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SYNOPSIS

Nanostructured materials are at the helm of advanced materials development that
has witnessed an explosion of interest during recent years. At nanoscale, surface effects
become more significant due to the increased fraction of surface atoms within the tiny
particle. Interesting physical and chemical properties of nanomaterials, originating from
the surface and quantum effects, are being used in developing applications in the
manufacturing of faster and smaller communications devices, electronics and medical
gadgets, ultrasensitive and fast sensors, safety and security devices[1]. Among various
nanostructured materials, magnetic nanomaterials are one of the most important classes
of nanostructured materials due to their potential applications in biomedical,
environmental remediation and electronic industries. In magnetic nanomaterials, the
magnetic structure at the surface layer is greatly different from that in the interior of
nanoparticle as the symmetry is reduced for the cations at the surface due to the
incomplete coordination sphere. The finite-size and surface effects drastically change the
magnetic properties of nanoparticles in comparison with their bulk counterpart. Further,
below a critical size, the nanoparticle becomes a single magnetic domain where the
particle no longer sustains a domain wall and consists of a uniformly magnetized core
carrying a net magnetic super-moment frozen along one of its magnetocrystalline easy

directions[2].

Magnetic iron-oxide nanoparticles contribute significantly to the current

revolution in nanomedicine due to their unique properties such as high surface area to



volume ratios and superparamagnetism[3, 4]. Superparamagnetic properties are being
exploited in medical applications such as magnetic resonance imaging (MRI) [5], drug
and gene delivery[6], tissue engineering[7], magnetic hyperthermia[8] and
bioseparation[9]. Iron-oxide nanoparticles of mean particle diameter less than 100 nm
are ideal for biomedical applications[3]. The beauty of working with such particles is
that they can be manipulated by an external magnetic field. Besides biomedical
applications, Iron oxide nanoparticles have been found to have applications in heat
transfer,[10] sensors,[11] ferrofluids,[12, 13] and catalysis[14]. They have also been
used as a model system to probe weak molecular interaction between colloidal

materials[15].

Many efficient synthetic routes have been developed to produce shape-controlled,
highly stable, and monodisperse magnetic nanoparticles[1]. Techniques such as co-
precipitation,[16] thermal decomposition,[17] reverse micelle  synthesis,[18]
hydrothermal synthesis,[19] laser pyrolysis[20], and microwave assisted[21] synthesis
have been used to produce high-quality magnetic nanoparticles. Among various
techniques for magnetite synthesis, the co-precipitation method is a convenient approach
to produce nanoparticles from aqueous salt solution. The advantages of co-precipitation
process are that it does not produce or use any toxic intermediates or solvents, does not
require precursor complexes and high reaction temperatures. It has become a popular
technique because of its ability to be scaled up, its reproducibility and its eco-friendly
reaction conditions[1, 22]. The formation pathways of magnetite in co-precipitation
process depend on the rate of alkali addition. The akaganeite (3-FeO(OH)) undergoes a

transformation to magnetite through goethite (a-FeO(OH)) when the alkali is added



slowly to the iron salt solution. During rapid alkali addition, an additional phase of
ferrous hydroxide is nucleated, which is subsequently converted to magnetite through an
intermediate phase of lepidocrocite (y-FeO(OH)). In co-precipitation reaction, the
magnetite formation pathways co-exist and always take place through iron hydroxide
intermediate, but the dominant process is the topotactic transformation of goethite to

magnetite[23].

In recent years, microwave assisted synthesis method is widely used to produce
nanocrystalline materials with higher yield over conventional heating techniques[21].
Specially designed microwave synthesis reactor allows an exquisite control on reaction
temperature, stirring rate and pressure inside the reaction vessel which is the unique
features of microwave apparatus over conventional heating apparatus. The heating effect
in the microwave arises from the interaction of the electric field component of the
microwave with charged particles in the material through both conduction and

polarization.

Under oxidative atmosphere, magnetic iron oxide nanoparticles (FesO4 and vy-
Fe,O3) undergo a phase transition to a thermodynamically stable and compact
antiferromagnetic hematite (a.-Fe,O3) phase at ~450 °C that limits the applications of iron
oxide nanoparticles beyond this temperature [24]. Therefore, it is necessary to augment
the y-Fe,O; to a-Fe,O3; phase transition temperature without affecting the magnetic
properties of iron oxide nanoparticles. Studies show that the y-Fe,O3 (maghemite) to a-
Fe,O3 (hematite) phase transition temperature can be enhanced by doping with suitable

elements,[25, 26] appropriate coating[27] and by using core-shell structure[28]. Early



studies show that the presence of foreign material like alumina can enhance the activation
energy for the y-Fe,O3 to a-Fe,O3 phase transition[29]. It has also been shown that a
strong oxide-oxide bonding between Fe3O,4 and SiO, can lead to an enhanced maghemite
to hematite phase transition temperature[27]. Lai et al. observed an enhancement in the
stability of maghemite phase till 550 °C with 8.5% of Mn doping.[25] Gnanaprakash et
al. showed that the alkali used in the synthesis has a crucial role in the phase transition
temperature of iron oxide nanoparticles [24]. It was found that ammonia based magnetite
nanoparticles are transformed to hematite at 500 °C whereas particles prepared by NaOH
retain the magnetic (maghemite) phase upto 600 °C. The enhancement was found to be
due to the presence of Na* ions in the magnetite crystal structure. It was shown that a
shell of SnO; over iron oxide nanoparticles is a good protecting agent up to 600 °C[28].
Such non-magnetic shell can reduce the saturation magnetization drastically. In general,
core-shell structures were found to be more reliable as protecting agents for high
temperature applications. However, the non-magnetic shell reduces the magnetic
properties, thus limiting their applications. Irrespective of the advances in this field,
preparation of magnetic nanomaterials with high thermal stability and high saturation
magnetization is still a challenge. Further, for effective utilization of ferrite nanoparticles
for practical applications, control on monodisperity, purity, magnetization and high
temperature stability of synthesized particle are prerequisites. This was one of the

motivations to undertake the studies in this thesis.

Tuning of curie temperature in ferrite nanoparticles is important for applications
such as heat transfer and magnetic hyperthermia[30]. Ferrite nanoparticles with curie

temperature very close to room temperature can be produced by suitable doping, thereby



compromising magnetic properties or purity[31]. Therefore, developing new synthesis
routes for producing pure ferrites with Curie temperature near room temperature with
high saturation magnetization is important. Also, understanding of magnetic properties of

fine ferrite nanoparticles is important for their technological applications.

The major objectives of the present study are:

% To develop methodologies to enhance the high temperature phase stability of

magnetite nanoparticles

% To obtain insight into the effects of cation doping on thermal stability and

magnetic properties of magnetite nanoparticles.

% To study the effect of reaction temperatures (during synthesis) on high

temperature phase stability and magnetic properties.

% To tailor ferrite nanoparticles with tunable magnetic properties like curie

temperature and saturation magnetization

This thesis presents the studies on the effect of different doping elements (Co, Zn, Na and
Mn) on the phase transition and magnetic properties of ferrite nanoparticles prepared
using coprecipitation and microwave method. It consists of eight chapters. The summary

of each chapter is given below

Chapter 1 gives a brief introduction to magnetic nanomaterials and their technological
applications. The structure and magnetism of ferrite nanoparticles are discussed in detail.
An extensive literature review on synthesis and phase transition studies in iron oxide

nanoparticles has been presented. Various methods adopted for preparing magnetite



nanoparticles with high temperature phase stability by doping, coating, core-shell etc. are

also discussed.

The synthesis methods and characterization techniques used for the studies are presented
in Chapter 2. Magnetic nanoparticles were prepared using both coprecipitation and
microwave synthesis methods. The advantages of these methods over other synthesis
methods are explained. The details of structural analysis and phase identification by
XRD, shape and particle size distribution analysis using transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS) experiments, determination
of trace element concentrations by atomic absorption spectroscopy (AAS) technique and
structural bonding information by Fourier transform infrared spectroscopy (FTIR) studies
are presented. Weight loss and phase transformation studies using thermogravimetric
(TGA) and differential scanning calorimetry (DSC) and magnetic property measurements
using cryogen-free Vibrating sample magnetometer are also discussed in this chapter.
Besides, the details of the horizontal tube furnace used for the air annealing of
nanoparticles and the working principle of zeta potential measurements to assess the

stability of nanofluids are also discussed.

In Chapter 3, the effect of Co?* ion doping in magnetite (FesO.) on its crystal structure,
magnetic properties and phase stability during air and vacuum annealing are discussed.
The nanoparticles are prepared by co-precipitation method. The SAXS analysis on the
doped samples shows that the most probable size, shape and the polydispersity of
particles, synthesized with different fractions of Co** ion doping (0 to 0.6) remain almost
the same. On increasing cobalt content, the ferrimagnetic to the antiferromagnetic

hematite (o-Fe,O3) phase transformation temperature is found to increase dramatically.
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For 0.1 fraction of Co®" metal ion doping, an enhancement of 100 °C in the magnetic to
a-Fe,;O3 phase transition temperature is observed in the air annealed samples, whereas the
magnetite phase is found to be maintained up to 1000 °C in vacuum annealed samples.
The observed enhancement in the phase transition temperature is attributed to the
increased activation energy for phase transformation in the presence of Co?* due to the
formation of stronger metal-oxide bond (Co-O). Further, the DSC results corroborate the
finding of an increase in the maghemite to hematite phase transition temperature with
increase in cobalt fraction (x). A decrease in enthalpy from 89.86 to 17.62 Jg™* with an
increase in cobalt content indicates that the degree of conversion of maghemite to
hematite is decreasing with the cobalt content, which is in good agreement with the
Rietveld analysis. The decrease in the saturation magnetization value in air annealed
sample is attributed to the re-distribution of Co®* and Fe**cations in the tetrahedral and
octahedral sites. This study suggests that a very small percentage of Co?* metal ion

doping can dramatically enhance the thermal stability of magnetite nanoparticles.

Chapter 4 discusses the effect of Zn®* doping on the crystal structure, magnetic
properties and the high temperature phase stability of magnetite nanoparticles under air
and vacuum annealing. The Zn** doped nanoparticles (ZnyFesxOs with x = 0, 0.2, 0.4 &
0.6) are prepared by co-precipitation technique. High temperature XRD studies show that
the decomposition of pure magnetite (FesO,) in vacuum is increased by 300 °C, with 0.2
fraction of Zn?* doping. The DSC studies under air environment also confirm that the Y-
Fe O3 to a-Fe,O3 phase transition temperature increases with the zinc fraction. The
increase in transition temperature is attributed to the increase in the activation energy of

the maghemite to hematite phase transition after the replacement of Fe** with larger

Vii



diameter Zn** in the tetrahedral site and also due to the strong Zn-O metal oxide bond
strength. The saturation magnetization increases from 61 to 69 emu/g upon 0.2 fraction of
Zn?*, which augments the utility of the Zn doped compound for practical applications.
All the Zn** doped samples showed superparamagnetic nature. This study led to the
development of an extremely useful method to produce superparamagnetic nanoparticles

with enhanced magnetic properties for high temperature applications.

The synthesis of magnetite nanoparticles doped with Na* ions by co-precipitation method
is discussed in Chapter 5. The y-Fe,O3 to a-Fe,O3 phase transition temperature is found
to increase with Na* concentration and the saturation magnetization is found to decrease
from 65 to 48 emu/g with 500 ppm of Na*. The samples with 500 ppm of Na®, retained
the saturation magnetization of 46 emu/g, even after air annealing at 600 °C. The phase
analysis done using Rietveld shows that the percentage of hematite (a-Fe,O3) formed
after air annealing at 600 °C is found to decrease with increase in Na* concentration. The
DSC studies further confirm the enhanced temperature stability upon Na doping. The
zeta potential of undoped and Na* doped magnetite particles are found to be -28 and -37
mV, respectively. The enhanced zeta potential of doped particles unambiguously
confirms that Na* ions are diffused into the crystals, which enhances the electrostatic

stabilization of suspended particles.

Chapter 6 deals with the effect of synthesis reaction temperature on the phase stability of
magnetite nanoparticles prepared using microwave method. Magnetite nanoparticles of
size raging from 7-10 nm are prepared from aqueous solutions of Fe®* and Fe®" salts by
microwave irradiation at different reaction temperatures ranging from 50 to 200 °C. The

average particle size of prepared particles, obtained from SAXS, is found to vary from 11
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to 15+1 nm as the reaction temperature is increased from 50 to 200 °C. The weight gain
curves under an external magnetic field show slope changes at 300 and 596 °C, which are
attributed to the magnetite to maghemite phase transition and ferrimagnetic to
paramagnetic magnetic transition (Curie point), respectively. The y-Fe,O3; to a-Fe;Os
phase transition temperature is found to be enhanced by 154 °C for the nanoparticles
prepared at 200 °C, probably due to enhanced activation energy for the cubic to a more
compact hexagonal transition. The observed increase in the phase stability of
nanoparticles prepared at elevated temperature is attributed to the diffusion of Na* in the
spinel structure during synthesis using NaOH. These results are useful to tailor magnetic

particles with enhanced thermal stability for practical applications.

The tuning of Curie temperature of Mn doped ZnFe,O,4 nanoparticles are discussed in
Chapter 7. Microwave assisted synthesis method has been used to prepare MnyZn;.
xFe204 nanoparticles, with x varying from 0 to 1. The X-ray diffraction revealed a single
phase crystalline spinel phase with crystallite size varying from 5.9 to 16 nm as the Mn
fraction increases from 0 to 1. The average particle size obtained from SAXS distribution
curve is found to be consistent with the TEM results. The observed increase in lattice
constant with increasing Mn concentration (between x=0.35 to 1) is attributed to the
replacement of smaller ionic radius Zn?* cations by larger diameter Mn?** cations. The
saturation magnetization varies from 6 to 52 emu/g for x= 0 to 1. The Curie point was
found to increase linearly from 226 to 390 K as the Mn fraction increases from 0.3 to
0.55. These results confirm that the relative fraction of Mn and Zn in the mixed ferrite
structure and their distribution in the A or B sites influences the particle size, lattice

parameter, Curie temperature and the magnetic properties. By varying the relative



fraction of Mn and Zn in ferrite structure, the particle size, lattice parameter, Curie
temperature and the magnetic properties are tuned, which makes them suitable for

temperature sensitive applications such as magnetic hyperthermia and electronic cooling.

A summary of the experiments done on high temperature phase transition studies and

tuning of Curie temperature are presented in Chapter 8.

It has been demonstrated that the thermal stability of Fe;O4 nanoparticles can be
dramatically enhanced by doing it with a low concentration of Co, Zn and Na. Under air
atmosphere, the maghemite to hematite phase transition is enhanced by 100 °C under air
annealing with 0.1 fraction of Co. The enthalpy change corresponding to y-Fe,O3 to a-
Fe,O3 phase transition decreases from 90 to 17 J/g as the Co fraction increased from 0 to
0.6 which indicates that the degree of conversion from maghemite to hematite decreases
with Co content. Under air atmosphere, the magnetic phase (y-Fe,O3) is retained till 656
°C with 0.6 fraction of Zn doping. The saturation magnetization increases from 61 to 69
emu/g with 0.2 fraction of Zn doping. The Na doping in Fe3O4 nanoparticles confirms
that y-Fe;O3 to a-Fe,O3z phase transition temperature increases with Na'. The zeta
potential results confirm that the Na* ions are diffused into the magnetic crystals. In situ
XRD study, under vacuum annealing, on Zn doped Fe3O,4 system shows that 0.2 fraction
of Zn doping can enhance the phase transformation temperature of spinel ferrite by
~300 °C. The spinel ferrite phase is found to be stable upto 1000 °C, with 0.1 fraction of
Co. Under vacuum annealing, no phase transition is observed up to 1000 °C with 500

ppm of Na doping in Fe3O4 nanoparticles.



Pure magnetite nanoparticles of size raging from 7-10 nm are prepared for the
first time by varying the reaction temperature from 50 to 200 °C using microwave
assisted method. The ferromagnetic y-Fe,O; to antiferromagnetic a-Fe,O3 phase
transition temperature is found to increase by 154 °C for the sample prepared at 200 °C,
which is attributed to the diffusion of Na* within the cubic lattice. Microwave assisted
synthesis method has also been successfully used to prepare MnyZn;«Fe 04
nanoparticles. The Curie point was found to increase linearly from 148 to 390 K as the
Mn fraction is increased from 0.1 to 0.55. The results show that by varying the relative
fraction of Mn and Zn in ferrite structure, the particle size, lattice parameter, Curie

temperature and the magnetic properties can be tuned.
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1.1 Nanomaterials: An Overview

The word ‘nano’ is derived from the Greek word ‘nanos’ which means dwarf. The nanoscale is
the intermediary between the atom and the bulk solid. Atoms are below a nanometer in size,
whereas many molecules, including some proteins, range from a nanometer upwards. The
concept of nanotechnology was first discussed in 1959 by the physicist Richard Feynman, in his
lecture ‘There’s plenty of room at the bottom’[1]. In his visionary lecture, he talked about the

possibility of miniaturization by manipulating material at nanoscale.

Nanotechnology deals with the manipulation of matter at the nanoscale, to create new materials,
structures and devices[2]. Nanoscience is broadly understood as the science behind the ability to
employ nanotechnology. The nanomaterials are likely to revolutionalize human life, by
developing materials for faster and smaller communication devices, electronic equipments,
medical gadgets, ultrasensitive and fast sensors, safety and security devices[3]. Nanomaterials
exhibit a variety of interesting properties due to high surface area to volume ratio than that of
their bulk counterparts. The large surface area of nanoparticles augments their chemical
reactivity, surface free energy, physical, electrical and mechanical properties. Nanomaterials also
exhibit quantum effect because the length scales of these materials are comparable to de Broglie

wavelength (A=h/p)[4].

