
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ultrasonic waves show ferromagnetic behavior [26], Xu et al., have 
observed antiferromagnetic behavior in the ZnFe2O4 hollow spheres 
(diameter ranging from 70 to 100 nm) synthesized by surfactant assisted 
hydrothermal approach [34], Guo et al., have obtained weak ferro
magnetic character in solvothermally synthesized ZnFe2O4 solid and 
hollow colloidal nanocrystal assemblies (diameter ranging from 100 to 
300 nm) [35], Chen et al., have synthesized ZnFe2O4 nanocubes (mean 
edge length ~ 50 nm) by simple hydrothermal technique and found 
them to be ferromagnetic with enhanced saturation magnetization and 
coercivity [36], Kmita et al., have synthesized ZnFe2O4 nanorods (mean 
length ~ 20 nm and thickness ~ 5 nm) by coprecipiation method and 
found them to be superparamagnetic [37]. From these studies, we can 
conclude that morphology and synthesis procedure are responsible in 
determining the magnetic behavior of the materials. Moreover, the 
observed diversity in the magnetic behavior of ZnFe2O4 motivates us to 
explore its magnetic behavior in more detail. 

It is well known that the magnetic properties of ferrites are strongly 
dependent on the distribution of cations among tetrahedral (A) and 
octahedral [B] sites of the spinel lattice [38]. Different synthesis pro
cedures give rise to different morphologies causing cation redistribution 
among these two sites and consequently, magnetic properties get altered 
[39–41]. Surfactant-assisted chemical methods have paved a novel way 
to develop size- and shape-tailored magnetic nanocrystals by carefully 
regulating the growth processes in liquid media [15,16]. These methods 
may be either single-step or more complex multiple-step solution-phase 
routes. The former is convenient, cheaper, and non-time consuming 
while the latter is only advantageous for obtaining better size distribu
tion [17]. In the literature, study on the structural, magnetic, electrical 
and electrochemical properties of solid and hollow microspheres of 
Fe3O4 synthesized by solvothermal method at 200 �C using NaAc þ PEG 
and NH4Ac, respectively [15,42], CoFe2O4 synthesized by solvothermal 
method at 200 �C using NaAc þ PEG and urea þ oleylamine, respec
tively [15,43], NiFe2O4 synthesized by solvothermal method at 180 �C 
using NaAc þ PEG and at 200 �C using Nh4Ac, respectively [16,44], 
MnFe2O4 synthesized by solvothermal method at 180 �C using NaAc þ
PEG and NH4Ac þ PEG, respectively [15,16,45], MgFe2O4synthesized 
by solvothermal method at 180 �C using NaAc þ PEG and at 200 �C 
using urea þ PEG, respectively [46,47], and ZnFe2O4 synthesized by 
solvothermal method at 200 �C and 180 �C using NaAc þ PEG, respec
tively [15,48], have been found. Thus, it is apparent that one-step sol
vothermal method has emerged as an efficient technique to synthesize 
monodisperse spherical magnetic microspheres with large surface area, 
high magnetic saturation and good dispersive property in liquid media. 
Hence, it would be feasible to use this technique in developing ferrite 
microspheres with desirable properties. 

In this backdrop, we have synthesized solid and hollow microspheres 
of ZnFe2O4 by one-step solvothermal method with the endeavor to 
thoroughly study their magnetic properties. The phase of the samples 
has been characterized by powder x-ray diffraction. The morphology, 
elemental composition and valance state of the constituent elements 
have been investigated by field emission scanning electron microscopic, 
transmission electron microscopic, energy dispersive x-ray spectro
scopic and x-ray photoelectron spectroscopic techniques. The dc mag
netic and Mӧssbauer spectroscopic techniques have been employed to 
probe the magnetic and hyperfine properties of the microspheres. 

2. Experimental 

2.1. Materials 

Analytical grade FeCl3.6H2O, ZnSO4.7H2O, anhydrous ZnCl2, NaA
c.3H2O, NH4Ac and PEG-4000 were purchased from Sigma Aldrich and 
used without further purification. Ethylene glycol (EG) procured from 
Merck India (99.9%) was used as the solvent. 

2.2. Synthesis procedures 

In the preparation of ZnFe2O4 solid microspheres (ZFMS), 5 mmol 
FeCl3.6H2O and 2.5 mmol ZnSO4.7H2O (precursors of the reaction) were 
mixed in 40 ml of EG under continuous magnetic stirring. After that 3.6 
g NaAc.3H2O (stabilization agent) and 1 g PEG-4000 (structure-direct
ing agent) were added into this mixture. The entire mixture was stirred 
for 5–6 h at room temperature following which it was transferred in a 
100 ml Teflon pot. The pot was enclosed in a stainless steel autoclave 
and solvothermally heated in an oven for 20 h at 180 �C. The oven was 
allowed to cool naturally to room temperature after which the so ob
tained precipitate was washed several times by ethanol and deionized 
water in an ultracentrifuge. The resulting product was dried in a vacuum 
oven at 60 �C for 6 h and finally a fine black coloured powder was 
obtained. 

Similarly, ZnFe2O4hollow microspheres (ZFMH) were synthesized by 
mixing 5 mmol FeCl3.6H2O and 2.5 mmol anhydrous ZnCl2 (precursors 
of the reaction) in 40 ml of EG under continuous magnetic stirring. Then 
50 mmol of NH4Ac was added to the solution and the mixture was stirred 
for 5–6 h. After that, the mixture was autoclaved at 170 �C for 17 h in an 
oven. The black precipitate obtained from the above procedure was 
washed several times with ethanol and deionized water, and collected 
by centrifugation. The so obtained product was vacuum dried at 60 �C 
for 6 h. The final sample was a fine black powder. 