Nanomaterials have exciting applications in medicine[3, 5, 6]. Colloidal gold[7] and iron oxide
nanoparticles [8, 9] are exclusively studied for drug delivery applications[10]. Nanomaterials are
also used as therapeutic and diagnostic agents which can be encapsulated, covalently attached or
adsorbed on to nanocarriers[5]. Another area of application is tissue engineering[11]. In the

recent years, optical detection schemes using magnetic nanomaterials have been developed for
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real time and label-free detection and recognition of single viruses and larger proteins[12].
Besides, dispersion of magnetic nanoparticles (ferrofluids) are also used in sealing, damping,
hydrodynamic bearings etc[13]. Despite these promising applications, nanotechnology faces

many challenges in fabrication of materials and devices.

Advances in characterization tools such as transmission electron microscopes (TEM), scanning-
tunneling microscopes (STM) and atomic force microscopes (AFM), X-ray and neutron
scattering and spectrometry have provided further impetus to the current developments of
nanoscience. Intense research and developments in this field has boosted the production and
applications of nanoscale materials during the last decade. Several new nanomaterials have been

inducted into products starting from household appliances tomicrochips.

1.2 Magnetic properties of nanoparticles

Magnetite (Fe3O,) is the first magnetic material known to man. Bulk ferromagnetic specimens
consist of number of small regions, called domains[16],which are separated by boundaries called
domain walls. In bulk ferromagnetic materials, the direction of magnetization of the individual
domains are distributed in random directions, so that the magnetic flux circuit lies almost entirely
within the specimen. These multi domain materials can be saturated only by application of
magnetic field larger than the demagnetizing field. When the size of the magnetic particle is
reduced below a critical size, the multi domains become a single domain with a colossal spin is
formed, where a large fraction of atoms reside at the surface of the particles with broken
translation symmetry. In such single domain particles, the magnetic behavior is highly dependent
on the magnetic anisotropy energy of the individual particle and the magnetic dipole-dipole

interaction between the particles. When the magnetic anisotropy is greater than the dipole-dipole
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interaction, the system follows Neel-Brown relaxation and exhibits superparmagnetism. On the
other hand, if the dipole-dipole interaction is of the order of magnetic anisotropy energy, then the

system behaves like a super spin glass[17, 18].

The coercive force is a very sensitive property of ferromagnetic materials, and is one of the most
important criteria in the selection of ferromagnetic materials for practical applications. The
increasing of the coercive force with reducing particle size has been considered as a substantial
evidence for the real existence of single domain particles[19]. The multidomain state (bulk) is
energetically favorable if the energy consumption for the formation of domain walls is lower
than the difference between the magnetostatic energies of the single-domain and multi domain
states. As the dimensions of the specimen are reduced (nanoparticles), the relative contributions
of the various energy terms to the total energy of ferromagnetic specimen are changed, and the
surface energy of domain walls becomes more important than the magnetostatic volume energy.
There is a critical size Dsp, at which the single domain is energetically more favorable than multi
domains[20]. The configuration of the magnetization inside a single-domain particle depends
strongly on the magnetic anisotropy and particle’s shape[21]. If a ferromagnetic ellipsoidal (or
spherical) particle has a negligibly small crystalline anisotropy, the atomic magnetic moment
may be expected to point along closed rings, so that total magnetic moment of the particle is
equal to zero. If the crystalline anisotropy is relatively large, most of the atomic magnetic
moments are expected to lie along easy directions and can behave as a permanent magnet. Due to
the decrease in magnetic domains and restriction in the domain wall movements, the coercivity
of the materials increases with decrease in particle size. Schematic representation of coercivity as

a function of particle size for ferromagnetic/ferrimagnetic materials is shown in Fig 1.1.
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Fig 1.1: Schematic representation of coercivity as a function of particle size for

ferromagnetic/ferrimagnetic materials.

Below a critical single domain size, the spin contribution from surface atoms starts dominating
which leads to a decrease in coercivity. Below a certain size, the coercivity becomes zero and the
particles are termed as superparamagnetic in nature. Superparamagnetism is a phenomenon by
which magnetic materials may exhibit a behavior similar to paramagnetism at temperatures
below the Curie temperature. Normally, coupling forces in magnetic materials cause the
magnetic moments of neighboring atoms to align, resulting in very large internal magnetic fields.
At temperatures above the Curie temperature the thermal energy is sufficient to overcome the
coupling forces, causing the atomic magnetic moments to fluctuate randomly. Because there is
no longer magnetic ordering, the internal magnetic field no longer exists and the material
exhibits paramagnetic behavior. Superparamagnetism occurs when the material is composed of
very small crystallites (below 14 nm for magnetite). In this case even though the temperature is

below the Curie or Neel temperature, the thermal energy is sufficient to overcome the coupling
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forces between neighboring atoms and hence, the thermal energy is sufficient to change the
direction of magnetization of the entire crystallite. The magnetic moment flips between two
antiparallel axes at normal temperature and the time required for changing its magnetic spin
direction is known as Neel relaxation time. The resulting fluctuations in the direction of
magnetization cause the magnetic field to average to zero. The material behaves in a manner
similar to paramagnetism, except that instead of each individual atom being independently
influenced by an external magnetic field, the magnetic moment of the entire crystallite tends to
align with the magnetic field. The energy required to change the direction of magnetization of a
crystallite is called the crystalline anisotropy energy that depends both on the material properties
and the crystallite size. As the crystallite size decreases, so does the crystalline anisotropy
energy, resulting in a decrease in the temperature at which the material becomes

superparamagnetic.

Surface effects are due to the lack of translational symmetry at outer boundaries of a particle,
reduced coordination number and broken magnetic exchange bonds of surface atoms. Decreasing
the particle size can increase the ratio of surface spins to the total number of spins. In a certain
sense, surface effects can be considered as a sort of finite-size effects since the surface influence
is most significant in smallest nanoparticles and should vanish in very large particles. Physical
properties of the surface and the core of a nanoparticle can differ very much. Hence, the
competition between surface and core magnetic subsystems determines the magnetic parameters
of nanoparticle as a whole. As the specimen characteristic dimension ‘d’ approaches nanosize
values and since the magnetic correlation length diverges at T, the correlated fluctuating
magnetic moments in a volume are influenced by the finite size of the specimen. The T¢ is then

reduced as
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where T¢(o0) is the bulk Curie temperature, A¢ IS related to correlation length exponent, and dy is
an order of the characteristic microscopic dimension[22]. Hence, as particle size decreases, one
would expect that the Curie temperature decreases. However, changing of crystallographic
parameters or composition, both in the particle core or its surface layer, can mask or even inverse

this effect[23-25].
1.3 Ferrite Nanoparticles

There is a growing interest in magnetic ferrite nanomaterials because of their interesting physical
properties and applications. Superparamagnetic ferrite nanoparticles and their dispersions have
been a topic of intense research for the last few decades because of their applications in the field
of heat transfer[26], biomedical applications[27], defect sensors[28] and ion sensors[29, 30].
Besides, they have been model systems to probe molecular interactions[31]. Ferrites are
classified as “soft” or “hard” depending on their magnetic properties. Ferrites with low coercivity
are termed as soft ferrites and their magnetization can easily reverse direction without much loss
of energy. Because of their comparatively low loss at high frequencies, they are extensively used
in the cores of radio frequency transformers and inductors in applications such as switched-mode
power supplies. Manganese zinc ferrites and nickel zinc ferrites are the common examples of this
category. In contrast, ferrites with high coericivity and remanence are termed as hard ferrites.
These ferrites are also highly resistant to demagnetization, an essential characteristic of
permanent magnet. They also conduct magnetic flux well and have a high magnetic permeability
which enables them to store more data. Some of the examples of hard ferrites include cobalt

ferrite and barium ferrite.
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1.3.1 Structure

Transition metal oxide ferrites have cubic spinel structure with the general formula (M**sFe®*,.
s)aAlM?*1.sFe**1,5]g04 Where, & is the inversion parameter, A and B represents tetrahedral and
octahedral sites, respectively[16]. M*" represents the divalent metal ion ( e.g. Fe**, Zn**, Co*,
Mn%*, Ni?* etc.). The large oxygen ions (radius ~1.3 A) are packed quite closer in a face-centered
cubic arrangement, and the much smaller metal ions (radii ~ 0.7 to 0.8 A) occupy the spaces
between them. In A-site, the metal atom is located at the center of a tetrahedron whose corners
are occupied by oxygen ions whereas in B-site, the metal ion is surrounded by the oxygen ions at
the corners of an octahedron. The crystallographic environments of the A and B sites are
therefore distinctly different. In a cubic spinel structure, only one-eighth of the A sites and one-
half of the B sites are occupied. A ferrite crystal has 64 tetrahedral and 32 octahedral sites. Out
of this, only 8 tetrahedral and 16 octahedral sites are occupied. The ferrites can be classified into

three categories depending on the inversion parameter.

Normal spinel: For =1, the general formula becomes M A[Fe**,]s0, and termed as normal
spinel (Fig 1.2). In this case, the tetrahedral site is occupied by the divalent (M?*) metal ions
completely and the octahedral site is occupied by trivalent (Fe**) metal ions. Examples of normal

spinel are ZnFe,O,4 and CdFe,0,.

Inverse spinel: For =0, the formula of the ferrite becomes Fe**A[M?**Fe**]z0, and is known as
inverse spinel (Fig 1.2). In an inverse spinel structure, the tetrahedral site is fully occupied by
trivalent (Fe**) metal ions and the octahedral site is equally shared by divalent (M%) and

trivalent (Fe**) metal ions. The common examples of inverse spinel are Fe;0, and CoFe,0s.
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Fe;0,(Inverse spinel) ZnFe,0,(Normal spinel)

Fig 1.2: Crystal structure of Fe3O4 (inverse spinel) and ZnFe,O,4 (normal spinel).

Mixed spinel: For 0<8<1, the general formula can be represented as (M?*sFe®"15)aA[M%1.
sFe®1:5]e04 and termed as mixed spinel structure. In mixed spinel, both the tetrahedral and
octahedral sites are shared by divalent (M®*) and trivalent (Fe**) metal ions. The degree of
inversion of the structure depends on the cationic distributions in both the sites. Examples of

mixed spinel are MnFe,0,4 and NixZn;.4Fe;0y4.
1.3.2 Magnetic interactions

The magnetic properties of ferrite nanoparticles are much different from that of their bulk
counterparts because of a combination of magnetic interactions such as dipolar, exchange,

superexchange, and double exchange interactions[32]. Each of them can be explained as follows

Dipolar interaction (dipolar coupling): It is the direct long range interaction between two

magnetic dipoles where the potential energy of this type of interaction is given by

E = (, 25)mm, —(3/)mr)(m, ) 12
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where, m; and m; are the magnetic moments of individual dipoles separated by a distance r and
ap Is the dipolar interaction constant. The strength of this interaction depends on the distance of

separation and degree of mutual alignment.

Exchange interaction: The spin only interaction between electrons is termed as exchange
interaction. It takes place when the wave functions of indistinguishable particles are being
subject to exchange symmetry. In a crystal, generalization of the Heisenberg Hamiltonian in
which the sum is taken over the exchange Hamiltonians for all the (i,j) pairs of atoms of the

many electron system can be presented as
H=33,5:S; 13
ij

where, Jjj is the exchange coupling constant, S; and S; are the spin only components of the i" and

j™ electrons.

Superexchange interaction: Super exchange interaction is the strong antiferromagnetic
coupling between two next to nearest neighbor cations through a non-magnetic anion[33]. This
interaction is a result of the electrons having come from the same donor atom and being coupled
with the receiving ions spins (e.g. - Fe**-0%-Fe®* in magnetite). If the two next to nearest
neighbor positive ions are connected at 90 degrees to the bridging non-magnetic anion, then the

interaction can be a ferromagnetic interaction.

Double-exchange mechanism: The double-exchange mechanismis a type of magnetic
exchange that may arise between ions in different oxidation state. This interaction is superficially
equivalent to superexchange interaction. However, in superexchange interaction, a ferromagnetic

or antiferromagnetic alignment occurs between two atoms with the same valence; while in
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double-exchange, the interaction occurs only when one atom has an extra electron compared to

the other.

In general, the magnetic properties of ferrites are explained by the superexchange interaction
between metal ions present in tetrahedral (A) and octahedral (B) sites. In Fe3O,4 nanoparticles,
the superexchange interaction occurs among Fe** ions in A and B sites through non-magnetic 0>
[34]. This leads to coupling of spins in such a way that the adjacent atoms align antiparallel to
each other and then their magnetism cancels due to equal distribution of Fe** in both A and B
sites. However, the little magnetic units in A and B sites may not be of the same magnitude.
Although they are oriented antiparallel so as to offset one another, they can give rise to a net
magnetic effect due to unequal distribution of atoms in A and B sites. This resultant magnetic
effect gives rise to ferrimagnetism in Fe3O4 nanoparticles. Magnetic property in ferrites strongly
depends on their cationic distributions. For example, ZnFe,O,4 is paramagnetic in nature due to
presence of Zn?* in tetrahedral site (normal spinel) and CoFe,O, is ferromagnetic in nature due

to the presence of Co”" in octahedral site (inverse spinel).
1.3.3 Synthesis Methods

Many efficient synthesis routes to produce shape-controlled, highly stable, and monodisperse
magnetic nanoparticles have been developed in recent years[3]. Techniques such as co-
precipitation[35], thermal decomposition[36], sol-gel[37], solvothermal synthesis[38, 39], laser
pyrolysis[40], microemulsion[41, 42], microbial[43, 44] and microwave assisted[45] techniques
have been used for the synthesis of magnetic nanoparticles. Details of these methods are

described below:

11
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Co-precipitation: Among various techniques for magnetite synthesis, the co-precipitation
method is a convenient approach to produce nanoparticles from aqueous metal salt solutions. The
first controlled synthesis of ferrite nanoparticles using co-precipitation method was performed by
Massart[35], who obtained superparamagnetic iron oxide nanoparticles by precipitating FeCl,
and FeCls using NH,OH as alkali. The overall chemical reaction of magnetite formation can be

represented as

Fe” +2Fe” +80H — Fe0, +4H.0 1.4

The formation pathways of magnetite in co-precipitation process depend on the rate of alkali
addition[46]. The akaganeite (B-FeO(OH)) undergoes a transformation to magnetite through
goethite when the alkali is added slowly to the salt solution. During rapid alkali addition, an
additional pathway in which ferrous hydroxide nucleated and transformed through lepidocrocite
(y-FeO(OH)) to magnetite. In co-precipitation reaction, the magnetite formation take place
through iron hydroxide intermediate, but the dominant process is the topotactic transformation of
goethite (a-FeO(OH)) to magnetite. The size and shape of the nanoparticles can be tuned using
this method by varying the parameters like pH, ionic strength, temperature and nature of salt

solution[47].

The advantage of co-precipitation process is that it does not produce or use any toxic
intermediates or solvents and does not require precursor complexes or high temperature reaction
environment. It has become a popular technique because of its ability to be scaled up,
reproducibility and co-friendly reaction conditions[48]. The type of salts used, Fe** /Fe** ratio,
reaction temperature, pH value and the ionic strength of the media are the key parameters to

control the size, shape and composition of the magnetic nanoparticles by this method. However,

12
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the experimental challenge in the synthesis of Fe3O4 by co-precipitation lies in the control of

particle size and achieving a narrow particle size distribution[48].

Solvothermal: Solvothermal synthesis is usually performed in autoclaves or reactors by
maintaining pressure more than 2000 psi at temperature ~ 200 °C. There are two types of
solvothermal processes carried out for synthesis of ferrite nanoparticles; solvolysis of metal salt
solution and oxidation or neutralization of mixed metal hydroxide[49]. A typical experimental
set up of solvothermal method is shown in Fig 1.3. In this method, metal oxide nanoparticles are
prepared by decomposing organometallic compounds such as metal acetyl-acetonates in high
boiling organic solvents containing surfactants. FezO, nanoparticles are prepared by
decomposing salts such as [Fe(acac)s] in presence of 1,2-hexadecanediol, oleylamine and oleic
acid in phenol ether[39, 50]. The factors such as the ratios of the starting reagents including
organometallic compounds, surfactant and solvent are the decisive parameters for controlling of
the size and morphology of magnetic nanoparticles. Also, the nature of particles formed in this
method depends on the reaction conditions such as temperature and time[51]. In this method, the
particle size is controlled through nucleation and growth process. At high reaction temperature,
the nucleation might be faster than the growth while at long reaction time, growth process is
favored. This method is suitable only for small scale but not for industrial applications due to the
high temperature requirement. Fe;04 nanoparticles prepared in this method are usually dispersed
in organic solvent. Recently, it was demonstrated that water soluble Fe;O,4 nanoparticles (4-60
nm) can be prepared by decomposing FeCls;-6H,O at 245 °C and 2-pyrrolidone or a,®-

dicarboxyl-terminated poly(ethylene glycol) as coordinating agent under reflux[52, 53].
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Fig 1.3: Schematic representation of solvothermal synthesis.

Sol-Gel Method: This method is based on the hydroxylation and condensation of metal salt
solutions leading to the formation of ‘sol’, which on further condensation and polymerization
form a three dimensional metal oxide ‘gel’[54]. The final crystalline state of the nanoparticles is
obtained by heating it at high temperatures. The main parameters controlling the growth kinetics,
structure and properties of the nanoparticles are solvent, temperature, concentration of salt
solution, pH and agitation[54-56]. This method allows synthesis of monodisperse nanoparticles

of desired particle size, microstructure, homogeneity, and functionalization [57].

Polyol Approach: This is a special kind of sol-gel method where the solvent used is a polyol

(ex-polyethylene glycol). Owing to the high boiling point and high dielectric constant of these

14



Chapter |

solvents, they offer a wide range of reaction temperature[58]. They act as reducing agent and
also prevent growth and aggregation of nanoparticles by acting as a stabilizer. This is a versatile
method for synthesizing particle of nano as well as micro range with desired size and shape. In
this method, the precursor compound is suspended in liquid polyol and heated to the boiling
point of polyol at constant stirring. During this process, the precursor gets dissolved in the polyol
leading to the formation of an intermediate followed by reduction to form nanoparticles. This
method allows preparation of water based nanoparticles by coating hydrophilic polyol over the
nanoparticles, producing particles with higher crystallinity that leads to a better saturation

magnetization and narrow particle size distribution compared to the traditional methods[59].

Sonolysis: Ferrite nanoparticles can also be prepared by decomposition of organometallic
precursors using sonolysis or thermolysis. In this method, a very high temperature is applied by
rapid collapse of sonically generated cavities which allows the conversion of ferrous salts into
magnetic nanopaticles[60]. This method can be used to prepare superparamagnetic ferrite
nanoparticles with high saturation magnetization[61]. The growth of the particles is controlled by
polymers, organic capping agents or structural hosts. Ultrasonic irradiation causes cavitations in
an aqueous medium where the formation, growth and collapse of micro bubbles can occur. In
many cases thermally induced processes provide crystalline nanoparticles. Ultrasonic driven

reactions yield amorphous materials due to enormous cooling rates during quenching[62].

Flow Injection Method: This method was developed by Alvarez et al.[63] which consists of a
continuous or segmented mixing of precursors under laminar flow regime in a capillary reactor.
The experimental set up includes a multi-channel peristaltic pump, Teflon tubing lines, a T-
shaped injector and an injection valve. The nature of the particles prepared in this method can

be controlled by controlling the injection and the time of cycle. The advantages of this method

15



Chapter |

are high reproducibility because of the plug flow and laminar conditions, high mixing

homogeneity and precise external control on the process parameters.

Pyrolysis: Spray and laser pyrolysis techniques are useful for the direct and continuous high
rate production of desired magnetic nanoparticles under exhaustive control of experimental
conditions[64]. In spray pyrolysis method, ferric salt solution along with a reducing agent in
organic solvent are sprayed into a series of reactors, where the aerosol solute condenses and the
solvent evaporates[65]. The resulting size of the particles depends on the initial droplet size. This
technique has been used to prepare maghemite nanoparticles (5 to 60 nm) with different shapes

using different iron precursor salts in alcoholic solution[66].

The laser pyrolysis technique is based on the resonant interaction between laser photons and
gaseous species, reactant or sensitizer[67]. The sensitizer is an energy transfer agent which is
excited by CO, laser radiation and transfers the energy to the reactants by collision[68]. In laser
pyrolysis, a gaseous mixture of iron precursor and a flowing mixture of gas are heated using
laser to produce small and non aggregating particles with narrow size distribution[25]. The size

of the particles can be tuned by adjusting the experimental conditions.

Although, pyrolysis methods yield high quality products but the percentage yield is usually low.
The purity of the product obtained in these methods can be controlled by oxygen concentration,
gas phase impurities and the heating time. Besides, the equipments used in pyrolysis methods are

also expensive.

Microbial Approach: In this method the metal salt solution is incubated with the reducing
bacteria at low temperature for several days[43]. It is useful in synthesizing ferrite nanoparticles

with a wide size range. Magnetite nanoparticles can be extracted from magnetotactic bacteria
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which involves numerous discrete steps. The first step involves the formation of magnetite bio-
mineralization which undergoes transformation to magnetosome vesicles[69]. The magnetosome
vesicle is is reduced from Fe (l11) to Fe (I1) with its subsequent uptake and transport inside the
vesicle. The process of iron uptake in magnetotactic bacteria occur either by siderophores or by
iron reduction[70, 71]. The last step in magnetite formation is controlled by bio-mineralization of

magnetite.

Magnetite nanoparticles can also be synthesized by iron reducing bacteria. Bacteria synthesizes
magnetite extracellularly in the surrounding environment under strictly anaerobic conditions[72,
73]. In this process, magnetite is synthesized by coupling the oxidation of organic matter to the
reduction of ferric iron during the metabolism of the bacteria. Generally, poorly crystalline
ferrihydrite is used as an electron acceptor by the iron reducing bacteria which in turn is reduced

to magnetite.

Reverse Micelle Approach: In this technique, surfactant stabilized water in oil emulsion
containing the aqueous solution of the precursor is prepared[42]. By mixing two identical water-
in-oil micro-emulsions containing the desired reactants, the microdroplets will continuously
collide, coalesce and finally forms precipitates in the micelles. The precipitate can be extracted
using solvents such as acetone and ethanol by centrifuging the mixture. In this sense, a
microemulsion can be used as a nanoreactor for the formation of nanoparticles. Although this
method has been used for synthesis of a wide variety of nanoparticles, the shape and size usually
vary over a wide range. The working window is very narrow and only a small amount can be
prepared using this technique. It also requires a large amount of solvent. A typical schematic for

synthesis of ferrite nanoparticles by reverse microemulsion method is shown in Fig. 1.4.
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Fig 1.4: A schematic representation of reverse micellar reaction mechanism (Courtesy Rana et

al.[42]).

Microwave Assisted Method: In recent years, microwave assisted synthesis method is widely
used over conventional heating techniques to produce nanocrystals with higher yield [45].
Specially designed microwave synthesis reactor allows an exquisite control on reaction
temperature, stirring rate and pressure inside the reaction vessel which is the unique features of
microwave apparatus over conventional heating principles. The heating effect in the microwave
arises from the interaction of the electric field component of the microwave with charged
particles in the material through both conduction and polarization. The use of microwave heating
as a non-classical energy source has been shown to dramatically reduce reaction times, increase
product yields and enhance purity or material properties compared to conventionally processed

experiments.
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In conventional methods, heating chemical reactions have been achieved using mantles, oil
baths, hot plates, reflux set-up where the highest reaction temperature achievable is dictated by
the boiling point of the solvent used. This traditional form of heating is rather slow and has low
efficiency for transferring energy to a reaction mixture as it depends on convective currents and
on the thermal conductivity of various compounds or materials that have to be penetrated. This
often results in the temperature of the reaction vessel being higher than that of the reaction
solution. In contrast, microwave irradiation produces efficient volumetric heating by raising the
temperature uniformly throughout the whole liquid volume by direct coupling of microwave

energy to the molecules that are present in the reaction mixture.

(b)

Fig 1.5: Schematic representation of some of the synthesis methods used for the synthesis of
ferrite nanoparticles by (a) polyol[74] (b) microwave (c) co-precipitation [75](d) pyrolysis[76]

(e) hydrothermal [77]and (f) emulsion techniques[42].
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1.3.4 Applications

Ferrite nanoparticles are used in various biomedical and electronic industries due to their
fascinating magnetic properties[5, 78]. Molecular imaging is one of the most promising
applications of iron oxide nanoparticles[79]. Various applications using targeted iron oxide
nanoparticles have already been evaluated in animal experiments. Different antibodies directed
to several types of receptors have been coupled to iron oxide nanoparticles and tested in vitro or
in vivo[3]. A demonstration of multimodal imaging in a rat is shown in Fig 1.6. The

functionalizaed of iron oxide nanoparticles are used in protein or cell separation [80].

Bioluminescence microPET MR Fluorescence

Fig 1.6: Multimodal imaging demonstration. The multimodal probe labeled with C6 cells were
(@) transplanted into the left and right thighs of nude mice through intramuscular and
subcutaneous injection. Then the animal was scanned by optical bioluminescence (B), positron

emission tomography (C), MRI (D) and fluorescence (E) (Courtesy Hwang et al[81]).

Magnetic separation techniques are simple and inexpensive compared to traditional separation
procedures because all the steps of purification can take place in one test tube without expensive
liquid chromatography systems. Magnetic nanoparticles are also useful candidates for localized
drug delivery[10]. A schematic of controlled and targeted drug delivery in presence of magnetic
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field is shown in Fig 1.7. In conventional drug delivery process, poor specificity to the site of
action and reduced drug diffusion through biological barriers, leads to a suboptimal
pharmacological activity and high incidence of adverse effects. Encapsulation and delivery of

drugs using nanodevices can potentially overcome these limitations.
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Fig 1.7: Targeted drug delivery using magnetic nanoparticles in presence of external magnetic

field (Courtesy Colombo et al[83]).
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Fig 1.8: (a) Schematic representation of the emulsion droplets in the presence of metal ions and
adsorbed surfactant molecules and (b) Slopes (indicating the selectivity) of Amax shift as a

function of cation concentration for different ions (Courtesy Mahendran et al.[29]).
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In recent decades, carrier-mediated drug delivery has received significant attention because this
approach has resulted in improved pharmacokinetics and pharmacodynamics of the drugs.
Ferrofluids are also a very powerful material for therapeutic purposes[82]. They have high
efficiency to absorb the energy of an oscillating magnetic field and convert it into heat. This
property can be used to increase the temperature of tumor tissue and to destroy the pathological
cells by hyperthermia. A survey on clinical studies using hyperthermia in combination with
radiation therapy have shown that 83.7% of patients had a reduced tumor mass, of which 37.4%
had a complete tumor regression while 24.5% exhibited a >50% tumor reduction[83]. In a recent
study, Vadahanambi et al. have shown that three-dimensional graphene-carbon nanotube-iron
oxide nanostructures can be an efficient agent for removal of arsenic from contaminated
water[84]. Magnetic nanoparticles are also used for treatment of contaminated water[85]. They
are also being used as a catalyst or catalyst supports in chemical reactions[86]. Magnetic
nanoemulsions are also used as ionic sensors for the detection of cations such as Na*, K*, Ca*",
Cu?* and Fe*" in presence of an external magnetic field[29]. Magnetic nanoemulsions have also
been used as a model system to probe intermolecular forces[87-89]. Fig 1.8 demonstrates the
selective detection of metal ions using magnetic nanofluids. Liu et al. have developed a
multifunctional Fe3O4-polydopamine core shell structure which can serve as catalyst, drug
delivery and carbon adsorbent[90]. Exploiting the concept of high affinity specific interactions
between molecular pairs to achieve reciprocal recognition and trigger signaling processes,
functionalized magnetic nanoparticles can also be used for localized drug delivery in biomedical
applications[83]. This allows controlling the localization of selected biological targets by
applying an external magnetic field gradient and isolating them. Also, it exploits the unique

superparamagnetic character of magnetic nanoparticles to interact with an external magnetic
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field inducing de-phasing of spin—spin relaxation times with the surrounding water protons of the

solvent, in which they are immersed.

1.4 Phase transitions

1.4.1 Introduction

A phase is defined as the part of the thermodynamic system which possesses uniform physical
properties throughout[91]. Thermodynamic transformation of one phase to another is commonly
known as phase transition. Melting of ice (solid-liquid), evaporation of water (liquid-gas),
ordering of magnetic spins (paramagnetic-ferromagnetic), aggregation of block polymers (sol-
gel) are some of the common examples of phase transitions. There are various parameters
governing phase transitions of matter such as temperature, pressure, entropy, free energy etc. The
phase of a system depends on its Gibb’s free energy, which can be expressed as; AG = AH-TAS
where, AG is the change in free energy, AH is the change in enthalpy, T is the absolute
temperature and AS is the change in entropy. The phase transition becomes spontaneous when
AG is negative, achieves equilibrium when the net AG is zero and becomes non-spontaneous
when AG is positive. The mechanism of phase transition is explained by interaction energy and

thermal energy which decides the net free energy of the system.

1.4.2 Phase transitions in iron oxide

There is a great interest in iron oxides, especially in nanosized form, because of both
fundamental and practical reasons. Nanosized y-Fe,O3 and Fe3O4 are very useful material in
nanotechnological applications because of their interesting magnetic and surface properties.

They are also nontoxic, biodegradable, biocompatible, and chemically stable in nature. Iron

23



Chapter |

oxide nanoparticles can exist in different polymorphic forms in nature which are significantly
different in their structural and magnetic properties[92]. The most common and technologically
important forms of iron oxide are Fe3O, (magnetite), a-Fe,O3 (hematite), y-Fe,O3 (maghemite)
and FeO (Wustite). Except these, iron oxides are also exist as B-Fe;O3 and &-Fe,O3 forms, which
are observed only in nano phase. In addition, Iron oxide is also found as oxyhydroxide such as

goethite, lepidocrocite, akaganeite.

Fe304 and y-Fe,O3 nanoparticles with sizes of ~10 nm or less exhibit superparamagnetic nature.
v-Fe;03 is thermodynamically unstable and is converted either directly or indirectly (with e-

Fe,O3 as an intermediate product) to a-Fe,O3 above certain temperature.

>450 °C

Fe;0, (fcc) a y-Fe,0; (bcc) a-Fe,0; (hep)

Fig 1.9: Schematic representation of different phases of iron oxide nanoparticles at high

temperatures under air annealing.

The transition temperature is dependent on several physicochemical parameters[92]. Emmett et
al. [93] reported that the cubic (magnetite and maghemite) oxide can be changed into the more
stable rhombohedral (hematite) phase between 550 and 1000 °C. Fig 1.9 shows the schematic
representation of different phases of iron oxide nanoparticles at high temperatures under air

annealing.
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The transition temperature also depends upon the method of preparation and the impurities
present in the sample. Due to this phase transition from y-Fe;O3 to a-Fe,Os, the applications of
iron oxides are limited upto the non-magnetic transition temperatures. Therefore, for applications
beyond phase transition temperatures, augmentation of y-Fe,O3; to a-Fe,O3 phase transition
temperature is a prerequisite. A study on activation energy of y-Fe,O; to a-Fe,Oz phase
transition shows that the stability of y-Fe,O3 increases by the presence of alumina, lowered by
lanthana, and unaffected by gallia[94]. The aluminium ion (AI**) with smallest size increases the
activation energy for y-Fe,O3 to a-Fe,O3 phase transition temperature whereas the lanthanum ion
(La**) decreases the activation energy. Gallia (Ga®*) did not affect the phase transition
temperature due to the similar ionic radii of gallium and Fe* ion. It was assumed that in larger
particles (> 300 nm), spontaneous nucleation of a-Fe,O3 takes place because of greater lattice
strain during oxidation[95]. Colombo et al. [96] suggested that magnetite can never be oxidized
to a-Fe,O3; below 600 °C unless a-Fe,O3 nuclei are present in the starting material. But in
another study by Feitknecht et al.[97] reported that the conversion of y-Fe,O3 to a-Fe,O3 occur
at 250 °C. It was also observed by Gallagher et al. [98] that the magnetite nanoparticles of size
about 300 nm can be oxidized to a-Fe,O3 at temperature about 180 °C, even without having o-
Fe,O3 nuclei in the original Fe3O,4. The difference in the observed phase transition behavior was
attributed to the use of starting material from different sources (natural magnetite by Colombo et
al. and pure synthesized magnetite by Gallagher et al.). It was also observed that for particle size
below 300 nm, Fe3O4 nanoparticles oxidizes to y-Fe,O3 below 220 °C. In larger size particles, an
intermediate phase of Fe,O3; and Fe;O4 exist below this temperature and then undergo
disproportionation to Fe3O4 and a-Fe,O3. Fes0,4 formed in this step converts directly to a-Fe;O3
at higher temperatures.
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Table 1.1: Reported values of y-a phase transition temperatures, crystallite size, saturation

magnetization and method of synthesis of bare Fe3O4 nanoparticles in air atmosphere.

System Preparation Method Size M; v-Fe,0s to a- Fe,0j3 transition temperature Ref.
(nm) | (emu/g) (°Cc)

Co-precipitation 3 - 500 [99]

4.8 ~19 600 [100]

5 ~22 450 [100]

Wet chemical 5 - 390 [101]

Fes04 12 - 580 [102]

Sonochemical 15 50 500 [103]

Combustion 39 - 395 [104]

Oxidation 55 500 [105]

It was also reported that at very low concentration gradient in the core of magnetite nanoparticles
during oxidation causes most of the change in lattice parameter in small particles. But above a
certain critical size, the unequal contraction within the surface layer causes the lattice strain to
reach a level sufficient to activate the nucleation of the more stable a-Fe,O3 phase and increases
the lattice strain in the larger size particles. Kinetic studies on phase conversion of magnetite to
maghemite (~7 to 22 nm) by chemical analysis shows that the activation temperature is relatively
lower for ultrafine particles and the frequency factor increases from 1.6x10* to 5.7x10™ with

increase in particle size from 7.7 to 22 nm[106].