2.3. Characterization 

Structural and microstructural studies on the as-synthesized samples 
were carried out using powder x-ray diffraction (PXRD), field emission 
scanning electron microscopic (FESEM) and transmission electron 
microscopic (TEM) techniques. XRD measurements were performed 
usinga Bruker D8 Advanced diffractometer with Cu Kα irradiation in the 
2θ range of 20–80�. FESEM micrographs were recorded in a FEI 
INSPECT F50 system. TEM micrographs along with elemental study 
were collected using a JEOL 2100 HRTEM equipped with Bruker EDS 
system. X-ray photoelectron spectroscopy (XPS) was performed using 
XPS, Omicron, serial no 0571. Magnetic measurements viz., magneti
zation versus temperature (in zero-field cooling and field cooling modes) 
and variation of magnetization with field (hysteresis loops) were per
formed using a Cryogenic make vibrating sample magnetometer. The 
room temperature (300 K) and low temperature (5 K) M€ossbauer spectra 
of both the samples were recorded in transmission geometry with con
stant acceleration drive (CMTE-250) using a 10 mCi 57Co source. JANIS 
SVT-400 MOSS cryostat system was employed to obtain the 5 K 
M€ossbauer spectrum. The 5 K M€ossbauer spectrum in presence of a 5 T 
external magnetic field applied parallel to the γ-ray direction was 
recorded in presence of a superconducting magnet (JANIS Super
OptiMag) and a 40 mCi 57Co source. Calibration of the M€ossbauer 
spectrometer was done using a natural iron sample. 

3. Results 

3.1. Structural and morphological study 

The PXRD patterns of ZFMS and ZFMH are shown in Fig. 1. The peak 
positions of both the samples are consistent with those of the cubic 
spinel structure of ZnFe2O4 nanoparticles (ICDD card no: 82–1049). The 
patterns have been indexed by TREOR90 of Fullprof2k package [49]. 
The space group has been determined using FINDSPACE of EXPO2009 
package [50]. The peaks of ZFMS are slightly broader as compared to 
ZFMH indicating that the crystallite size of the former is smaller. The 
patterns have been fitted by Rietveld based MAUD2.33 software [51] 
from which the crystallite size of ZFMS and ZFMH has been deduced as 
~ 25 nm and 80 nm, respectively. The experimental and simulated 
patterns are in well accord. The values of refinement, structural and 
microstructural parameters have been enlisted in Table 1. Thus, both 
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ZFMS and ZFMH have crystallized in Fd3m space group of cubic spinel 
lattice and devoid of any additional impurity phases. 

The FESEM micrograph (Fig. 2 (a)) of ZFMS displays microspheres of 
average diameter ~ 314 nm, which have been formed by self-assembly 
of nanoparticles. The spheres are almost uniformly sized and their sur
face is slightly rough due to the aggregation of nanoparticles. In the 
FESEM micrograph of ZFMH, the spheres are almost regular in size with 
some broken spheres confirming their hollow interior (Fig. 2 (b)). In 
contrast to ZFMS, the surface of ZFMH is smooth due to continuous 
overlapping of subsequent layers of smaller nanoparticles during their 

formation following Kirkendell effect [52]. The morphology of ZFMS 
and ZFMH has been further investigated by TEM study. The average 
diameter of ZFMS as has been obtained from the TEM micrograph (Fig. 3 
(a)) is ~310 nm. The spheres seen in the TEM micrograph of ZFMS are 
almost completely dark with clear sign of agglomeration as presented in 
the inset of (Fig. 3 (a)). The sharp contrast between the outer black 
margin and the bright center of the microspheres in the TEM micrograph 
of ZFMH (Fig. 3 (b)) confirms hollow structure formation. Typical TEM 
image of a single hollow microsphere has been presented in the inset of 
Fig. 3 (b). It is clear that the shell of the hollow microspheres is smooth. 
Although some of the individual particles can be identified in the hollow 
region but their boundaries are not distinct. So, it is not possible to es
timate the appropriate particle size of individual nanoparticles which 
have aggregated to form the spheres. The average diameter and shell 
thickness of ZFMH are ~375 and 50 nm, respectively. 

The selected area electron diffraction (SAED) pattern of ZFMS 
(Fig. S1) shows some bright rings composed of evenly distributed bright 
spots indicating polycrystalline nature of the sample. The equally spaced 
bright spots in the SAED pattern of ZFMH (Fig. 4 (a)) arise from the clear 
lattice fringes and suggest good crystalline character of the sample. The 
SAED patterns of both the samples have been fitted by CrysTBox soft
ware [53] The crystallographic ‘d’ values obtained from SAED for both 
the samples are in good agreement with those obtained from PXRD 
study. The energy dispersive x-ray (EDAX) spectra of both ZFMS 
(Fig. S2) and ZFMH (Fig. 4 (b)) suggest presence of Fe, Zn and O atoms 

Fig. 1. Indexed powder PXRD pattern of (a) ZFMS and (b) ZFMH (black dots) and the simulated Rietveld refinement plot (continuous red line) obtained by fitting the 
experimental powder PXRD pattern using MAUD2.33 software. The respective residue is plotted at the bottom (blue line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Crystal data and refinement parameters of ZFMS and ZFMH obtained from 
MAUD2.33  

Parameters ZFMS ZFMH 

Crystal System cubic cubic 
Space group Fd3m  Fd3m  
Crystallite size (nm) 25 80 
Microstrain 8.27 � 10� 4 2.76 � 10� 4 

Lattice parameter (a(Å)) 8.487 8.432 
Density (g cm� 3) 5.098 5.198 
Rwp 1.97 1.95 
Rexp 1.41 1.42 
GOF 1.29 1.10  

Fig. 2. FESEM micrographs showing particle distribution of (a) ZFMS and (b) ZFMH (some of the broken hollow spheres have been marked by yellow arrows). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. TEM micrographs showing particle distribution of (a) ZFMS and (b) ZFMH along with single particle at the inset of respective picture.  

Fig. 4. (a) Indexed SAED pattern and (b) EDAX analysis of ZFMH.  