Lund et al.[107] studied the effect of silica support on the thermal stability of magnetite
nanoparticles at high temperatures. They found that a strong oxide-oxide interaction exists
between Fe3O,4 and SiO; in a silica-supported magnetite which was oxidized at a temperatures of
800 K yielding y-Fe,O5 rather than a-Fe;Os. It was suggested that the origin of the interaction
between iron oxide and silica is the substitution of Si** with tetrahedral Fe** in Fe;O, due to the
preference of Si for tetrahedral coordination in oxides because of covalence and ionic size

consideration. In a study on the effect of trace element substitution on magnetite nanoparticles, it
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was observed that during the transformation of maghemite to hematite as much as about 60% of
the Co, Ni, Zn, and Cu present in the crystal structure of maghemite is ejected from the crystals,
whereas the Mn, Cr, and Al present in maghemite are redistributed in hematite particles[108].
This requires some additional activation energy over that required for the transformation of pure
maghemite to eject or redistribute these doping elements. The enhanced activation energy with
dopants reduces the transformation rate of maghemite to hematite. Studies on y-Fe;O3 to a-
Fe,O3; phase transition temperature of pure y-Fe,O; showed no changes in maghemite phase
below 300 °C for a period of 5 days[105]. However, annealing of maghemite at >320 °C
produced hematite, but the transformation rate was very slow at <450 °C. On further increasing
in the annealing temperature to 500 °C, the maghemite to hematite phase transformation became
rapid and was completed within 3 hrs. The y-Fe,O3; to a-Fe O3 phase transition temperature
observed through calorimetric measurements was found to increase from 532 to 640 °C with 1%
Zn doping[105]. The transition temperature was found to increase to ~ 566, 570, 598, and 601 °C
with 0.09% of Cu, 0.37% of Co, 0.48% of Ni, and 0.89% of Mn doping, respectively. Sarda et
al.[109] studied the effect of Ba doping on phase transformation temperatures of magnetite
nanoparticles and found that the oxidation temperature of Fe;O, to y-Fe,O3 increases from 120 to
247 °C with a 2.47 wt% Ba doping. It was attributed that the barium located in the surface layers
of the particles, oppose the migrations of Fe®* ions towards the solid-gas interface. The diffusion
barrier in turn increases the activation energy for the oxidation process of Fe3;O, to y-Fe,O3. The
phase transformation temperature of y-Fe,O3 to a-Fe,O3 was found to increase linearly from 493
to 749 °C by increasing the Ba doping concentration from 0.29 to 2.09 wt%, but remains constant
on further increasing of the Ba doping concentration. It was attributed to the fact that the addition

of Ba atoms to the surface layers stabilizes the surface layer of the spinel structure, creating
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bonds with the atoms that have uncoordinated links. Ye et al.[102] studied the thermal stability
of nanocrystaline y-Fe,O3 prepared by wet chemical method. For 12 nm particles of y-Fe;Os,
they observed that the y-Fe,O3; to a-Fe,O3; phase transition occurs at 500 °C. The growth of
particles was slow before the phase transition and found to increase rapidly after the formation of
a-Fe,O3 phase. Yen et al. studied the variation of crystallite size during the phase transformation
of y-Fe,03 to a-Fe,03[110]. It was observed that the y-Fe,O3 to a-Fe,O3 phase transformation
takes place when the crystallite size increases from 5 to 25 nm for y-Fe,O3; prepared using vy-
FeO(OH) and from 15 to 25 nm when derived from Fe3O,. Lai et al.[103] studied the effect of
Mn (I11) doping on y-Fe,03 to a-Fe,O3 phase transition in ambient atmosphere. In pure y-Fe,03
nanoparticles prepared by irradiating with ultrasonic waves, they observed that the conversion to
a-Fe;03 phase occurs above an annealing temperature of 500 °C for 3 hrs whereas the particles
remain as y-Fe,O3 phase after doping with 8.5% of Mn (I11). Doped samples are found to require
higher temperatures to completely convert into the a-phase, indicating the high activation energy
requirement. The delayed y-Fe,O3 (maghemite) to a-Fe,O3 (hematite) transition was attributed to
the requirement of higher activation energy for the transition to a more compact a-phase, which
requires lattice contraction. It is reported that the phase transformation temperature of y-Fe,O3 to
a-Fe,03 is increased by 100 °C with 15 mol% Zn®* doping in nanocrystalline y-Fe,03[104]. It
was observed that formation of a-Fe,O3 takes place along with y-Fe,O3 at lower concentrations
of Zn and the amount of a-Fe,O3 decreases with increasing amount of Zn (only 5% of a-Fe,O3
phase was formed when more than 0.125 moles of Zn are used). The magnetic to non-magnetic
transition is observed at 395 °C for pure y-Fe,O3; while for 2.5% doped sample, the magnetic

transition was observed at 450 °C.
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Table 1.2: y-Fe,O3; to a-Fe,Os; phase transition temperature under air annealing of Fe3Oq

nanoparticles with different doping /coating/shells prepared using various techniques.

Doping Dopant conc. Synthesis Method | Experimen- v-Fe;03 to a- Fe,0; Ref.
/Coating/Shell (%)/Shell tal Tool transition temperature
thickness Used (°C)
0.1 Combustion DSC 598 [105]
Co 0.2 Precipitation DsSC 612 [111]
(Doping %) 0.43 687
0.67 731
0.9 723
8.5 Sonochemical XRD 600 [103]
Mn 0.46 Combustion DSC 622 [105]
(Doping %) 5.7 Precipitation DSC 630 [111]
11.86 645
16.98 647
22.4 649
0.05 Combustion DSC 642 [105]
Zn 1 660
(Doping %) 15 Combustion VSM 500 [104]
Ni 0.21 Combustion DSC 623 [105]
(Doping %) 6.28 Precipitation DSC 592 [111]
12.56 667
17.67 745
22.33 722
Cu 0.09 Combustion DSC 608 [105]
(Doping %)
Cr 0.49 Combustion DSC 605 [105]
(Doping %) 4.19 Precipitation DSC 563 [111]
7.21 653
9.77 651
11.74 676
Al 0.5 Combustion DSC 592 [105]
(Doping %)
Ti 2.56 Precipitation DSC 632 [111]
(Doping %) 10.7 720
12.33 727
16.74 735
\% 0.48 Combustion DSC 629 [105]
(Doping %) 4,53 Precipitation DSC 590 [111]
8.95 546
14.07 527
Oleic Acid - Co-precipitation XRD 600 [112]
(Coating)
Sno, 1-5nm Thermal XRD 600 [113]
(Shell) decomposition
SiO, - Oxidation XRD & 527 [107]
(Shell) Mossbauer
PMMA - Decomposition XRD 500 [114]
(Shell)
Caprylate - Decomposition XRD 400
(Shell)
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For 15% doping, the transition temperature was observed at 500 °C, an increase of 100 °C from
that of the undoped y-Fe,O3 sample. On further increasing the doping fraction to 20%, the phase
transition temperature obtained was comparable to that of 15% doping. Gnanaprakash et al.[100]
reported that the alkali used in the iron oxide preparation (NaOH and NH,OH) has an influence
on the maghemite (y-Fe,O3) to hematite (a-Fe,O3) phase transition temperature. A compressive
study on maghemite to hematite phase transitions by doping with Ti, Cr, Mn, Co, V and Ni in
Fe3O, shows that the phase transition temperature depends on the metal-oxygen bond
strength[111]. The y-Fe,O3 to a-Fe,O3 phase transition temperature increases in the case of Ti,
Cr, Mn, Co and Ni doping due to formation of a stronger metal-oxide bond after the substitution.
But in case of V doping, the phase transition temperature decreases due to a lower bond strength
of V-O. The monodisperse superparamagnetic SnO, coated (shell thickness 1-5 nm) iron oxide
nanopaticles (16 nm) prepared using thermal decomposition method was found to be stable upto
600 °C with relatively high saturation magnetization (18 Am?%Kkg) in air atmosphere[113]. It was
attributed that the SnO; shell acts as a protecting layer and prevents the conversion of y -Fe,O3 to
a-Fe;0s. Also, reports show that the silica and silane coating are useful to protect the iron oxide
cores from the undesirable phase transformations during high temperature treatment of
conductive or magnetic nanocomposites[115]. Recently, it was observed that y -Fe;Os;
nanoparticles dispersed in silica matrix have a high resistance against grain growth and
transformation into hematite up to 840 °C[116]. A comparative study on thermal properties of y-
Fe,Os/poly(methyl methacrylate) (PMMA) core/shell and caprylate capped magnetite
nanoparticles with an average core size of 4 nm shows that the formation of a-Fe,O3 phase takes
place above 400 °C for caprylate capped magnetite nanoparticles[114]. But in the case of y-

Fe,O3/PMMA core shell, pure v -Fe,O3 phase was observed after 400 °C air annealing. On
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further increasing the annealing temperature to 500 °C, a mixed phase of y -Fe;O3 and a-Fe;03
was observed. It was attributed to the Fe-Si oxide or silica formation on the surface thereby

protecting the y -Fe,O3 particles from undergoing y — o phase transformation.

Magnetite nanoparticles behave differently under vacuum annealing conditions. It was found that
the magnetite phase remains intact till 600 °C and undergoes phase decomposition to y-Fe,O3 and
FeO above 700 °C[112]. Reports show that the phase decomposition temperature of Fe3O4
enhances when doped with cobalt and zinc[117, 118]. However, vacuum annealing of magnetite
nanoparticles coated with oleic acid was different from that of uncoated Fe3;O4. It was observed
that oleic acid coated Fe;O4 nanoparticles exist in cubic spinel structure till 500 °C under vacuum
annealing and above which undergoes a phase decomposition to y-Fe,O3; and FeO[112], which
was attributed to the formation of CO and CO, (500 °C) during vacuum annealing that causes the
reduction of iron oxide nanoparticles. A recent in situ high temperature XRD study shows that as
the particle size of Fe3O4 was reduced from 7 to 3 nm, the metallic a-Fe phase reduction
temperature was increased from 400 to 600 °C, whereas a-Fe,O5; formation temperature was
reduced from 1000 to 800 °C[119]. Tablel.2 summarizes the y -Fe,;03 to a-Fe,O3 phase transition
temperature observed with different percentage of doping or coating or shell thickness and

prepared using various techniques.

1.5 Motivation

Studies show that the y -Fe,O3 to a-Fe,O3 phase transition temperature can be enhanced with
doping or with protective shell. Although coating enhances the phase transition temperature, they
also reduce the magnetic nature of particles. Doping is found to be a more convenient method for

practical applications as it does not affect the magnetic nature much. Irrespective of the advances
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in this field, preparation of magnetic nanomaterials with high thermal stability and high
saturation magnetization is still a challenge. Further, for effective utilization of ferrite
nanoparticles for practical applications, control on monodispersity, purity, magnetization and
high temperature stability are necessary. This was one of the motivations to undertake the studies
in this thesis. Besides, tuning of Curie temperature in ferrite nanoparticles was another objective,
which is important for applications such as heat transfer and magnetic hyperthermia. This thesis
reports (1) enhancement of y -Fe,O3 to a-Fe,O3 phase transition temperature with various doping
elements (Co, Zn, Na), without compromising its magnetic properties and (2) preparation of pure

ferrite nanoparticles with tunable Curie temperatures near room temperature.

1.6 Objectives

The major objectives of the present study are:

% To develop methodologies to enhance the high temperature phase stability of magnetite

nanoparticles

% To obtain insight into the effects of cation doping on thermal stability and magnetic

properties of magnetite nanoparticles.

% To study the effect of reaction temperatures (during synthesis) on high temperature phase

stability and magnetic properties.

% To tailor ferrite nanoparticles with tunable magnetic properties like Curie temperature

and saturation magnetization.

32



Chapter |
1.7 Overview of Thesis

This thesis presents the studies on the effect of different doping elements (Co, Zn, Na and Mn)
on the phase transition and magnetic properties of ferrite nanoparticles prepared using
coprecipitation and microwave method. It consists of eight chapters. The summary of each

chapter is given below

Chapter 1 gives a brief introduction to magnetic nanomaterials and their technological
applications. The structure and magnetism of ferrite nanoparticles are discussed in detail. An
extensive literature review on synthesis and phase transition studies in iron oxide nanoparticles
has been presented. Various methods adopted for preparing magnetite nanoparticles with high
temperature phase stability by doping, coating, core-shell etc. are also discussed. Chapter 2
discusses the synthesis methods and characterization techniques used for the studies. Chapter 3
deals with the effect of Co®* ion doping in magnetite (Fe;0,) on its crystal structure, magnetic
properties and phase stability during air and vacuum annealing. Chapter 4 discusses the effect of
Zn?* doping on the crystal structure, magnetic properties and the high temperature phase stability
of magnetite nanoparticles under air and vacuum annealing. The synthesis of magnetite
nanoparticles doped with Na* ions by co-precipitation method is discussed in Chapter 5. The
effect of Na doping on magnetic and thermal properties are presented in this chapter. Chapter 6
deals with the effect of synthesis reaction temperature on the phase stability of magnetite
nanoparticles prepared using microwave method. Magnetite nanoparticles of size ranging from
7-10 nm are prepared from aqueous solutions of Fe?* and Fe®" salts by microwave irradiation at
different reaction temperatures ranging from 50 to 200 °C. The thermal stability and magnetic
properties of these nanoparticles are studied under air atmosphere. The tuning of Curie

temperature of Mn doped ZnFe,O, nanoparticles are discussed in Chapter 7. Microwave
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assisted synthesis method has been used to prepare MnxZn;.xFe,O,4 nanoparticles, with x varying
from O to 1 and their magnetic properties are discussed. Chapter 8 summarizes the results

obtained, conclusions drawn and the scope for future work.
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2.1 Introduction

During the last few years, there have been many reports on efficient synthesis routes to produce
shape-controlled, highly stable, and monodisperse magnetic nanoparticles. The synthesis of
superparamagnetic nanoparticles is a complex process because of their smaller size limit. In
general for synthesis of nanoparticles, the first important challenge is to identify experimental
conditions, to produce monodisperse magnetic nanocrystals of suitable size. The second
challenge is to select a reproducible process that can be scaled up without any complex
purification procedure, such as ultracentrifugation, size-exclusion chromatography, magnetic

filtration and fractionation.

Among various techniques for synthesis of magnetite, co-precipitation method is a convenient
approach to produce nanoparticles from aqueous salt solution. In co-precipitation method, the
respective (Fe’* and Fe** in case of magnetite) salt solutions with correct stochiometric ratio are
mixed in a synthesis reactor. The synthesis reactor is equipped with an external temperature
probe, mechanical stirrer (or magnetic stirrer) and pH meter. The pH of the initial solution is
maintained at a low value in order to prevent oxidation of the metal ions. After the desired
temperature is reached, alkali is added to the mixture to precipitate metal oxide nanoparticles. A

typical schematic of co-precipitation method experimental set up is shown in Fig 2.1.

The nanoparticles used in the present studies are prepared by co-precipitation and microwave
assisted synthesis methods. The particles are characterized using X-ray diffraction (XRD),
transmission electron microscopy (TEM), small angle X-ray scattering (SAXS), atomic emission
spectroscopy (AES), Fourier transform infrared spectroscopy (FTIR), thermogravimetric (TGA)

and differential scanning calorimetry (DSC), Vibrating sample magnetometer (VSM) and zeta
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potential measurements. The details of the synthesis procedures and experimental techniques are

discussed in the next section.

,-\ Mechanical stirrer

pH probe

Temperature probe

-

- —

Heater

Fig 2.1: Schematic representation of experimental set up used for the co-precipitation method.

2.2 Synthesis Methods

2.2.1 Co-precipitation method

2.2.1.1 Synthesis of MyFe3 xO4 nanoparticles (M = Fe, Zn & Co)

MyFes;.xO4 nanoparticles are prepared by co-precipitation method using ammonium hydroxide as
an alkali[35]. The chemicals FeCl3.6H,0, FeSO,.7H,0, CoCl,.6H,0, 30% NH,OH, and acetone
used to synthesize MyFe3 xO4 nanoparticles are procured from E-Merck. All the chemicals are of

GR grade with 99% purity. Chemicals are used without any further purification. Elga water with

37



Chapter Il

a resistivity of 15 MQ-cm is used in all our experiments. 1M FeCl;.6H,0, 0.5M FeS0O,4.7H,0,
0.5M Zn(NOs),.6H,0 and 0.5M CoCl,.6H,0 are freshly prepared. The ratio of M** and Fe*
solution concentration is varied to synthesize nanoparticles with different doping concentrations
(x = 0-0.6). The solutions are mixed at respective fractions at a stirring rate of 800 rpm. 200 ml
of 30% ammonium hydroxide is added at 85 °C, at an addition rate of 10 ml/sec. The pH is found
to be 10 after the addition of ammonium hydroxide. The sample is digested for 30 min at a
constant stirring speed of 800 rpm. After attaining a pH of 8.5, the sample is washed two times
with water to remove inorganic impurities and the particles are dried at 150 °C for 30 min in a

vacuum furnace.
2.2.1.2 Synthesis of Na doped Fe;O,4 nanoparticles

The Fe304 nanoparticles prepared by the above procedure are soaked in NaOH solutions at four
different concentrations (0, 0.3, 0.5 and 2 M) for 24 hrs and then dried in a vacuum oven. The
dried particles are washed several times with hot water (~90 °C) till the pH becomes 7. This is
done to remove the excess Na* present in the solution and on the surface of the nanoparticles.
Finally the particles are dried and the Na* concentrations are measured using Atomic Emission

Spectroscopy (AES).
2.2.2 Microwave assisted method
2.2.2.1 Synthesis of Fe;0O4 nanoparticles

Aqueous solutions of FeCl3.6H,0O (0.4M), FeSO,4.7H,O (0.2M) and NaOH (2M) are freshly
prepared. FeCl;.6H,0 (0.4M), FeSO,4.7H,0 (0.2M) and NaOH (2M) are mixed properly and then
microwave irradiated (Anton Paar Monowave 300) for 5 min at a stirring speed of 600 rpm. The
temperature of the reactant solution is maintained at 50, 100, 130, 160, 200 °C. The black
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precipitate formed after the reaction is separated and washed several times with water to remove
inorganic impurities. The sample was vacuum dried at 100 °C for 20 min and then used for

further studies.
2.2.2.2 Synthesis of Mn,Zn;.xFe,O, nanoparticles

Aqueous solutions of FeCl3.6H,0 (0.4M), Zn(NOj3),.6H,O (0.2M), MnCl,4H,0 (0.2M), and
NaOH (2M) are freshly prepared. Fe** solution is mixed with Mn?* and Zn®** in a 30 ml
microwave synthesis vial followed by addition of 2M NaOH solution. A reddish brown
precipitate is observed instantly after the addition of NaOH due to formation of iron hydroxide.
The solution is mixed uniformly and kept inside the microwave synthesis reactor (monowave
300) at 180 °C for 5 minutes at 600 rpm. A deep black precipitate is obtained after the reaction.
The final product is washed using water and acetone several times to remove all inorganic and
organic impurities. The particles are dried in vacuum oven for 30 minutes and used for further
studies. The ratio of the Zn?* and Mn?* is varied to prepare Mn,Zn;xFe,O, nanoparticles of

different concentrations (x = 0-1).
2.3 Characterization Techniques
2.3.1 X-Ray Diffraction

Since the wavelengths of hard X-rays are similar to the size of atoms, they are also useful for
determining crystal structures by X-ray Crystallography[120]. The principle of crystallography is
based on Bragg’s law. Consider crystal planes as shown in Fig 2.2. AO and CP are the two
incident X-rays on two consecutive crystal planes. OB and PD are the corresponding diffracted
rays of AO and CP respectively. OK and OL are the perpendiculars drawn from O on CP and PD
respectively. dy is the distance between two consecutive crystal planes.
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Fig 2.2: Schematic of X-ray diffractometer and Bragg’s law of diffraction pattern.
The path difference between two rays can be given as
KP+PL = 2dh Sin® 2.1
For constructive interference the Bragg’s law should be satisfied which is given as
2dpi SING = A 2.2

Where, n is the order of diffraction and A is the wavelength of X-ray used. X-ray diffraction is
very useful in determining the phase, structure and lattice constant using the Miller indices (h, k,

and I) values.

The crystallite size of the particles is usually measured using the Scherer’s equation[121].
Consider 0; and 0, are the diffraction angles from crystal planes n+1 and n-1. Hence, the full

width at half maxima (B) of the peak can be expressed as,

ﬁ:%(zel—zez)zel—ez 23

Applying Bragg’s condition to both the diffraction angles,
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(n+1)4 = 2dSiné, 2.4

(n—1)4 = 2dSing, 2.5

Now subtracting equation 2.5 from 2.4,

A =d(Sing, —-Sind,)

e A= 2dCos.[6)1 ;92 j‘s,in(é’1 ;92 j

6 +6 . (6. -6 -
Since,[ 1; 2J:&maxand Sln( 12 2}:‘91 92,

2

A=d(6,-6,)Cosb., 2.6
Using equation 2.3 in equation 2.6,

A=dpCosa_ 2.7

The above equation is known as Scherrer’s formula for determination of crystallite size. For
spherical particles the equation for crystallite size can be written as,

0.894

~ BCosO_ 28

Where, d is the crystallite size of the particles, 0.89 is a proportionality constant for spherical
particles; P is the full width at half maxima, 0 is the angle of diffraction and A is the wavelength

of the X-ray source (for CuKa, A=1.5416A).
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A Rigaku Ultima IV instrument is used for all room temperature XRD measurements. The
diffraction pattern for 20 values from 25 to 70 degree is obtained using CuK, radiation in the
Bragg-Brentano geometry. A scan rate of 2 deg/min with a step size of 0.02 degree is maintained
for each measurement. Acquisition and preliminary data analysis is performed using PDXL

software and the data is compared with the JCPDS data.
2.3.2 High Temperature XRD

A Philips- X’pert MPD system equipped with the Buhler high vacuum heating stage is used for
in situ high temperature studies. The resistance heating stage consists of a thin tantalum foil (~80
pum), on top of which a small quantity of sample is placed. The temperature is measured by a W-
Re thermocouple, which is spot welded at the bottom of the tantalum resistive heater. The
temperature is controlled with an accuracy of =1 °C. 20 values are taken from 25 to 68° in the
Bragg-Brentano geometry. A copper target serves as X-ray source for producing CuK, radiation.
A heating rate of 2 °C /min. and a holding time of 30 min. before scanning at each temperature
are maintained. The specimen stage is flushed with high purity Ar and a vacuum level of about
10 mbar is achieved before starting the experiment and it is maintained by low heating rate.
Control, acquisition and preliminary analysis of the data are performed by the Philips- X pert pro
software and the XRD patterns are verified by comparing with the Joint Committee on Powder
Diffraction Standards (JCPDS) patterns. JCPDS Pcpdfwin, Version 2.4 is exclusively used for
comparision[122]. The peak position and full width half maximum are determined by fitting the
peak with voigt function using the PEAKFIT program from Jandel Scientific[123]. Rietveld

analysis is performed using Materials Analysis Using Diffraction (MAUD) version 2.33[124].
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2.3.3 Small Angle X-ray Scattering

Small angle X-ray scattering is a very well-established measurement tool for obtaining
information about structures ranging from tens to thousands of angstroms. The primary
experimental requirement for SAXS is a well-collimated X-ray beam with a small cross-section.
The intensity of the scattering beams at small angle is recorded. An extended sample-detector
distance is required to spread out scattered photons from the main beam and also to reduce the
detected X-ray background. In SAXS, the scattering intensity from a collection of like objects is
given by, I(q)z NF(q)S(q) where, N is the number of objects, F(q) is the form factor, S(q) is
the structure factor and q is the wave vector given by 4n/A sin6[125]. F(q) gives information
about the internal density distributions of the particles whereas S(q) carries the information about
their spatial arrangement. As the length scales become smaller than the size of the primary
particles, the structure factor becomes constant and the scattered intensity is proportional to the

form factor F(q).

In general, the influence of shape and particle size distribution cannot be separated in
SAXS[126]. They are taken together as polydispersity and accounted for smearing the form

factor with a suitable particle size distribution D(d, do,c );
F(a)=[ F(a,d)D(d,dg,0)d(d) 2.9

where ‘d’ is the length scale of interest, dg and ¢ are measures of the distribution, typically mean
particle size and standard deviation, respectively. The Gaussian and Schultz distributions are
frequently used and are equivalent for the narrow particle size distributions that give rise to

Porod oscillations. The F(q) for spherical particle of diameter ‘d’ given as[125]
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where V is the volume of the sphere. This function is oscillatory with overall g* (Porod)
dependence. The first zero occurs at q ~ 9.0/d[127]. These zeroes are smeared out by
polydispersity, resulting in Porod oscillation that becomes increasingly damped with increasing

polydispersity.

The shape and particle size distributions are obtained by fitting the intensity of the scattered X-

rays with suitable models. The model equation for spherical particles is given as[127]

w(F ) E=(%)
q 2 ) 2 2

where, Ap is the difference in electron density of particle and the medium[128]. Dilute or non

2

1(q) =[Ao|” 211

interacting polydisperse systems demonstrate a Guinier region tapering to Porod region (I ~ g
with increasing g. In these dilute systems, the volume weighted particle size distribution is
obtained by fitting the Guinier and Porod’s regimes. But these methods fail when the system is

dense due to interparticle correlations.

A Rigaku Ultima IV instrument which uses CuKa (A=1.5418 A) as X-ray source and a
scintillation detector is used for SAXS measurements. The measurements are performed in the

transmission mode in the 20 range of 0.01" to 2.2",
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2.3.4 Transmission Electron Microscopy

TEM exploits three different interactions of electron beam-specimen i.e. un-scattered electrons
(transmitted beam), elastically scattered electrons (diffracted beam) and inelastically scattered
electrons. The intensity of transmitted electrons is inversely proportional to the specimen
thickness. Areas of the specimen that are thicker will have fewer transmitted electrons and so
will appear darker; conversely the thinner areas will appear lighter due to more transmission. The
scattered part of the incident beam is transmitted through the remaining portions of the specimen.
All incident electrons have the same energy and enter the specimen normal to its surface. All
incidents that are scattered by the same atomic spacing will be scattered by the same angle.
These scattered electrons can be collimated using magnetic lenses to form a pattern of spots,
each spot corresponding to a specific atomic spacing (a plane). This pattern can then yield
information about the orientation, atomic arrangements and phases present. Also, incident
electrons can interact with the specimen inelastically and loose its energy during the interaction.

These electrons are then transmitted through the rest of the specimen [129].

Typically, a TEM consists of three stages of lensing. The stages are the condensor lenses, the
objective lenses, and the projector lenses. The condensor lenses are responsible for primary beam
formation, whilst the objective lenses focus the beam that comes through the sample itself (in
STEM scanning mode, there are also objective lenses above the sample to make the incident
electron beam convergent). The projector lenses are used to expand the beam onto the phosphor
screen or other imaging device, such as film. The magnification of the TEM is due to the ratio of
the distances between the specimen and the objective lens' image plane. Additional quad or
hexapole lenses allow for the correction of asymmetrical beam distortions, known

as astigmatism. It is noted that TEM optical configurations differ significantly with

45



Chapter Il

implementation, with manufacturers using custom lens configurations, such as in spherical
aberration corrected instruments or TEMs utilizing energy filtering to correct electron chromatic

aberration.

TEM investigations are carried out using JEOL 2011 TEM with an acceleration voltage of 200
kV. A drop of the magnetite dispersion was placed on a carbon coated copper grid (0.3 cm

diameter, mesh size of 200 holes/cm) and left it to dry overnight at room temperature.
2.3.5 Fourier Transform Infrared Spectroscopy

For a molecule to absorb infrared waves, the vibrations or rotations within a molecule must cause
a net change in the dipole moment of the molecule[130]. The alternating electrical field of the
radiation interacts with fluctuations in the dipole moment of the molecule. If the frequency of the
radiation matches the vibrational frequency of the molecule then radiation will be absorbed,
causing a change in the amplitude of molecular vibration. Molecular vibrations are divided into
stretching and bending. FTIR has three major advantages over other infrared spectrometers
which are high signal-to-noise ratio, multiplex advantage and wavenumber precision. It is vital
that the wavenumbers, and hence peak positions, in an infrared spectrum be measured
reproducibly. FTIR contains a laser that acts as an internal wavenumber standard, which gives

rise to a precision of +0.01 cm ™.

The heart of the FTIR is an optical device known as interferometer. The most popular
interferometer used in FTIR instruments is Michelson interferometer. The top arm contains the
infrared source and a collimating mirror to collect the light from the source and make its rays
parallel. The bottom arm contains a fixed mirror. The right arm of the interferometer contains a

moving mirror which is capable of moving left and right. The left arm of the interferometer
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contains the sample and detector. At the centre of the interferometer, there is a beam splitter that
transmits a portion of the light and reflects the rest of the light incident upon it. The light
transmitted by the beamsplitter travels toward the fixed mirror, and the light reflected by the
beamsplitter travels toward the moving mirror. The light beams reflected from these mirrors
travel back to the beamsplitter, where they are recombined into a single light beam that leaves

the interferometer, interacts with the sample, and strikes the detector.

The resulting signal is called an interferogram which has the unique property that every data
point (a function of the moving mirror position) which makes up the signal has information
about every infrared frequency which comes from the source. Because the analyst requires a
frequency spectrum (a plot of the intensity at each individual frequency) in order to make
identification, the measured interferogram signal cannot be interpreted directly. The “decoding”

the individual frequencies are accomplished by Fourier transformation.

An ABB BOMEM MB 3000 FT-IR spectrometer is used for IR absorption studies in the spectral
range 3700-400 cm™. The spectral resolution of the instrument is 4 cm™. The sample pellets are

prepared by uniform mixing of nanoparticles with KBr in the ratio 1:3.
2.3.6 Thermogravimetric Analysis-Differential Scanning Calorimetry

Differential scanning calorimetry is a thermoanalytical technique in which the difference in the
amount of heat required to increase the temperature of a sample and reference are measured as a
function of temperature. Both the sample and reference are maintained at very nearly the same
temperature throughout the experiment. Generally, the temperature program for a DSC analysis
is designed such that the sample holder temperature increases linearly as a function of time. The

reference sample should have a well-defined heat capacity over the range of temperatures to be
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scanned. The basic principle underlying this technique is that, when the sample undergoes a
physical transformation such as phase transitions, more (or less) heat will need to flow to it than
the reference to maintain both at the same temperature. Whether more or less heat must flow to
the sample depends on whether the process is exothermic or endothermic. By observing the
difference in heat flow between the sample and reference, differential scanning calorimeters are
able to measure the amount of heat absorbed or released during such transitions. DSC may also
be used to observe more subtle phase changes, such as glass transitions. DSC is widely used in
industrial settings as a quality control instrument due to its applicability in evaluating sample
purity and for studying polymer curing. The result of a DSC experiment is a heating or cooling
curve. This curve can be used to calculate enthalpies of transitions. This is done by integrating
the peak corresponding to a given transition. DSC is a useful tool to measure a number of
characteristic properties such as fusion, crystallization and glass transition temperatures. DSC is

also an important tool to study oxidation, as well as other chemical reactions.

TGA provides complimentary and supplementary characterization information to DSC. It
measures the amount and rate of change in the mass of a sample as a function of temperature or
time in a controlled atmosphere. The measurements are used primarily to determine the thermal
and oxidative stabilities of materials as well as their compositional properties. The technigue can
analyze materials that exhibit either mass loss or gain due to decomposition, oxidation or

structural transitions.

For the present work, Mettler Toledo system was used to carry out the TGA-DSC measurements
simultaneously in the temperature range 30-1000 °C at a heating rate of 10 °C/min under air

atmosphere. A special arrangement was done for performing magnetic properties measurements.
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150 pl alumina crucible with 25 mg of sample was used for each measurement. The analysis of

enthalpy and phase transitions was performed using the STAR®.

2.3.7 Vibrating Sample Magnetometer

A vibrating sample magnetometer (\VSM) operates on Faraday's law of induction i.e. a changing
magnetic field produces an electric field[16]. This electric field can give information about the
changing magnetic field. A VSM is used to measure the magnetic behavior of magnetic

materials. A schematic of vibrating scanning magnetometer is shown in Fig. 2.3.

Vibration Reference
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Vibrating Reference
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Fig 2.3: Schematic diagram of vibrating sample magnetometer.

A VSM operates by first placing the sample to be studied in a constant magnetic field. If the
sample is magnetic, this constant magnetic field will magnetize the sample by aligning the
magnetic domains, or the individual magnetic spins, with the field. The stronger the constant
field, the larger the magnetization will be. The magnetic dipole moment of the sample will create

a magnetic field around the sample, called the magnetic stray field. As the sample is moved up
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and down, this magnetic stray field is changing as a function of time that is sensed by a set of
pick-up coils. The oscillating magnetic field will cause an electric field in the pick-up coils
according to Faraday's law of induction. This current will be proportional to the magnetization of
the sample. The induction current is amplified by a trans-impedance amplifier and lock-in
amplifier. The various components are controlled by a computer interface. The magnetic moment
of the sample is measured in terms of electromagnetic unit (emu). Later, the magnetic moment is
converted to emu/g scale and plotted against the applied magnetic field. For the present work, a
cryogen-free vibrating sample magnetometer (M/s Cryogenics, UK) is used for magnetization
measurements in the applied magnetic field range of -1.5 to 1.5 T. The temperature dependant
magnetization measurements (Zero field cooled (ZFC)-Field cooled (FC)) were performed in the
range of 4 to 600K at magnetic field strength of 100 Oe. For ZFC measurements, the sample was
cooled down to 4K with zero magnetic fields and then the magnetization data was obtained by
heating the sample till 300K with an applied field of 100 Oe. Then the sample is cooled to 4K,

with the above applied field, and the FC curve is obtained.

2.3.8 Atomic Emission Spectroscopy

Atomic emission spectroscopy uses quantitative measurement of the optical emission from
excited atoms to determine analyte concentration. Analyte atoms in solution are aspirated into
the excitation region where they are desolvated, vaporized, and atomized by a flame, discharge,
or plasma. These high-temperature atomization sources provide sufficient energy to promote the
atoms into high energy levels. The atoms decay back to lower levels by emitting light. Since the
transitions are between distinct atomic energy levels, the emission lines in the spectra are narrow.
The obtained congested spectra of samples containing many elements are analyzed (spectral

separation of nearby atomic transitions) by using a high-resolution spectrometer. Since all atoms
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in a sample are excited simultaneously, they can be detected simultaneously using a
polychromator with multiple detectors. This ability to simultaneously measure multiple elements
IS a major advantage of AES compared to atomic-absorption spectroscopy (AAS). The AES

studies have been performed using a HORIBA JOBINYVON make instrument.

2.3.9 Zeta Potential

The development of a net charge at the particle surface affects the distribution of ions in the
surrounding interfacial region, resulting in an increased concentration of counter ions close to the
surface and creates an electrical double layer exists around each particle[131]. The liquid layer
surrounding the particle exists as two parts; (a) the stern layer (inner region), with strongly bound
ions and (b) diffused layer (outer region) with less firmly bound ions. The diffuse layer contains
a notional boundary inside which the ions and particles form a stable entity. When a particle
moves, ions within the boundary move with it, but any ions beyond the boundary do not travel
with the particle. This boundary is called the surface of hydrodynamic shear or slipping plane
and the potential at this boundary is known as zeta potential. The magnitude of the zeta potential
gives an indication of the potential stability of the colloidal system. In general, if all the particles
in suspension have a large negative or positive zeta potential then they will tend to repel each
other thus preventing agglomeration or flocculation. However, if the particles have low zeta
potential values then there is no force to prevent the particles coming together and
aggregating/flocculating. The dividing line between stable and unstable suspensions is generally
taken at either +30 mV or -30 mV. Particles with zeta potentials more positive than +30 mV or
more negative than -30 mV are normally considered stable. However if the particles have a

density different from the dispersant, they will eventually sediment because of the gravitational
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force. The important factors affecting the zeta potential are pH, conductivity and concentration

of the formulation.

The principle used for zeta potential measurement is electrophoresis. When an electric field is
applied across an electrolyte, charged particles suspended in the electrolyte are attracted towards
the electrode of opposite charge. Viscous forces acting on the particles tend to oppose this
movement. When equilibrium is reached between these two opposing forces, the particles move
with constant velocity, which is dependent on the strength of the electric field or voltage
gradient, the dielectric constant of the medium, the viscosity of the medium and the zeta

potential. Fig 2.4 shows the schematic of hydration sphere and zeta potential.
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Fig 2.4: Schematic of the Zeta potential measurement.

The velocity of a particle in an electric field is referred to as its electrophoretic mobility. Zeta

potential is related to the electrophoretic mobility by the Henry equation[131]
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where Ug is the electrophoretic mobility, ( is the zeta potential, € is the dielectric constant, 1 is
the viscosity and f(xa) is the Henry’s function. The units of k, termed the Debye length, are
reciprocal length and k™ is often taken as a measure of the “thickness” of the electrical double

layer.