Fig. 5. XPS survey spectra of (a) ZFMS and (b) ZFMH.  
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only with no signature of any contamination. The metal cations Fe and 
Zn are in the ratio ~26:12 in ZFMS, which shows that ZFMS is in proper 
stoichiometry. The atomic ratio of Fe:Zn is ~45:0.8, indicating that 
ZFMH is nonstoichiometric in nature. 

3.2. X-ray photoelectron spectroscopic study 

The x-ray photoelectron spectroscopy (XPS) is a widely used tech
nique for characterizing ferrites [54–58]. We have recorded the XPS 
spectra of ZFMS and ZFMH to probe the chemical composition and va
lance state of the constituent elements of the samples. Fig. 5 (a) and (b) 
show the XPS survey spectra of ZFMS and ZFMH, respectively. The 
adventitious C 1s peak in these spectra has been observed as the spec
imen for XPS study is prepared by pasting sample powder over a carbon 
coated adhesive tape. Peaks due to O 1s, Fe 2p3/2 and Fe 2p1/2 are 
observed in the survey spectra of both ZFMS and ZFMH. However, the 
peaks corresponding to Zn 2p3/2 and Zn 2p1/2 states are observed only in 
case of ZFMS. Thus, the absence of the peaks pertaining to Zn 2p states in 
the survey spectrum of ZFMH indicates that the sample may be devoid of 
Zn. The high-resolution Fe 2p spectra of ZFMS and ZFMH are presented 
in Fig. 6 (a). In the Fe 2p XPS spectra, two peaks with binding energies 
(BEs) 710.1 eV and 723.5 eV for ZFMS and 709.7 eV and 722.8 eV for 
ZFMH can be attributed to Fe 2p3/2 and Fe 2p1/2, respectively. Thus, Fe 
2p peaks of ZFMH have been slightly shifted toward lower BEs with 
respect to ZFMS and this indicates towards the possibility of presence of 
Fe2þ ions in ZFMH [59]. The high-resolution Fe 2p3/2 XPS spectra of 
ZFMS and ZFMH (Fig. 6 (b) and (c)) are deconvoluted into two and three 
sub-peaks, respectively. The peaks at 709.2 and 710.9 eV (Fig. 6 (b)) can 
be assigned to Fe3þ (A) and [B] sites of ZnFe2O4, respectively. The area 
ratio corresponding to peaks due to Fe3þ ions at (A) and [B] sites (Fe3þ

A: 

Fe3þ
B) is 1:2.56. The peak at 707.9 eV for ZFMH (Fig. 6 (c)) can be 

assigned to the Fe2þ 2p3/2 peak at (B) site [60] while The peaks located 
at 709.2 and 710.4 eV correspond to Fe3þ (A) and [B] sites, respectively 
[54,55]. The area ratio of the peaks corresponding to Fe2þ and Fe3þ ions 
(Fe2þ: Fe3þ) is 1:8 whereas, the area ratio Fe3þ

A: Fe3þ
B ratio is 1:1.25. 

Moreover, Fe 3p peaks in XPS spectra of ZFMS and ZFMH (Fig. 6 (d)) are 
found at the BEs of 55.3 and 54.8 eV, respectively. The high-resolution 
Zn 2p XPS spectrum of ZFMS consist of two peaks which can be allocated 
to Zn 2p3/2 and Zn 2p1/2 states. The Zn 2p3/2 peak for ZFMS (Fig. 7 (a)) is 
fitted with two sub-peaks centered at 1021.7 and 1022.3 eV assigned for 
Zn2þ at (A) and [B] sites, respectively. The area ratio of the peaks cor
responding to Zn2þ at (A) and [B] sites (Zn2þ

A: Zn2þ
B) of ZnFe2O4 is 

1:1.26. The peak at BE 1045.1 eV can be assigned to Zn 2p1/2 state [56]. 
In the high resolution Zn 2p XPS spectrum of ZFMH (Fig. 7 (b)) two 
insignificant peaks due to Zn 2p3/2 and Zn 2p1/2 are noticed, which 
suggests that trace amount of Zn in þ2 oxidation state is present in 
ZFMH. The O 1s XPS spectra of ZFMS and ZFMH are shown in Fig. 8 (a) 
and (b). The broad and asymmetric peak in O 1s XPS spectrum of ZFMS 
is deconvoluted into three sub-peaks whereas O 1s XPS spectrum of 
ZFMH is fitted with two sub-peaks. It may be noted that in ZFMS both 
metallic iron and zinc are present. Hence, the signature of oxygen con
taining Zn and Fe species is expected in O 1s XPS spectrum of ZFMS. 
Further, the area ratio of the peaks located at 530.1 and 530.6 eV is 
1:1.9, which is close to the ratio of Zn2þ and Fe3þ (1:2) in ZFMS. Thus, 
the peaks at BEs 530.1 and 530.6 eV can be assigned to O2� ions in Zn–O, 
Fe–O frameworks of ZnFe2O4, respectively. Only a single peak located at 
530 eV is observed in the O 1s XPS spectra of ZFMH which can be 
assigned to O2� in Fe–O framework. No peak due to O2� ions in Zn–O 
framework has been observed in O 1s XPS spectrum of ZFMH as only a 
trace amount of Zn2þ is present in this sample. The peaks with BEs 532.1 

Fig. 6. Core level XPS spectrum corresponding to the (a) Fe 2p peak of ZFMS and ZFMH, (b) fitted Fe 2p peak of ZFMS, (c) fitted Fe 2p peak of ZFMH and (d) Fe 3p 
peak of ZFMS and ZFMH. 
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eV for ZFMS and 531.6 eV for ZFMH can be assigned to the surface 
absorbed oxygen containing species (possibly water molecules) [55,57, 
58]. 

3.3. Magnetic and hyperfine study 

Fig. 9 (a) and (b) show the thermal dependence of magnetization for 

ZFMS and ZFMH at a field of 100 Oe. The magnetic moment of the zero 
field cooled (ZFC) curve of ZFMS remains almost constant between 300 
and 200 K, below which it decreases gradually with decreasing tem
perature up to 25 K; under 25 K the moment falls sharply indicating a 
spin glass like random freezing [41]. The field cooled (FC) curve follows 
the trend of a typical superparamagnetic substance [61] and increases 
simultaneously with decreasing temperature; further below 25 K it 

Fig. 7. Core level XPS spectrum corresponding to the Zn 2p peak of (a) ZFMS and (b) ZFMH.  

Fig. 8. Core level XPS spectrum corresponding to the O 1s peak of (a) ZFMS and (b) ZFMH.  

Fig. 9. ZFC-FC magnetization curves of (a) ZFMS and (b) ZFMH at 100 Oe. The FC and ZFC magnetization is represented by pink and the blue lines, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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becomes almost constant. The ZFC and FC curves do not coincide up to 
300 K (highest measurement temperature). The temperature depen
dence of magnetization for ZFMS suggests that the nanoparticles 
constituting the microsphere are superparamagnetic in nature and they 
possess a broad particle size distribution which results in a wide range of 
blocking temperatures. But due to aggregate formation, their magnetic 
behavior has been overshadowed and thus, they exhibit collective 
magnetic excitations at room temperature, which can be further 
confirmed from Mӧssbauer spectroscopy. Further, due to the random
ness in distribution of anisotropy energy, spins freeze randomly with the 
decrease in temperature and lead to the formation of spin glasslike state 
[62]. The ZFC and FC curves of ZFMH display a completely different 
behavior from ZFMS. The ZFC and FC curves are slightly bifurcated from 
300 K with almost no temperature dependence up to 150 K. The ZFC 
curve exhibits a distinct peak at ~120 K and at the same temperature; 
the FC magnetization curve takes a sudden leap after which it tends to be 
constant. Below 120 K, the magnetic moment of ZFC curve decreases 
sharply with decreasing temperature, while FC curve remains almost 
constant with negligible dependence on temperature. This behavior of 
the ZFC-FC curves is reminiscent of the Verway transition [63]. Some of 
the works on MFe2O4 (M ¼ Mn2þ, Zn2þ, Co2þ, Ni2þetc.) have ruled out 
the occurrence of Verway transition in them [64,65]. But, in the present 
case, we have found a signature of Verway transition in the ZFC-FC 
curves of ZFMH at 100 Oe. We have also recorded the ZFC-FC curves 
of ZFMH at 500 Oe (Fig. S3) and found similar trend as in 100 Oe curves, 
which reinforces the proposition of Verway transition in the present 
case. 

We have further recorded the curves of field dependence on 
magnetization (M � H) at 300, 100 and 10 K in the field range of �1 T 
for both ZFMS and ZFMH (Fig. 10). The M � H loop for ZFMS does not 
show any hysteresis (HC) at 300 K supporting its superparamagnetic 
behavior. The 100 K M � H loop shows slight coercivity and high 
saturation magnetization (MSAT) as compared to 300 K M � H curve 
indicating development of magnetic ordering at this temperature. The 
M � H curve for ZFMH shows small value of HC at 300 K suggesting 
presence of magnetic ordering at this temperature. The values of MSAT 
for ZFMS and ZFMH have been estimated by using the law of approach 
to saturation. The values of MSAT and HC are presented in Table 2. We 
have compared the values of saturation magnetization at 300 K of the 
present samples with that of other ZnFe2O4 solid and hollow micro
spheres available in literature, and enlisted them in Table 3. It seems 
that reaction parameters strongly influence the formation of micro
spheres and consequently their magnetic properties. 

The room temperature (300 K) M€ossbauer spectra (Fig. 11 (a) and 
(b)) show a strong superparamagnetic doublet along with diffused sex
tets for ZFMS and well-defined sextet with a clearly split left most line 
for ZFMH. Both the spectra have been fitted with “Lorentzian site 

analysis” of Recoil program [66]. The 300 K M€ossbauer spectrum of 
ZFMS has been fitted with a doublet and two sextets whereas that of 
ZFMH has been fitted with two sextets. The fitting of both the samples is 
good enough and the values of hyperfine parameters are trustworthy. 
The results have been summarized in Table 4. The doublet is a signature 
of superparamagnetic character of the nanoparticles constituting ZFMS, 
whereas the diffused sextets are a result of collective magnetic excitation 
caused by nanoparticle aggregation. ZFMS has been formed by self as
sembly of nanoparticles of variable size and assorted shape. So, ZFMS 
consist of both superparamagnetic and magnetically well-ordered par
ticles, which give rise to an admixture of a doublet and two diffused 
sextets. The doublet is predominant indicating that most of the con
stituent particles are superparamagnetic. The ZFC-FC study has also 
given clear indication in regard of superparamagnetic character of the 
constituent particles. But, due to variation in the size of the nano
particles, there is a wide range of distribution in blocking temperature. 
Since ZFMH is nonstoichiometric with very few Zn2þ ions and has shown 
Verway transition in its ZFC-FC study, so we have fitted the 300 K 
M€ossbauer spectrum of ZFMH with two sextets; one pertaining to the 
Fe3þ ions at tetrahedral site and the other to Fe ions which generally 
exhibit an exchange of type Fe2þ ↔ Fe3þ [67]. The values of hyperfine 
magnetic field (HMF) obtained from fitting for (A) and [B] sites are 
57.58 and 51.39 T, respectively. The higher HMF value for (A) site 
corresponds to the contribution from about half of the Fe3þ ions present 
in the sample and the lower value of HMF for [B] site comes from Fe ions 
involving Fe2þ ↔ Fe3þ exchange [67]. The presence of clear sextet in 
the M€ossbauer spectrum of ZFMH suggests that the sample is magneti
cally well ordered at this temperature, which also corroborates the 
ZFC-FC study. 