The instrument used in the present study is the Malvern’s Zetasizer-Nano which uses a
combination of laser Doppler velocimetry and phase analysis light scattering (PALS) to measure
particle electrophoretic mobility. Implementation of PALS enables even samples of very low
mobility to be analyzed and their mobility distributions calculated. For zeta potential
measurements, the laser light source is split to provide an incident and reference beam. The
incident laser beam passes through the centre of the sample cell, and the scattered light is
detected at an angle of 173". When an electric field is applied to the cell, any particles moving
through the measurement volume will cause the intensity of light detected to fluctuate with a
frequency proportional to the particle speed and this information is passed to a digital signal
processor and then to a computer. The Zetasizer-Nano software calculates a frequency spectrum
from which the electrophoretic mobility and hence zeta potential is calculated. The intensity of
the detected and the scattered light must be within a specific range for the detector to
successfully measure it. This is achieved by using an attenuator, which adjusts the intensity of
the light reaching the sample and hence the intensity of the scattering. To correct for any
differences in the cell wall thickness and dispersant refraction, compensation optics are installed

to maintain optimum alignment.
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3.1 Introduction

CoFe,0,4 is thermally more stable than Fe;O4 nanoparticles in air as well as under
vacuum annealing conditions[117]. But, the magnetic property of CoFe,O, (80 emu/g) is
comparatively lower than Fe3;04 (92emu/g)[132]. Therefore, it is necessary to find the minimum
doping concentration of Co which can effectively increase the thermal stability of Fe3O,
nanoparticles without affecting its magnetic property. Although, earlier studies show that the y-
Fe,03 to a-Fe,O3 phase transition temperature can be enhanced by 100 °C by doping of Co using
combustion method[105], a systematic study on the effect Co doping on thermal and magnetic

properties of Fe;O,4 in a wide range is still missing in literature.

The objective of the present work is to probe the effect of Co(ll) ion doping on phase
stability of maghemite nanoparticles during air and vacuum annealing without compromising
magnetization property. Further, it is also aimed at exploring new approaches to enhance the
phase stability of magnetite. Earlier studies show that the phase transition temperatures increase
with various dopants of larger volume fractions[103, 104, 111], but the present study reveals that
0.1 fraction of Co®* metal ion doping in magnetite can lead to a considerable enhancement in the

non-magnetic phase transition temperature.

3.2 Synthesis of CoyFe;.xO4 nanoparticles
CoxFesxO4 nanoparticles (x=0 to 0.6) are prepared using co-precipitation method. The detail of

the synthesis procedure is discussed in chapter 11, Section 2.2.1.1.
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3.3 Results and Discussion

3.3.1 Room temperature XRD studies

The room temperature XRD of CoyFe3.xO4 (for x =0, 0.1, 0.2, 0.4 and 0.6) are shown in Fig 3.1.
The observed peaks that originate from the (220), (311), (400), (511) and (440) planes confirm
the spinel ferrites structure for all the studied samples (JCPDS card no-880315). The particle size
varies from 11+1 to 9 + 1 nm with increase in cobalt fraction from 0 to 0.6. The error estimation
is made from the experimental noise present in the XRD diffraction pattern using the approach of

Roman Pielaszek[133].
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Fig 3.1: The room temperature XRD patterns of CoxFesxO4 nanoparticles for x= 0, 0.1, 0.2, 0.4

and 0.6.

With increase in cobalt fraction from 0 to 0.6, the lattice parameter is found to vary from 8.33 to

8.36 A. However, no clear trend is observed in the variations of lattice parameter with the cobalt
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content. The observed variation in the lattice parameter could be due to the slight differences in
precipitation conditions during each synthesis. Fig 3.2(a) shows the scattering intensity as a
function of scattering vector and (b) the particle size distribution obtained from the best fit on

SAXS data for cobalt fractions of 0, 0.1, 0.2, 0.4 and 0.6.
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Fig 3.2: (a) Scattering Intensity as a function of scattering vector and (b) the size distributions

obtained from the best fit on SAXS data for cobalt fractions of 0, 0.1, 0.2, 0.4 and 0.6.

The polydispersity of nanoparticles is calculated using the equation, oeff :d& where, o is
avg

the standard deviation and dayg is the average particle diameter obtained from SAXS[125]. The
most probable particle size varies from 11.8 to 7.1 nm. The fit on the scattering data shows that
the particles are spherical in shape, as confirmed from TEM. The most probable particle size and

polydispersity (SAXS), phase decomposition temperatures under vacuum (HTXRD), phase
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transition temperature in air (XRD and DSC) and enthalpy changes (obtained from DSC) for

various fractions of cobalt doping (x = 0-0.6) are listed in Table 3.1. Fig 3.3 shows the TEM

image of un-doped (x = 0) and doped (x = 0.1) sample.

Fig 3.3: The TEM images of CoyFe3.xO4 nanoparticles for (a) x = 0 and (b) 0.1.

Table 3.1: The most probable particle size and polydispersity (SAXS), phase decomposition

temperatures under vacuum (HTXRD), phase transition temperature under air (XRD and DSC)

and enthalpy changes (DSC) for various fractions of cobalt doping (x = 0-0.6).

Sl. | Fraction of | Size Polydisp- Under Vacuum Under air v-Fe,05 to Enthalpy
No. Co*in from ersity oo | annealed up to 1000 annealing a-Fe,04 change
CosFesOq | SAXS (%) °c (y-Fe;Osto a- | Transition | obtained from
x) (nm) (FesO,t0 y-Fe,05 + | Fe:Ozphase | temperature DSC
FeO phase transition transition from (.99
temperature in C) | emperature in DSCin
°C) oxygen
(start-End) (°C)
1 0 11.8 55.6 700 450 - 600 577-615 89
2 0.1 10.1 60.2 Not converted 550 - 600 618-647 71
3 0.2 8.8 67.0 Not converted 550 - 600 626-659 55
4 04 9.1 48.9 Not converted 600 637-680 39
5 0.6 7.1 57.2 Not converted 600 663-716 18
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Fig 3.4 and 3.5 show the room temperature XRD patterns of samples annealed in air with x = 0
and 0.1 respectively. It has been reported that pure magnetite with particle size below 300 nm is
oxidized above 220 °C, and forms y-Fe,O3 phase[98]. Therefore, for x = 0, magnetite should
have oxidized to y-Fe,O3 phase at 350 °C, though it was not evident from the XRD. However, the
conversion of y-Fe,O3 to a-Fe,0j3 starts at 450 °C, which is clearly evident from the evolution of
(104) peak. Pure a-Fe;O3 phase is observed at 500 °C. Annealing at 600 and 1000 °C results in
no further changes in the a-Fe,O3 phase, which is in good agreement with an earlier report[100].
For x = 0.1, XRD results reveal that the y-Fe,O3 is stable up to 500 °C. The conversion from vy-
Fe,O3 to a-Fe,O3 starts at 550 °C and is completed at 600 °C and the a-Fe,O3 phase is retained

even at 1000 °C annealing.

* Fe304
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Fig 3.4: The room temperature XRD patterns of Fe;O4 nanoparticles annealed at 350, 450, 500,

600 and 1000 °C in air.
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Fig 3.5: The room temperature XRD patterns of Cog1Fe2904 nanoparticles at 30 °C and air

annealed at 450, 500, 550, 600 and 1000 °C.
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Fig 3.6: Rietveld fitting of XRD pattern of magnetite nanoparticles air annealed at 450 °C.

Analysis shows that the end product is a mixture of maghemite and hematite of 81 and 19%,

respectively.

60



Chapter 11l

The Rietveld fitting of XRD pattern of magnetite nanoparticles air annealed at 450 °C is shown
in Fig 3.6. The green line shows maghemite phase and the red one shows the hematite phase. It is
observed that 19% of nanoparticles were converted to hematite after annealing at 450 °C whereas
81% remains as maghemite phase. Rietveld analysis is also performed for other annealed

nanoparticles and the results are summarized in Table 3.2.

Table 3.2: Rietveld analysis results of air annealed nanoparticles. Annealing temperature and the

corresponding phases (percentage) for x =0, 0.1, 0.2, 0.4 and 0.6.

Annealing x=0 x=0.1 x=0.2 x=0.4 x=0.6
Temp.
(°C) V- o- V- o- v- o- y- o- V- o-

350 100 0 100 0 100 0 100 0 100 0
450 81 19 100 0 100 0 100 0 100 0
500 1 99 100 0 100 0 100 0 100 0
550 0 100 5 95 - - - - - -
600 0 100 0 100 0 100 37 63 63 37

Fig 3.7 shows the room temperature XRD patterns of CoxFe;xO4 samples after air
annealing at 1000 °C. Intensity ratio of (110) and (104) is an indicator of the y-Fe,O3 to a-Fe,O3
conversion ratio. It is reported that peak intensity ratio greater than 70:100 represents a mixture
of y-Fe,0O3 and a-Fe,O3 phases whereas the ratio below 70:100 represents the o-rich phase[100].
For x = 0, 0.1 and 0.2, the intensity ratio of (110) and (104) observed is less than 70:100 that
indicates the dominance of alpha phase. But for x = 0.4 and 0.6, the intensity ratio is more than
70:100 that shows presence of a mixture of alpha and gamma phases. For x = 1, which

corresponds to CoFe,04, the CoFe,04 phase is stable up to 1000 °C[117].
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Fig 3.7: The room temperature XRD patterns of CoxFe3xO4 after air annealing at 1000 °C for x =

0,0.1,0.2,0.4 and 0.6.

The reported maximum phase transition temperature for y-Fe,O3 to a-Fe,O3 conversion is
700 °C for nanoparticles of 15 nm size with a silica protective shell[107]. This enhancement in
phase transition is attributed to the strong oxide-oxide interaction between maghemite and silica.
For uncoated magnetite nanoparticles, the maximum y-Fe,O3; to o-Fe,Oz phase transition
temperature reported is 600 °C[100]. XRD results shows that under air annealing the y-Fe,O3 to
a-Fe,03 phase transition commences only around 550-600 °C in 0.1 fraction cobalt doped

samples whereas it occur at 450 °C in un-doped samples.

3.3.2 Insitu high temperature XRD studies
Fig 3.8 shows in situ high-temperature XRD pattern of uncoated FesO4 nanoparticles at different

temperatures of 30, 300, 400, 500, 600, 700, 800, 900, and 1000 °C and cooled back to room

temperature which is consistent with earlier reports[112].
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Fig 3.8: The in-situ high temperature XRD patterns of Fe3O, nanoparticles under vacuum

annealing.

The diffraction peaks observed at 30 °C can be indexed to cubic spinel structure of Fe30,4 phase.
The Fe304 phase is observed in the temperature range of 300 to 600 °C. On further heating, two
distinct changes are observed. The observed peaks became narrower and more intense at higher
temperatures and the peaks are shifted toward lower angle. The first change is attributed to an
increase in particle size due to coalescence of the particles by solid-state diffusion and the latter
is attributed to lattice expansion with increasing temperature. Above 700 °C, Fe3O4 is
decomposed into y-Fe,O3 and FeO phases. From 800 to 1000 °C, the XRD pattern matched with
the y-Fe,O3 and FeO standards with additional high-intensity (110), (200) and (220) diffraction

peaks. The particle size of uncoated Fe;O, changed from 9+1 to 18+2 nm as the temperature
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increased from room temperature to 700 °C. The calculated lattice constant at room temperature
is 8.348 A. The lattice constant increases from 8.348 to 8.446 A as the temperature is increased

from 300 to 600 °C, as a result of the increase of the particle volume with temperature.

In situ high temperature XRD patterns of Cog1Fe» 904 (X = 0.1) nanoparticles under similar

annealing protocols is shown in Fig. 3.9.
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Fig 3.9: The in-situ high temperature XRD patterns of Cog1Fe; 904 nanoparticles under vacuum

annealing.

In the temperature range of 30-1000 °C, the observed diffraction peaks confirm the cubic spinel
structure. In contrast to the decomposition of Fe3O4 nanoparticles at 700 °C, the Cog1Fe2 904 is
found to be stable up to 1000 °C and the phase remains intact even after cooling back to room

temperature. The ‘d’ and ‘a’ values increases from 15+2 to 35+4 nm and 8.37 to 8.68 A
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respectively as the temperature increases from 30 to 1000 °C. It is interesting to note that the
growth of Co®* doped particles is slow compared to pure FesO, nanoparticles. Lai et al. found
that doping of Fe3O4 with Mn(111) enhances the phase transition temperature up to 600 °C due to
the more free volume present in cubic Mn®" than Fe**, which ultimately increases the activation

energy required for the transition[103, 134]. The activation energy was calculated for y-Fe,O3 to
a-Fe,03 phase transition from the Schott equation[118] given by, d = Aexp(_R—I%ra), Where d is

the particle size, E, is the activation energy, T is the absolute temperature, A and R represents
Arrhenius constant and universal gas constant respectively. A plot of Ind vs 1/T gives a linear
plot where the intercept and slope corresponds to InA and E./R, respectively. The activation
energy is obtained from the slope of the linear fit and is found to be 16.04, 18.79, 20.61, 19.54
and 27.02 KJ/mol for x=0, 0.1, 0.2, 04 and 0.6, respectively. The obtained value of “A” from the
intercept of the best fit is found to be 48 KJ/mol, which was much smaller than the value of 140

KJ/mol reported in zinc ferrite system[118].

Fig 3.10 shows the variation of activation energy with cobalt content and the
experimental data is best fitted with an equation, Eg =15.125X+16.467 . The observed increase

in the activation energy for the phase transition with increasing cobalt fraction is attributed to the
stabilization of cubic structure by Co®*. As the size of nanoparticles with x=0.1 is comparable to
that of un-doped sample the possibility of size effect on the enhancement can be ruled out. A
study on size dependence of phase transition temperatures in pure magnetite shows that the phase
transition temperature increases with decrease in particle size due to the increase in surface spin
disorder[119]. Therefore, the observed enhancement in phase transition temperature originates

from the dopant. The results show that the y-Fe,O3 phase is extremely stable (up to 1000 °C) with
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cobalt fraction of 0.1 or above. Particle size is found to increase with increase in temperature.
The lattice parameter also increases from 8.5 to 8.7 A due to lattice expansion at higher

temperature.
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Fig 3.10: The variation of activation energy with increasing cobalt content in Fe3O,.

3.3.3 TGA-DSC studies

To compare the XRD results of transition temperatures obtained from air annealed
samples (section 3.3.1), simultaneous TGA-DSC studies have been carried out under air. Fig
3.11(a) represents the heat flow and weight loss as a function of temperature for Fe;O,4
nanoparticles (x = 0) and Cog 1Fe, 904 nanoparticles (x = 0.1). The 5% weight loss in the range of
50 — 300 °C is due to removal of moisture content in the samples. A sharp exothermic peak
observed at 597 °C in the heat flow curve corresponds to a phase transition from y-Fe,O3 to a-

Fe,03[135]. The peak starts at 573 °C and ends at 615 °C, indicates the starting and completion
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of phase transition respectively. A change in enthalpy of 89 Jg* is observed during the phase

transition, which corresponds to the energy released during the exothermic process.
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Fig 3.11: (a) The weight loss and heat flow for Fe;04 (x = 0; solid lines) and Cog1Fe2904 (X =
0.1; dashed lines) nanoparticles annealed in air. (b) The heat flow curve of CoyxFe3«O4
nanopaticles in oxygen atmosphere for x = 0, 0.1, 0.2, 0.4 and 0.6. (c) The variation of enthalpy

change during phase transition vs. cobalt fractions (x = 0-0.6).

For x = 0.1, an exothermic peak is clearly observed at 632 °C that corresponds to a
transition from vy to a more stable o phase. The peak starts at 618 °C and ends at 647 °C, where

the enthalpy change drops to 71 from 89 Jg™. The enhancement in the y-Fe,Os to a-Fe,O3 phase
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transition temperature in 0.1 fraction of Co doping is found to be 35 °C in DSC whereas it was
100 °C in XRD. The difference in the transition temperature observed in these two experiments
is due to the fact that the DSC is done at a heating rate of 10 °C/min and is a dynamic
experiment, whereas in XRD, experiments are done after annealing of the samples for two hours.
However, both these results unambiguously confirm the fact that Co doping enhances the

transition temperature of Fe30,.

Fig 3.11(b) shows the variation of heat flow with temperature for the samples with
different cobalt doping. The exothermic peaks between 600 and 650 °C corresponds to
maghemite to hematite transition. The peak temperatures are 597, 632, 643, 658 and 687 °C for x
=0, 0.1, 0.2, 0.4 and 0.6 respectively. It can be seen clearly that the exothermic peaks shift
towards higher temperature as the cobalt content increases. Fig 3.11(c) shows that the peak area
decreases with increase in cobalt content. Here, the enthalpy change decreases from 89.86 to
17.62 Jg* as the cobalt content increased from 0 to 0.6. The decrease in the area under the peak
is due to the fact that the degree of conversion from maghemite to hematite decreases with cobalt
content. This leads to lower energy release from the system and hence a lower enthalpy change.
From the thermodynamic point of view, the change in free energy governs a chemical or physical
change. The equation relating free energy change and enthalpy is given by, AG = AH —TAS;
where, AG is the change in free energy, AH is the change in enthalpy, AS is the change in
entropy and T represents absolute temperature. The details of DSC results are summarized in
Table 3.1. As the system always prefers to stay in a state of lower free energy, the more negative
the free energy change, more stable the system is. The enthalpy change depends on the amount
of energy absorbed or released during the physical change. In present case, the conversion of

maghemite to hematite occurs, as the latter is more stable state than the former, which explains
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the evolution of an exothermic peak. Again, the amount of energy release depends on the amount

of conversion (i.e. maghemite to hematite).

3.3.4 Magnetic properties studies

Fig 3.12(a) shows the room temperature magnetization data of CoxFe;.xO4 nanoparticles.
It is observed that for 0.1 < x < 0.6, the M-H loop does not show any magnetic hysteresis with
saturation magnetization value ranging from 64 to 72 emu/g. The saturation magnetization value
of bulk cobalt ferrite and magnetite are 80 and 92 emu/g respectively[132]. The slightly lower
value of saturation magnetization observed in the samples is attributed to the dead layers present
on the surface in lower particle size[136]. Further, these results show that the strongly magnetic

nature of all the samples remains the same irrespective of the doping concentration[137].