Fig. 12 presents the simulated and experimental infield and without 
field M€ossbauer spectrum of ZFMS (Fig. 12 (a) & (b)) and ZFMH (Fig. 12 
(c) & (d)). The split 1st and 6th lines in infield spectrum of both ZFMS 
and ZFMH are a signature of their ferrimagnetic character [40,61,62]. 
The existence of 2nd and 5th lines in the infield spectrum of ZFMS is 
clear indicator of presence of spin canting in the sample [40,68,69]. We 
have fitted the infield spectra with two sextets by using “Lorentzian site 

Fig. 10. M � H (hysteresis) loop of (a) ZFMS and (b) ZFMH at 300 (black line), 100 K (red line) and 10 K (blue line) shown between � 1 T. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Values of saturation magnetization (MSAT) and coercivity (HC) for ZFMS and 
ZFMH.  

Sample Temperature (K) MSAT (emu/g) HC (Oe) 

ZFMS 300 41.5 0 
100 64.0 55 
10 85.7 170 

ZFMH 300 77.0 90 
100 84.5 100 
10 90.75 190  
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analysis” of Recoil program and tried to obtain the precise values of 
canting angles along with other hyperfine parameters. The results have 
been summarized in Table 5. The values of isomer shift (IS) assure about 
the presence of only Fe3þ ions in the sample [40,68,69]. The goodness of 
the fitting suggests that the two component fitting is capable of 
divulging the hyperfine character of this system precisely. The ratio of 
Fe3þ ions in (A) to [B] site (Fe3þ

A/Fe3þ
B) of ZFMS is 0.39, whereas in 

ideal case no Fe3þ ion should have been present in tetrahedral (A) site. 
This affirms that Fe3þ ions have migrated from [B] to (A) site in ZFMS. 
So, as per the ratio of Fe3þ

A/Fe3þ
B obtained from infield spectrum, we 

propose a cation distribution for ZFMS as: (Zn0.44Fe0.56)[Zn0.56Fe1.44] 
O4. The infield M€ossbauer spectrum of ZFMH discards the presence of 
spin canting in the sample. We have found from EDS study that ZFMH is 
nonstoichiometric in nature and it has also shown Verway transition in 
its ZFC-FC curves. It is well known that the latter is only possible if both 
Fe2þ and Fe3þ ions are simultaneously present at [B] site of the spinel 
lattice [70,71]. So, we have fitted the infield M€ossbauer spectrum of 
ZFMH by three sextets, where1st and 2nd correspond to Fe3þ ions at (A) 
and [B] site, and 3rd to the Fe2þ ions at [B] site. The goodness of fitting 

and the values of isomer shift obtained from the fitting suggest that our 
proposition of presence of both Fe2þ and Fe3þ ions in the [B] site is 
correct. The values of hyperfine parameters have been included in 
Table 5. The proportion of intensity of Fe2þ ions in [B] site and the value 
of Fe3þ

A/Fe3þ
B obtained from the infield M€ossbauer spectrum suggest 

that there is a vacancy of cations in the [B] site. So to account for the 
nonstoichiometry of ZFMH and the speculated cation vacancy at [B] site, 
we have deduced the following possible cation distribution for ZFMH 
from the ratio of intensities of Fe3þ at (A) to [B] sites and Fe2þ to Fe3þ

ions in the infield M€ossbauer spectrum: (Fe3þ
XZn2þ

1-X) 
[Fe2þ

1-3ZFe3þ
1þ2ZΦZ]O4, where Φ corresponds to vacancies that have 

appeared in the lattice to account for charge balance [72]. The formula 
can be written as: (Fe3þ

0.925Zn2þ
0.075)[Fe2þ

0.31Fe3þ
1.46Φ0.23]O4. The 

ratio of Fe:Zn from the so obtained cation distribution is in good 
agreement with the ratio of the same estimated from EDS study. Further, 
the Verway transition in ZFMH can now be clearly asserted to the 
possible charge orbital ordering established due to the simultaneous 
presence of Fe2þ and Fe3þ ions in the [B] site. 

Table 3 
Comparison of the room temperature (300 K) saturation magnetization MSAT values of ZnFe2O4 microspheres with literature values.  

Sl 
No. 

Synthesis 
procedure 

Type of 
microsphere 

Surfactant, reaction temperature (�C) & time 
(hours) 

Diameter of microsphere 
(nm) 

MSAT (emu/ 
g) 

Reference 

1. Solvothermal solid NaAc þ PEG, 200 & 8-72 200–800 60 [15] 
2. Solvothermal solid NaAc, 200 & 12 450 (with particle sizes) 

11.6 nm 
16.2 nm 
20.5 nm 

49.5 
53.8 
61.3 

[23] 

3. Solvothermal hollow NaAc þ PEG, 180 &16 100–210 32 [16] 
4. Solvothermal hollow NH4Ac, 170–200 & 24-48 200–450 80.2 [24] 
5. Solvothermal hollow NH4Ac, 210 & 48 127 76.2 [26] 
6. Solvothermal hollow PEG-600, 200 & 24 400 83.4 [29] 
7. Hydrothermal hollow SDS þ TMAOH, 180 & 48 70–100 47.7 [34] 
8. Solvothermal solid NaAc þ PEG, 180 & 20 314 41.5 ZFMS (present 

study) 
9. Solvothermal hollow NH4Ac, 170 & 17 375 77 ZFMH (present 

study)  

Fig. 11. M€ossbauer spectrum of (a) ZFMS and (b) ZFMH at 300 K.  

Table 4 
Hyperfine parameters obtained by fitting the M€ossbauer spectra of ZFMS and ZFMH at 300 K.  

Sample Spectra Site IS (�0.02) 
(mm s� 1) 

QS (�0.07) 
(mm s� 1) 

HMF (�0.1) 
(T) 

Width (�0.03) 
(mm s� 1) 

Area (�0.3) 
(%) 

ZFMS Sextet [Fe3þ
A] 0.37 0.0 41.0 0.45 21.36 

[Fe3þ
B] 0.47 0.0 50.0 0.55 54.76 

Doublet – 0.39 0.45 – 0.30 23.87 
ZFMH Sextet [Fe3þ

A] 0.29 0.10 57.58 0.40 33.33 
[FeB] 0.69 0.33 51.39 0.48 66.67  
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4. Discussion 

The structural and morphological characterization through PXRD, 
FESEM and TEM reveals following facts about ZFMS and ZFMH. ZFMS of 
diameter ~314 nm are composed of particles of crystallite size ~25 nm. 
They have crystallized in cubic spinel phase with lattice parameter 
~8.487 Å. ZFMH has a hollow interior and an outer shell formed by 
continuous overlapping of layers of nanoparticles whose boundaries are 

indistinguishable. The smallest region of regular crystalline structure in 
ZFMH is of ~80 nm and it has also crystallized in cubic spinel phase. The 
value of lattice parameter for ZFMH is ~8.432 Å. The lattice parameter 
for bulk ZnFe2O4 is ~8.440 Å (ICDD card no: 82–1049). So, the lattice 
parameters of ZFMS and ZFMH are in good agreement with that of bulk 
ZnFe2O4, which suggests that the results of PXRD analysis are reliable. 
We have found that the crystallite size of ZFMH is quite large and clear 
boundaries of single particles are not separable in the TEM micrographs. 

Fig. 12. Fitted M€ossbauer spectra of ZFMS at (a) 5 K with 5 T external magnetic field, (b) 5 K without field and ZFMH at (c) 5 K under 5 T external magnetic field, (d) 
5 K without field by using Lorentzian site analysis method of the Recoil program. 

Table 5 
Values of zero field and infield M€ossbauer parameters of the sample at 5 K determined by Lorentzian profile fitting.  

Sample Temperature/Field Site Width 
(mm s � 1) 

IS 
(mm s � 1) 

2ε 
(mm s � 1) 

Beff
a 

(T) 
Bhf 

(T) 
A23 θb 

(Degree) 
Area 
(%) 

(�0.03) (�0.03) (�0.03) (�0.14) (�0.14) (�0.02) (�0.2) 

ZFMS 5 K/5T [Fe3þ
A] 0.35 0.35 0.00 56.5 51.57 0.05 9.04 28.12 

[Fe3þ
B] 0.47 0.47 0.00 47.8 52.35 0.41 25.54 71.87 

5 K/0 T [Fe3þ
A] 0.35 0.35 0.00 – 51.57 – – 28.12 

[Fe3þ
B] 0.47 0.47 0.00 – 52.35 – – 71.87 

ZFMH 5 K/5T [Fe3þ
A] 0.35 0.36 0.00 55.44 50.43 0.0 0.0 39.50 

[Fe3þ
B] 0.40 0.47 0.01 46.50 51.50 0.0 0.0 49.35 

[Fe2þ
B] 0.40 0.70 0.00 46.50 51.50 0.0 0.0 11.11 

5 K/0 T [Fe3þ
A] 0.35 0.36 0.00 – 50.43 – – 39.50 

[Fe3þ
B] 0.40 0.47 0.01 – 51.50 – – 49.35 

[Fe2þ
B] 0.40 0.70 0.00 – 51.50 – – 11.11 

cEstimated according to the relationship of Beff, Bhf and applied field. 
a Observed HMF (BHF) is the vector sum of the internal HMF and the external applied magnetic field. 
b The average canting angle estimated from the ratio of the intensities of lines 2 and 3 from each subspectra, I2/I3 (A23) according to θ ¼ arccos [(4- I2/I3)/(4 þ I2/ 

I3)]1/2. Where I2/I3 ¼ A23. 
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Further, each bright single spot in the SAED pattern corresponds to a 
single large crystallite. The clear hyperfine split sextets in the 300 K 
Mӧssbauer spectrum of ZFMH also clearly indicates that the particles 
constituting it are larger in size, bear excellent crystalline character and 
consequently, are magnetically well-ordered. 

The cation distribution proposed for ZFMS and ZFMH on the basis of 
valance state and the occupancy of iron ions at tetrahedral (A) and 
octahedral [B] sites of ZnFe2O4 obtained from the results of M€ossbauer 
spectroscopic study can be verified by taking into account the valance 
state and ratio of metal ions determined through XPS study. In case of 
ZFMS, the value of Fe3þ

A/Fe3þ
B determined from M€ossbauer spectro

scopic study is 0.39, which is same as that obtained from XPS study. 
Further, for ZFMS, the area ratio of Zn2þ at (A) and [B] sites (Zn2þ

A/ 
Zn2þ

B) is 0.79 while the value of the same for cation distribution pro
posed for ZFMS on the basis of M€ossbauer spectroscopic study is 0.786. 
Thus, the results of M€ossbauer spectroscopic and XPS studies corrobo
rate with each other and together with confirm that the cation distri
bution for ZFMS is (Zn0.44Fe0.56)[Zn0.56Fe1.44]O4. It may be noted that in 
ZnFe2O4 Zn2þ ions preferably occupy the (A) site [24]. However, in this 
case the Zn2þ ions have migrated from (A) to [B] sites by replacing equal 
amount of Fe3þ ions of [B] sites and pushing them to the (A) sites. Now, 
the cation distribution (Fe3þ

0.925Zn2þ
0.075)[Fe2þ

0.31Fe3þ
1.46Φ0.23]O4 for 

ZFMH has been determined using the ratio of Fe3þ
A/Fe3þ

B and 
Fe2þ/Fe3þ as obtained from M€ossbauer spectroscopic study keeping in 
mind the charge balance condition. Again, both XPS and M€ossbauer 
spectroscopic studies confirm the presence of Fe2þ ion in [B] sites of 
ZFMH. According to the M€ossbauer spectroscopic study the values of 
Fe3þ

A/Fe3þ
B and Fe2þ/Fe3þ for ZFMH are 0.81 and 0.125, respectively, 

while the corresponding values obtained from the analysis of Fe 2p3/2 
XPS spectra are 0.80 and 0.125, respectively. Thus, the results of 
M€ossbauer and XPS studies match well for ZFMH. The XPS study also 
indicates that very small amount of Zn is present in ZFMH. According to 
EDS study the ratio of Fe:Zn is ~45:0.8. Thus, ZFMH should be non
stoichiometric in nature and cation vacancy is inhabitable in it to 
maintain charge balance. Therefore, the perfect matching of occupancy 
of Fe3þ and Fe2þ ions at tetrahedral (A) and octahedral [B] sites for 
ZFMH suggests that the proposed cation distribution is correct and there 
is cation vacancy in this sample. 