Fig 3.12(b) shows the magnetization curves of Fe3O4 (x=0) nanoparticles air annealed at
different temperatures. The Ms value for x = 0 sample is 60 emu/g. After annealing at 450 and
500 °C, the saturation magnetization values are reduced to 54 and 14 emu/g respectively. The
sharp reduction in the M values is due to the conversion of cubic y-Fe,O3 phase to hexagonal a-
Fe,O3 phase. Fig 3.12(c) represents the magnetization curves of air annealed samples for x = 0.1.
The M; value for the as prepared sample is 70.5 emu/g. After annealing at 450 and 500 °C, the
saturation magnetization values are reduced to 63.5 and 55 emu/g respectively but interestingly

the samples still retain their superparamagnetic nature.

But on further increase in annealing temperature to 550 °C, the M value decreases to 7 emu/g
due to substantial conversion of cubic (y-Fe,O3) to hexagonal (a-Fe;O3) phase. The decrease in

saturation magnetization after annealing at high temperatures is due to the weakening of A-B
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exchange interaction because of thermal fluctuations. In general, cobalt ferrite exhibits inverse

spinel structure.
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Fig 3.12: (a) Room temperature Magnetization curves of CoyFesxO4 nanoparticles for x =0, 0.1,
0.2, 0.4 and 0.6. (b) Fe3O,4 nanoparticles air annealed at 30, 450 and 500 °C (c) Cog.1Fe;.904

nanopaticles air annealed at 450, 500, 550, 750 and 1000 °C.
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It consists of oxide ions in the cubic close-packed arrangement in which 1/3 of tetrahedral
interstices and 2/3 of octahedral interstices coordinate with oxygen. All Co(ll) ions occupy the
octahedral interstices, and half of the Fe(lll) occupies the tetrahedral interstices (A) and
remaining half of the Fe(lll) in octahedral interstices (B). Electron spins of Fe(lll) ions in
octahedral interstices are aligned anti-parallel to those in tetrahedral interstices. The Co(ll) ions
align their spins parallel to Fe(I1l) ions in adjacent octahedral sites leading to a net magnetization
of 3.7uB per formula unit[16]. Mossbauer spectroscopy study shows that there exists a tendency
for the Co®* ions to be in the octahedral as well as tetrahedral with a preference towards
octahedral[138]. Another study shows that the magnetostriction increases with substitution of
manganese and decreases with substitution of iron in Coj,Fe; s xMnO4[139]. The observed
increase in magnetization from 68 to 79 emu/g for x = 0 to 0.1, is explained in terms of the
occupancy of manganese ions in the octahedral sites, which contain more free electrons than Co.
On increasing the doping, Mn ions occupy the tetrahedral site, leading to an invariant

magnetization[139].
3.4 Conclusions

present studies show that a small fraction of cobalt doping (x = 0.1) in magnetite can
significantly enhance their magnetic phase stability under air annealing, due to the increased
activation energy for y-Fe;Os to a-Fe,Os phase transition in presence of Co®*. The room
temperature M value of the sample for x=0.1, is found to be 70.5 emu/g, which is reduced to 55
emu/g after air annealing at 500 °C, due to the weakening of A-B exchange interaction because
of thermal fluctuations. The DSC results corroborate the XRD findings of increase in the y-Fe;O3
to a-Fe,O3 phase transition temperature with cobalt fraction (x). The enthalpy decrease from
89.86 to 17.62 Jg™ as the cobalt content increases from 0 to 0.6 which clearly indicates that the
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degree of conversion from maghemite to hematite decreases with cobalt content, which was in
good agreement with the y-Fe,O3 and a-Fe,O3 fractions observed in the Rietveld analysis data.
These results are promising as they reveal a new approach to tune the transition temperature of

ferrites by varying the doping concentrations.
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Chapter IV
4.1 Introduction

Studies show that ZnFe,O, nanoparticles are thermally stable upto 1000 °C under air as
well as vacuum annealing conditions but exhibit paramagnetic behavior at room
temperature[118, 140]. A study on the effect of thermal annealing of pure zinc ferrite under
vacuum shows a sudden drop of lattice parameter at 800 °C because of a conversion of the cubic
structured ZnFe,O,4 from normal to inverse spinel structure due to canting of ions between the
tetrahedral and octahedral interstitial sites[118, 140, 141]. It is reported that the occupancy of
Fe** ion in the tetrahedral A-site increases with decreasing particle size[142]. It was observed
that formation of a-Fe,O3 decreases with increase in Zn doping in y-Fe,O3[104]. Earlier,
calorimetric studies have shown that a-Fe,O3 to y-Fe O3 phase transition temperature can be
enhanced by 160 °C when doped with 1% of Zn[108]. Even though there are few reports on
room temperature studies on Zn** doped magnetite nanoparticles, high temperature studies in
Zn** doped magnetite system is lacking. Understanding of physical properties, and phase
transition temperatures are essential for better utilization of these materials for practical

applications.

With the above objectives in mind, systematic studies on zinc doped magnetite
nanoparticles, synthesized by chemical co-precipitation approach, are undertaken. The studies
are focused on the effect of dopant concentrations on the crystal structure, high temperature
phase transition temperatures and magnetic properties, blocking and curie temperatures of Zn

doped magnetite under vacuum and air annealing upto 1000 °C.
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4.2 Synthesis of ZnyFes «O4 nanoparticles

ZnyFes.x0O4 nanoparticles (x=0 to 0.6) are prepared using co-precipitation method. The details of

the synthesis procedure are discussed in chapter 11, Section 2.2.1.1.

4.3 Results and Discussion

4.3.1 Room Temperature XRD Studies

(400)
(511)
(440)

Intensity (arb. unit)

Intensity (arb. unit)

33.0 345 36.0 375
20 (deg.)

Fig 4.1: XRD pattern of ZnyFe3xO4 nanoparticles for x =0, 0.2, 0.4 and 0.6.

Fig 4.1(a) shows the room temperature XRD patterns of Zn,Fes;xO4 nanoparticles of

different dopant concentrations x =0, 0.2, 0.4 and 0.6. The peaks correspond to the crystal planes
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(220), (311), (400), (511) and (440) and matches with the JCPDS card no-880315 of spinel
ferrite. Fig 4.1(b) shows the magnified view of the (311) peak, which shifts towards lower 2
theta value with increase in zinc fraction. This observation is consistent with previous
reports[143]. The XRD diffraction peaks of all the samples resemble that of pure magnetite,
which indicate a crystal unit of face-centered cubic inverse-spinel structures for all the samples.
The most intense diffraction peak from the (311) plane is fitted to the voigt function for the
calculation of crystallite size. The crystallite size of the particles is found to reduce from 11(x1)
to 8(x1) nm as the zinc content increases from 0 to 0.6. Fig 4.2 shows the scattering intensity as a
function of wave vector and the probability distribution vs particle size for particle prepared with

doping concentrations of x =0, 0.2, 0.4 and 0.6.
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Fig 4.2: (a) Intensity as a function of scattering vector and (b) probability distribution as a

function of particle size for x =0, 0.2, 0.4 and 0.6.

76



Chapter IV

The particles size and their distribution observed from SAXS confirm that the particle size and

polydispersity indeed decrease with the doping concentration. Further, the SAXS analysis shows
that all the particles are nearly spherical in shape (i.e. 1(q) o« q™). The average particle size is

found to vary from 15(%2) to 11(x1) nm for the x values 0 to 0.6.

Fig 4.3: TEM image of Fe3O4 nanoparticles (x = 0).

Fig 4.3 shows the TEM image for x = 0 (Fe3O,4), where the average particle size is found to be
13(x1.5) nm. The measured values of lattice parameter and crystallite size of nanoparticles
plotted as a function of zinc fraction is shown in Fig 4.4. The lattice parameter (a) increases from
8.35 to 8.39 A as the Zn*" ion concentration increases from 0 to 0.2. The reported values of
lattice parameter for FesO, and ZnFe,O, are 8.33 and 8.35 A, respectively which is fairly in
agreement with the observed values[143]. Due to the affinity of Zn®" ions for strong, nearly
covalent, sp® bonding with oxygen ions, the Zn*" ions prefer to occupy the tetrahedral sites by
pushing the oxygen atoms along the body diagonals of the octants of the spinel structure. The

resultant shrinkage of octahedral sites enables the occupancy of the Fe* ions under strain.
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Therefore, the lattice parameter of Zn ferrite is slightly higher compared to cubic structured

inverse spinel magnetite[118].
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Fig 4.4: Variation of crystallite size and lattice parameter as a function of Zn?* fraction (0 - 0.6).

Usually in a close packed structure, the radius of the tetrahedral site is about 0.866 times
smaller than the octahedral site[144]. The ionic radius of the Zn?* ion (~74 pm) is larger than that
of Fe** ion located in the A site. A reduction in unit cell with decreasing size in ionic systems
and an expansion in covalent systems is predicted by Lennard-Jones[145]. It has been shown that
an expansion of the unit cell can occur with reduction in partially covalent oxides of

ferroelectrics, ferromagnets, superconductors, and structural ceramics[146].
4.3.2 High Temperature XRD studies

The in situ high temperature XRD patterns of Fe3O4 nanoparticles (x=0) annealed under vacuum

from 30 to 1000 °C in steps of 100 °C and after cooling back to room temperature (RT) shows
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cubic spinel structure of iron oxide (Chapter Ill, Fig. 3.8). Above 700 °C, iron oxide phase is
decomposed into a mixture of FeO and y-Fe,O3 phases, which is evident from the appearance of
(200) and (111) peaks of FeO along with (311) crystal plane of y-Fe,O3. Rietveld analysis is

performed to confirm the y-Fe,O3 and FeO phases (Fig. 4.5).
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Fig 4.5: Rietveld analysis for XRD pattern of Fe;O, nanoparticles after vacuum annealing at 30,

700 and 1000 °C.
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The analysis clearly shows that before vacuum annealing, only the spinel Fe3sO,4 phase is present
whereas after vacuum annealing at 700 °C, the contribution from FeO phase starts to increase. A
distinct peak of FeO (i.e (200) crystal plane) is observed along with y-Fe,O after 1000 °C. The
goodness of fit (GoF) and expected R-factor are found to be 1.40 and 22%, respectively. The

variation in particle size and lattice parameter values as a function of temperature is plotted in

Fig. 4.6.
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Fig 4.6: Variation of crystallite size and lattice parameter as a function of temperature for x = 0

under vacuum.

The ‘d’” and ‘a’ values of as-synthesized Fe3;O, particles increases from 12 to 16 nm and 8.53 —
8.64 A, respectively as the temperature is increased from 30 to 700 °C. From 700 to 1000 °C, ‘d’
(‘a’) of y-Fe,O3; phase increases almost linearly from 16 to 42 nm (8.64-8.71 A) due to

coalescence. The slope of the linear fit on the crystallite size was 0.07, which shows the slow
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growth of particle size. Table 4.1 shows the summary of the findings of high temperature XRD
studies at different temperatures under vacuum environment. The phases observed at different

annealing temperature, 26 values and the crystallite size are given.

Table 4.1: HTXRD Phase analysis results of magnetite nanoparticles after annealing under

vacuum at different temperatures.

Temperature (°C) Phase 20 (degree) Crystallite Size (nm)
30 FesOy 34.81 12.2

300 Fes0y 34.64 11.2

500 FesO4 34.43 11.7

600 Fes0y 34.35 16.4

700 y-Fe,03+FeO 34.27+40.68 26.1+40.1

900 v-Fe,03+FeO 34.19+40.64 35.7+20.9

1000 v-Fe,03+FeO 34.09+40.68 42.5+34.1

For x = 0.2 (Zno2Fe250,), the in situ XRD pattern of nanoparticles under vacuum annealing at
different temperature is shown in Fig 4.7. In the temperature range 30 to 900 °C, the observed
diffraction peaks confirm the cubic spinel structure of ferrite phase. In contrast to the phase
decomposition at 700 °C for x = 0.2, the Zng,Fe, 04 is found to be stable upto 900 °C and the
particles decompose at 1000 °C to FeO phase along with the y-Fe,O3 phase. These phases remain
intact even after cooling the sample back to room temperature. This observation suggests that the
replacement of Fe** with larger diameter Zn®* in the A site leads to an enhanced thermal
stability. Fig 4.8 shows the variation of ‘d’ and ‘a’ values of as-synthesized Zng,Fe;gO4
nanoparticles as a function of temperature. In the temperature range of 30 to 500 °C, the particle
size remains almost unchanged, above which it increase from 10 to 36 nm as the temperature
increases from 30 to 1000 °C. A steady increase in the lattice parameter from 8.54 to 8.69 Ais
observed in the above temperature range. Similar results are observed for x=0.4 and 0.6.
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Fig 4.7: XRD pattern of ZnsFe3«O4 nanoparticles for x = 0.2 vacuum annealed at different

temperatures from 30 to 1000 °C and cooled back to room temperature.
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Fig 4.8: Variation of crystallite size and lattice parameter as a function of temperature for x = 0.2

under vacuum.
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To obtain the reason for the observed enhanced stability, the activation energy of doped samples
are obtained using the Schott equation[118]. Fig 4.9 shows the variation of activation energy
with increasing zinc content. The results show that the activation energy increases from 11 to 20
kJ.mol™ as the doping concentration increases from 0 to 0.6. In the doping concentration range 0

to 0.4, the activation energy increases from 11 to 13 kJ.mol™.
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Fig 4.9: Calculated activation energy (in kJ.mol™) as a function of x from 0 to 0.6. The best fit to

the experimental points is Ea —11+17.6x-77

In the doping concentration range of 0.2 to 0.6, as the particle size reduced from 11 to 8 nm, one
would expect that the size effect may play a role on the enhanced phase transition temperatures.
Earlier studies clearly show that the phase transition temperature is indeed decreases with
decrease in particle size for uncoated nanoparticles[100, 119]. Therefore, the enhanced phase

transition temperature with Zn** doping appears to be due to the strong exchange interaction.
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The observed enhanced stability of the ferrite phase by with Zn** doping (x < 0.2 fractions) is
significant from application point of view. The consolidated results of phase transition studies

are listed in Table 4.2.

Table 4.2: The phase transition temperatures of nanoparticles under vacuum and air atmosphere

for zinc concentration of 0, 0.2, 0.4 and 0.6.

X FesO4—y-Fe,03+FeO v-Fe,03— a-Fey03
(Under Vacuum) in °C (DSC Peak in air) in °C
0 700 575
0.2 1000 634
0.4 1000 646
0.6 1000 656

4.3.3 TGA-DSC studies

Fig 4.10 (a-d) shows the heat flow curve as a function of temperature for ZnyFe;Oa
nanoparticles for x = 0, 0.2, 0.4 and 0.6. For x = 0, an endothermic peak is observed in the
temperature range of 30-300 °C due to removal of moisture present in the sample. At ~575 °C, a
sharp exothermic peak is observed due to the phase transition from y-Fe,O3t0 a-Fe,03[102]. The
peak starts at 555 °C and ends at 595 °C with an enthalpy change of 90 Jg™ for x = 0. For x = 0.2,
an exothermic peak is observed at 634 °C that corresponds to a transition from y-Fe,O3 to a-
Fe,O5 phase. The peak starts at 616 °C and ends at 653 °C with an enthalpy change of 98 Jg™.
For x = 0.4, an exothermic peak is observed at 646 °C with an enthalpy change of 52 Jg™. For x =
0.6, the y-Fe,0O3 to a-Fe,O3 phase transition temperature further increases where the exothermic

peak is observed at 656 °C with an enthalpy change of 19.2 Jg™.
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Fig 4.10: The heat flow curves of Zn,Fes O4 nanoparticles for (a) x =0, (b) x = 0.2, (¢c) x = 0.4

and (d) x = 0.6 from 30 to 1000 °C under air annealing conditions.

= O aH

L @ Transition temperature

O 4100
o

£

o 640F

—_

= —
© =
5 | e—— o
Q =2
£ 150 —
(0} %0 I
- I > <
- ~
R

‘»

c

©

—_

|_

560 L L - 0
0.0 0.3 0.6

Zinc fraction (x)

Fig 4.11: Variation of y-Fe,O3 to a-Fe,O3 phase transition temperature (T) and enthalpy change

(AH) from DSC as a function of x under air annealing conditions. The best fit of the T vs. x is

T = 666.x003 .
}/—a

85



Chapter IV

Fig 4.11 shows the variation of y-Fe,O3 to a-Fe,O3 phase transition temperature and enthalpy
change as a function of zinc concentration. The increase in the y-Fe,O3; to a-Fe,O3; phase
transition temperature with increasing Zn concentrations is indeed due to the increase in the
activation energy (Fig. 4.10) of the system due to the presence of Zn*" in the A site (Fe** ions

replaced by Zn®").

Fig 4.12 (a-d) shows the weight loss curves as a function of temperature for Zn** doped
magnetite nanoparticles under an external magnet. When the sample is magnetic, it experiences a
weight loss due to the magnetic force and gains weight when it becomes non-magnetic. For x =
0, on increasing the temperature from 30 to 100 °C, about 2% of weight loss is observed which is
due to the evaporation of moisture. On further increase in temperature, the sample gains weight
due to loss of its magnetic property with an increase in thermal fluctuations under external field.
The amount of increase in the weight depends on the magnetic nature of the sample i.e. for
sample with high magnetic property (Ms), the weight gain will be more. The weight gain occurs
till all the particles are converted to non-magnetic, above which a plateau is observed. Above this
saturation point (known as the Curie temperature), the particles exhibit paramagnetic behavior.
It is known that the A-A interactions are about 10 times weaker than the A-B and B-B
interactions and the T, depends on the respective exchange integrals J, the number of nearest
exchange-coupled neighbors and the absolute spin[147]. For x =0, the T¢ is found to be 578 °C
where y-Fe,O3 to a-Fe,O3 phase transition occur. Interestingly, for x=0, two distinct slopes are
observed in the temperature range of 150- 578 °C (temperature range of 150 °C to ~330 °C and
from 330 °C to 578 °C). The slope change observed at 330 °C should be due to the conversion of

magnetite to maghemite. The T¢ for 0.2, 0.4 and 0.6 are 500, 419 and 367 °C, respectively.
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Interestingly, the T¢ is found to decrease with increase in Zn** doping concentration whereas y to

o phase transition temperature is found to increase with Zn®* concentration.
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Fig 4.12: The weight as a function of temperature for (a) x = 0, (b) x = 0.2, (¢) x = 0.4 and (d) x

= 0.6 fractions zinc doped magnetite nanoparticles in air atmosphere under an external magnet.