In order to test the accuracy of the cation distribution of ZFMS and 
ZFMH deduced from infield Mӧssbauer spectroscopic studies, we have 
calculated the theoretical value of magnetic moment per formula unit 
using the same and compared them with their experimental values ob
tained from dc magnetic studies. The theoretical magnetic moment per 
formula unit (mth) of ferrites can be written as mth ¼mBcosθB – mAcosθA 
where, mB and mA are the magnetic moments associated with [B] and 
(A) sublatttice of the spinel structure, respectively, θA and θB are the (A) 
and [B] site canting angles, respectively. Taking into consideration the 
values of θA and θB for ZFMS, we have found the value of mth as 3.73 μB. 
The experimental magnetic moment per formula unit (mexp) obtained 
from the value of MSAT of 10 K M � H curve is 3.70 μB. The value of mth 
and mexp for ZFMH are 3.915 and 3.917 μB, respectively. The values of 
mth and mexp for both ZFMS and ZFMH are in excellent agreement. So, 
the deduced cation distribution of both ZFMS and ZFMH are 
trustworthy. 

The dc magnetic measurements and Mӧssbauer spectroscopic studies 
give rise to some interesting magnetic phenomena such as super
paramagnetism, spin glasslike freezing and collective magnetic excita
tions in ZFMS while most importantly Verway transition in ZFMH. ZFMS 
have been formed by aggregation of nanoparticles of assorted shape and 
sizes. As a result, they display broad superparamagnetic hump in their 
ZFC curve at higher temperatures with a distribution of blocking tem
peratures. On lowering the temperature, the spins freeze in random 
orientations due to competing sublattice interactions along with frus
trations and the entire system stabilizes in a spin glasslike state. The 
room temperature Mӧssbauer spectroscopic studies of ZFMS reveal 
mixed magnetic phase possessing a superparamagnetic doublet along 

with diffused sextets. This result complies with the dc magnetic obser
vations that the sample consists of nanoparticles with a broad particle 
size distribution consisting both superparamagnetic and magnetically 
well-ordered particles. There is an anomaly between the results of low 
temperature Mӧssbauer spectroscopic studies and the dc magnetic 
measurement. The 5 K zero field and infield Mӧssbauer spectrum assure 
ferrimagnetic ordering within the sample whereas ZFC curve displays 
spin glasslike behavior at about same temperature. The difference arises 
from the fact that Mӧssbauer spectroscopy probes fluctuations of mag
netic moment in the locality of Fe3þ ions whereas dc magnetic study 
records the magnetization as a whole. 

ZFMH displays Verway transition in its dc magnetic studies. It is well 
known that Verway transition has been observed in magnetite at ~124 K 
[70,71]. Below this temperature, a first-order metal insulator transition 
takes places as a result of charge ordering between Fe3þ and Fe2þ ions at 
[B] site of the spinel lattice [70]. From literature survey, it is apparent 
that Verway transition is very prone to impurities and disappears with a 
little perturbation [73]. So, it is one of the most intriguing topics to 
researchers. Recently, Yeo et al., have found Verway transition in Gd 
doped magnetite nanoparticles and suggested that charge- orbital 
ordering has mainly instigated the transition [74]. In the present case, 
we have found from EDS study that ZFMH is nonstoichiometric in nature 
with very few Zn2þ ions in the system. The XPS study also corroborates 
this fact. From the results of XPS and low temperature Mӧssbauer 
spectroscopic studies we have found that apart from Fe3þ ions, Fe2þ ions 
are also present in ZFMH. These Fe2þ ions are the product of redox re
action of ethylene glycol (solvent) and Fe3þ ions [75]. Further, NH4Ac 
was used as hollowing agent in the synthesis of ZFMH. NH4Ac is a 
weak-acid–weak-base salt that can be hydrolysed at high temperature in 
the presence of a trace amount of water coming from FeCl3⋅6H2O as 
follows:  

NH4Ac þ H2O ↔ HAc þ NH3.H2O                                                        

NH3.H2O ↔ NH4
þ þ OH�

Zinc has a tendency to form a very stable zinc amine complex. It 
seems that the Zn2þ ions at (A) site may have been replaced by Fe3þ ions 
from [B] site of the spinel lattice. Those misplaced Zn2þ ions have not 
migrated to [B] site following their strong chemical affinity towards (A) 
site; instead they may have formed the amine complex and remained in 
the solution, which was separated out during ultracentrifugation. As a 
result, a vacancy of Zn2þ ions has occurred in the lattice. Moreover, 
Verway transition is also sensitive to the nature of surface atoms [74] 
and no surface spin canting has been observed for ZFMH from its infield 
Mӧssbauer spectroscopic study. Thus, it seems that presence of consid
erable amount of Fe2þ ions at [B] site in addition to Fe3þ ions resulting in 
charge-orbital ordering and absence of any surface spin canting leading 
to more symmetric coordination have together contributed to the 
occurrence of Verway transition in ZFMH. 

5. Conclusion 

The ZnFe2O4 solid and hollow microspheres, which have been syn
thesized by one-step solvothermal technique, display unique magnetic 
and hyperfine properties. The presence of collective magnetic excita
tions in the solid microspheres has been attributed to its nanoparticle 
self-assembled structure, which possesses both superparamagnetic and 
magnetically well-ordered particles. The appearance of Verway transi
tion in the hollow microspheres has been mostly instigated by the charge 
orbital ordering between Fe3þ and Fe2þ ions in the [B] site of the spinel 
lattice. Presence of spin canting has been detected in the solid micro
spheres from its low temperature infield Mӧssbauer spectroscopic 
studies, whereas a possible cation vacancy along with existence of Fe2þ

ions at [B] site of the spinel lattice has been found in the hollow mi
crospheres. The cation distribution of both the microspheres has been 
testified by comparing the theoretical and experimental values of 
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magnetic moment per formula unit and found to be reliable. 
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Abstract
Herein, we report the electrochemical study of nanosized Co0.5Zn0.5Fe2O4 synthesized by hydrothermal method. Structural and
microstructural characterization has been carried out by powder x-ray diffraction (PXRD) and transmission electron microscopic
techniques. spectroscopy has been performed to analyze the optical property of the sample. The PXRD 
study suggests that the sample has crystallized as a single-phase cubic spinel ferrite with Fd m symmetry. The average particle 
size is ~ 19 nm. The band gap of the sample is 1.75 eV. The sample exhibits maximum specific capacitance of 85.5 F/g at 10 mV/s 
scan rate. The pseudocapacitive behavior of the sample can be ascertained from the non-rectangular shape of cyclic voltammetry 
curves. The sample can act as a supercapacitor.

Introduction

In the fast-growing world, development of energy 
storage devices is gaining special attention in order to 
sustainably harness the depleting energy resources. 
Supercapacitors are emerging as the most promising 
next-generation energy storage devices due to their 
high-power density and longer cycling life [1]. The 
supercapacitor performance is mainly governed by the 
surface morphology and electrical properties of 
electrodes [1]. Nanosized ferrites are appearing as
potential candidates for supercapacitor application 
owing to their high surface to volume ratio, low price,
environmental benignity and large abundance [1]. But, 
electrochemical properties of mixed ferrites have not 
been explored abundantly [1]. In this regard, 
investigation of electrochemical properties of 
nanosized Co0.5Zn0.5Fe2O4 and accessing their 
application as supercapacitor appears promising. 

Experimental

The nanosized Co0.5Zn0.5Fe2O4 (CZ5050) has been 
synthesized by hydrothermal method maintaining
proper stoichiometric ratio following the procedure 
described in our earlier work [2]. 

The powder X-ray diffraction (PXRD) data and
high-resolution transmission electron micrograph
were recorded using Bruker D8 Advanced
Diffractometer and Jeol2100 HRTEM, respectively.
The diffuse reflectance spectroscopy (DRS) spectrum
of the sample was
spectrometer (Lambda 35). The working electrode for 
cyclic voltametric measurements was fabricated by
adopting the procedure described in our earlier work

[1] and measurements were carried out using a 
potentiostat instrument (Digi-ivy, model No. 
DY2300).

Results and Discussion

Structural and microstructural 
characterization

The PXRD pattern of CZ5050 (Fig. 1) match well with 
JCPDS ICDD card numbers 22 1086 and 82 1049 for 
Co and Zn ferrite, respectively. The data has been 
refined using MAUD2.33 package [3] and the values 
of structural, microstructural and refinement 
parameters are presented in Table 1.

Table 1. Crystal data and refinement parameters
Parameters CZ5050

Crystallite size (nm) 17
Microstrain 3.76×10-3

Lattice parameter (a(Å)) 8.372
Density (g cm-3) 5.304
Rwp 0.008
Rexp 0.005
GOF 1.21

The TEM micrograph of CZ5050, given in Fig. 2,
suggest that the constituent particles are non-spherical
in shape and possess a size distribution. The average 
particle size of CZ5050 obtained by fitting with 
lognormal distribution function is 19 nm, which is
slightly greater than the crystallite size due to strong 
tendency of agglomeration.

Study of Optical Properties

The reflectance spectrum (DRS) of 
CZ5050 shown in Fig. 3 displays an absorption edge
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at around 705 nm. The band gap of CZ5050 is 1.75 eV
(shown in inset of Fig.3), as estimated from the 

2

absorption coefficient [4].

Fig. 1. PXRD pattern of CZ5050

Fig. 2. TEM micrograph of CZ5050

Fig. 3. UV-DRS spectrum of CZ5050 and 2 versus 
(inset)

Electrochemical performance study

The cyclic voltammograms (CV) of CZ5050 electrode 
at scan rates of 10, 20, 50, 100 and 200 mV/s in the 
potential range of ±0.3 V with reference to the
saturated calomel electrode are illustrated in Fig. 4.

The deviation from the rectangular shape of the CV 
curves can be ascribed to the pseudocapacitive 
behavior of CZ5050 originating from the transfer of 
charges between electrode and electrolyte through 
electrosorption and intercalation processes. The values 
of specific capacitance (CS) have been calculated from 
the CV plot using formula described elsewhere [1]. CS

values for CZ5050 at scan rates of 10, 20, 50, 100 and 
200 mV/s are 85.5, 56, 25, 20 and 17 F/g, respectively.
At higher scan rates, ions get attached to the atoms of 
the electrode escalating obstruction in the charge 
transfer process leading to the drop of capacitance.
Further, the area of the CV curves increases with the
sweep rate, keeping the shape of the curves unaltered, 
reflecting good electrochemical response of the
sample [1].

Fig. 4. CV plots of CZ5050

Conclusion

The PXRD and TEM suggest that CZ5050 is a well 
crystalline, single phase spinel ferrite with average 
particle size ~ 19 nm. CZ5050 exhibits good 
electrochemical performance due to its nano size, 
morphology and lower band gap energy and can act as 
a supercapacitor.
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