This indicates that, Zn*" doping increases the phase stability of the magnetite nanoparticles by

increasing the activation energy but at the same time the Curie point decreases due to the non

magnetic nature of Zn. Table 4.3 summarizes the weight gain, T¢c and y to o phase transition

temperature for x =0, 0.2, 0.4 and 0.6.

4.3.4 Magnetic properties

The magnetization results show that for x= 0, 0.2, 0.4 and 0.6 fraction, the nanoparticles

show superparamagnetic behavior with nearly zero coercivity and remanence for all the samples
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(Fig 4.13). For pure FesO4 nanoparticles, the observed Mg is ~61 emu/g. The reported value of

Ms for the bulk FesO, particles is 92 emu/g[132].

Table 4.3: The values of Mg, weight gain (%), magnetic to non-magnetic transition temperature,

y-a phase transition temperature and Tg obtained from magnetization and TGA-DSC

measurements.
X M (emu/g) | Wt gain (%) T ¢ (°C) T (- (°C) Ts(K)
0 61 31 578 575 262
0.2 69 42 500 634 196
0.4 59 27 419 646 144
0.6 52 14 367 656 153

The magnetic properties of spinels are sensitive to the type of cations and their
distribution among the two interstitial sites of spinel lattices and the relative strength of inter
(Jag) and intra sublattice (Jaa and Jgg) interactions[148, 149]. On doping with 0.2 fraction of
Zn?*, the M increases to 69 emu/g , which was about 13% more than the pure iron oxide M
value. On further increase of zinc fraction to 0.4, 0.6 the M decreases gradually to 59, 52 emu/g
respectively. Upon doping of zinc into the FesOa, Zn** replaces Fe** from the tetrahedral (A)
site. The Fe** (electronic configuration of is [Ar]*® 3d°) has five unpaired electrons which
contributes to the magnetic moment[150]. However, Zn** (electronic configuration is [Ar]* 3d"°)
has all the electrons are paired and is diamagnetic in nature. When one Fe** is replaced with one
Zn** ions, Fe** ion in the B-site changes to Fe®*" ion with same spin direction by electron
emission to preserve electric neutrality of the crystal unit[143]. For x = 0.2, electron transfer
occurs for two Fe®* ions. Above x = 0.3, the antiparallel spin alignment of some of the Fe* ions

can lead to a decrease in the magnetization, through a superexchange interaction (predominant
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over the double exchange interaction) between the Fe?* and Fe** ions through an oxygen ion in

the B-site.

(a)

(b)

(c)

Magnetization (emu/g)
A
o

(d)

-10 10

Magnetic field (kG)
Fig 4.13: Room temperature M-H curves of (a) x = 0, (b) x = 0.2, (¢) x = 0.4 and (d) x = 0.6

nanoparticles.

For x = 0.4, the total magnetization of Fe** ions in the B-site should be similar to that of x=0, as
the magnetization associated with four resultant Fe** ions in the B-site becomes zero.
Interestingly, this is found to be true in the present study where the M; value for x=0 and x= 0.4
are found to be 60 and 59 emul/g, respectively. For x>0.4, a slight reduction in the Ms is
observed, which was consistent with earlier studies[151]. Studies in zinc-doped ferrites

nanoparticle samples (with x = 0, 0.17, 0.33, 0.50, and 0.67) prepared with the hydro thermal
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method, show that increasing zinc content from 0 to 0.33 increases the saturation magnetization,
while it decreases on further increase in Zn content[151]. Further, their systematic studies using
X-ray absorption one structure confirmed that most of dopant Zn atoms occupy A site, and only
a few Fe atoms at B site are substituted by Zn atoms. The numerical calculation by Liu et al.
[143] predicts an expansion of the a-axis with doping and an instability of the crystal at x = 0.5
or above. Their studies suggest that the doping of zinc beyond x=0.4 is impossible. Though our
results are consistent with the experimental and theoretical calculations of Liu et al. upto x=0.4,
we observe that Zn doping upto x=0.6 is possible and the crystal structure is stable. Interestingly,
a slight reduction in both Ms and lattice parameter is observed, which suggest that the Zn?* to
Fe**ions exchange in B-site is not happening above x=0.4. The EDS analysis of the doped
samples of iron oxide shows that Zn becomes more intense in proportion to x and the intensity
ratio (Zn/Fe) obtained from the spectra was found to be slightly higher than x/(3 - x). At x = 0.3,
it is expected that the spin directions of two Fe,®* ions among three Fe,** ions are antiparallel
leading to a decrease in the magnetization and a superexchange interaction between the resultant

Fe,>* and original Fe,** ions through an oxygen ion in the B-site[143].

Fig 4.14(a-d) shows the zero field cooled and field cooled magnetization curves of ZnyFe; 4Oy
nanoparticles for x = 0, 0.2, 0.4 and 0.6. The ZFC magnetization curve increases monotonically
with temperature and reaches a maximum value at the blocking temperature. Beyond Tg, ZFC
shows a decrease in magnetization with temperature as the thermal energy dominates over the
magneto-crystalline anisotropy. When the sample is cooled under the same magnetic field of 100
Oe, the FC magnetization curve overlaps with ZFC up to Tg and remains almost constant below

Tg. With increasing Zn concentration, the slope of the ZFC curves is found to increase. For x =
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0, the blocking temperature (Tg) was obtained at 262K. The Tg values were found to be 196, 144

and 153K for 0.2, 0.4 and 0.6 fraction of zinc respectively.

9 9
(=) (=)
S 6 6 2
5 s
5° > S
S 18 18 :_,NU
O [}
cC C
P S
© 12
=12 144K =

5 ZFC c) ZFC (d) 6

0 100 200 300 O 100 200 300
Temperature (K) Temperature (K)

Fig 4.14: Zero field cooled (ZFC) and Field cooled (FC) curves of (a) x =0, (b) x =0.2, (c) x =

0.4 and (d) x = 0.6 nanoparticles. The blocking temperatures are shown by the arrows.

Fig 4.15 shows the variation of the blocking temperature as a function of Zn doping
fractions. In general, a reduction in Tg is attributed to weak dipole—dipole interactions and local
exchange coupling between nanoparticles. It should be noted that in the above doping
concentrations, the particle size decreases from 11 (1) to 8(x1) nm. A reduction in Tg is
expected due to the increase in spin disorder with decrease in particle size[41, 152]. In the case
of fine magnetic iron oxide particles, the Tg is found to decrease from 210K to 45K (at 50e field)

as the size decreases from 8 to 2 nm. As the size of the magnetic particle is decreased below a
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critical size, a large fraction of atoms reside at the surface of the particles with broken translation
symmetry. Here, the magnetic behavior of these nanoparticles becomes highly dependent on the
magnetic anisotropy energy of the individual particle and the magnetic dipole-dipole interaction
between particles. Superparmagnetism originates because of the dominant magnetic anisotropy
over the dipole-dipole interaction. Above Tg, the thermal energy exceeds the anisotropy energy

and the magnetization of each particle begins to fluctuate between the two easy axes.
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Fig 4.15: Variation of blocking temperature Tg (K) with Zn** doping fraction in magnetite.

The Tg is directly proportional to the volume (V) of the nanoparticles as TB _ KV

25k
B

where, K is the anisotropy constant and kg is the Boltzmann constant. For temperatures below
Tg, the magnetic moments becomes frozen and the system exhibits memory effect and magnetic
hysteresis. The anisotropy constant of nanoparticles obtained using the above equation are found

to be 11.95x10° 12.92x10°, 13x10° and 18.29x10° erg/cm® for x = 0, 0.2, 0.4 and 0.6,
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respectively. The reported value of anisotropy constants for the bulk Fe;04 was 1.35x10° erg/cm®
and for 5 nm size Fe;O, particles, it was 12 x10° erg/cm?®. Interestingly, the anisotropy constant
values remain almost the same as that for pure Fe3O, particles upto x=0.4, above which it
increases dramatically. The increase in the K value with decrease in size is in good agreement
with the reported trend in the size dependent anisotropy constant[119]. The K depends on
magnetocrystalline, shape, surface, and stress magnetic anisotropies and the dipolar and/or
exchange interactions among the particles[153]. The increase in K for x>0.4 could be due to the

combined effect of magnetocrystalline and stress magnetic anisotropies due to Zn®* in the A site.
4.4 Conclusions

High temperature phase transition studies have been performed in zinc doped magnetite
nanoparticles under vacuum and air annealing conditions. Vacuum annealing studies show that
the magnetite forms a mixed phase of FeO and y-Fe,O3; above 700 °C whereas, doping with 0.2
to 0.6 fractions of zinc the mixed phase transition occurs only at 1000 °C. In the case of air
annealing, the y-Fe,O3 to a-Fe,O3 phase transition occurs at 575 °C with enthalpy change of 90
J.g™as observed in the heat flow curve. The y-Fe,O3 to a-Fe,O3 phase transition temperature is
increased to 634 °C after doping with 0.2 fraction of zinc. The increase in transition temperature
is attributed to the increase in activation energy of the maghemite to hematite phase transition
after the replacement of Fe®* with larger diameter Zn®* in the A site. The saturation
magnetization increases from 61 to 69 emu/g with a Zn** doping fraction of 0.2. The Ms
decreases on further increase in Zn®** concentration. The blocking temperature is found to

decreases with increase in zinc fraction due to increase in spin disorder.
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5.1 Introduction

Doping of transition metal ions is one of the common methods for augmentation of
maghemite to hematite phase transition temperature. However, Na* doping is found to have
intriguing effect on thermal and magnetic properties of magnetite nanoparticles[100]. It was
observed that the thermal stability of y-Fe,O3 increases from 450 to 600 °C when NH,OH was
replaced by NaOH as precipitating agent in co-precipitation process. The results show that the
activation energy of the magnetite nanoparticles increased due to diffusion of Na* ions into
the magnetite. A study on Nig.xZngsCuxFe,04 (X = 0-0.20) confirms that Na* ions can affect

the crystalline structures and magnetic properties of ferrites[136].

Stability of nanofluids depends on various parameters such as pH, particle size, stabilizing
agent, interactions etc. In ionic magnetic nanofluids, the particles are suspended at low pH (2
to 3) or high pH (12 to 13) where electrostatic repulsion is effective[35] but in case of
hydrocarbon based magnetic nanofluids, steric repulsion is the dominant mechanism of
stabilization[154]. In ionic fluids, the surface polyoxy —hydroxy native molecular layer plays
a key role in positively charging the suspended nanoparticles at low pH values[155]. At high
pH values, the particles are negatively charged. In the past, several efforts have been made to
produce stable magnetic nanofluids[156-158]. Muthukumaran et al. prepared stable magnetic
nanofluid with different particle sizes using co-precipitation method by dynamic coating
during precipitation[159]. It was shown that the size and magnetization of nanoparticles
increase with the incubation temperature due to supersaturation at elevated temperatures. Jain
et al. prepared stable water based ferrofluid of very high concentration (>65 wt%) at high
ionic strength[160]. Highly crystalline and monodisperse maghemite nanoparticles were

synthesized by thermal decomposition of metal-oleate complex in presence of oleic
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acid[156,161] and transferred to an aqueous medium using phase transfer reagents[162].
Wooding et al. produced stable nanofluids by using saturated and unsaturated fatty acids as
primary and secondary surfactants[157]. Aqueous magnetic nanofluids synthesized using high
molecular weight polymers as stabilizing agent are studied for their long term stability, pH or
electrolyte tolerance[158, 163, 164]. Suspensions of sterically stabilized magnetite
nanoparticles using lower molecular weight steric stabilizers were found to be more stable

when the coating thickness is less[160].

In an effort to produce magnetic nanoparticles with high temperature stability and stable
nanofluids without surfactants, magnetite nanoparticles with different amount of sodium
doping (0-500 ppm) have been prepared. The samples are annealed in air and vacuum and

their phase stability is studied.
5.2 Synthesis of Na* doped Fe;O4 nanoparticles

Na doped Fe3O4 nanoparticles are prepared using a two step method. Fe;O4 nanoparticles are
first prepared using co-precipitation method and then soaked in NaOH solution to prepare the
desired Na doped magnetite nanoparticles. The details of the procedure are discussed in chapter

Il, Section 2.2.1.2.
5.3 Result and Discussion
5.3.1 Room temperature XRD studies

Fig 5.1 shows the room temperature XRD patterns of Fe;O4 nanoparticles doped with different
concentrations of Na* ions. The diffraction peaks from the (220), (311), (400), (511), (440)

crystal planes. Comparison of peaks with the standard Fe;O, peaks (JCPDS card no-880315)
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confirm the spinel ferrite structure of Fe3O4. The size and lattice parameters obtained from the

analysis are summarized in Table 5.1.
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Fig 5.1: The room temperature XRD pattern of Fe;04 nanoparticles with Na* concentrations (a) 0

(b) 350 (c) 391 and (d) 500 ppm.

No significant variation in the crystallite size and lattice parameters was observed after the
doping of nanoparticles with Na* ions. The size varied within the range 12+1 to 13+1 nm

whereas the lattice parameter varied between 8.30-8.33 A.

Fig. 5.2(a) and (b) shows the TEM images of sample A and sample D, respectively. The average
size obtained from TEM image analysis are 13(x1) and 12 (x1) nm for sample A and D,
respectively. The slight reduction in the average particle size in Na doped samples is due to the
fact that the polydispersity of pure Fe3O,4 particle is slightly reduced down due to the repeated

washing and centrifugation after the Na doping. Fig. 5.2(c) and (d) show the particle size
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distribution of sample A and D nanoparticles obtained from SAXS measurements. The inset of
Fig. 5.2(c) and (d) shows the scattered intensity (1(q)) as a function of wave vector (q). Results
show that the particles are spherical in shape and fairly monodisperse. The most probable
particle sizes are found to be 11.88(x0.6) and 9.52(x0.5) nm for sample A and sample D,
respectively from the SAXS measurements. The observed sizes are fairly consistent with sizes

obtained from XRD and TEM.
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Fig 5.2: TEM image of (a) sample A and (b) sample D nanoparticles. Size distribution obtained
from SAXS for (c) sample A and (d) sample D respectively. The inset of (c) and (d) shows the

I(q) vs.q for the sample A and (b) sample D, respectively.
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Table 5.1: The crystallite size, lattice parameter and saturation magnetization (Ms) of Na* doped

magnetite nanoparticles before annealing.

Sample Na* Conc. Crystallite size from XRD Lattice Parameter M
(ppm) (nm) A (emu/g)

A 0 12.9+1 8.33 65

B 350 13.0+1 8.33 59

C 391 12.5+1 8.30 57

D 500 12.0+1 8.31 48

Fig 5.3 shows the FTIR spectra of sample A, B and D. For all the three samples, the signature

peaks of Fe-O stretching in the range 450 to 650 cm™ are observed. The peaks in the range of

470 to 490 cm™ is due to the Fe-O stretching in the octahedral site of FesO4 nanoparticles while

the peaks in the range of 550-650 cm™ correspond to Fe-O stretching generated from the

tetrahedral site of Fe3O4 nanoparticles[165].
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Fig 5.3: The FTIR spectra of Fe;O, nanoparticles with Na* concentration of sample A, sample B

and sample D.
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Fig 5.4 shows XRD pattern of nanoparticles (sample A-D) after air annealing at 600 °C. For
sample A, pure a-Fe,O3 phase is evident from the peaks from (104), (110), (113), (024), (116),
(214), (300) crystal planes. The peak intensity ratio of (104) to (110) is found to be 100:70,
which indicates a complete phase conversion of y-Fe,O3 to a-Fe,O3 phase. This observation is
consistent with the literature reports on air annealing of ammonia based magnetite
nanoparticles[100]. The peak intensity ratio of (104) to (110) is found to be 100:85 for sample B,

which indicates that a small amount of y-Fe,O3 phase exists along with a-Fe;0s.
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Fig 5.4: Room temperature XRD of air annealed Fe3O4 nanoparticles at 600 °C with Na*

concentrations of (a) 0 (b) 350 (c) 391 and (d) 500 ppm.

This is evident from the broadening of the (110) peak, due to the contribution from (311) peak of
maghemite. For sample C, the intensity of (104) crystal plane is found to be less than that of

(110) along with presence of (220), (400), (511) peaks of y-Fe,Os. This indicates that the

percentage of maghemite (y-Fe,Os3) present in sample C is more than that of sample B.
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Fig 5.5: The variation in (104) to (110) peak intensity ratio of hematite phase as a function of Na

concentration after air annealing at 600 °C.

The intensity ratio is found to be 87:100 for sample C. For sample D, y-Fe,Os is found to be a
major phase with the peaks originating from the crystal planes of (220), (311), (400), (511) and
(440). A very low intensity (104) peak is observed because of the evolution of a-Fe,O3 phase.
The intensity ratio is found to be 17:100 which shows the dominance of y-Fe,O3 phase over the
o-Fe,03 phase. Fig 5.5 shows the variation of intensity ratio [(104) to (110)] as a function of

sodium concentration.

Fig. 5.6 (a, b and c) shows the Rietveld fitting on XRD data for sample A, C and D after air
annealing at 600 °C. Fig 5.6a shows that after annealing at 600 °C, ~ 99% of the nanoparticles

are present in a-Fe,O3 form, which is consistent with the results obtained from the intensity ratio
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calculations. Fig 5.6b shows the Rietveld analysis of sample C after air annealing at 600 °C. The
data fits well for 36% of maghemite and 64% of hematite phases (red line represents y-Fe,O3 and

green line represents o-Fe;03).
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Fig 5.6: Rietveld analysis of air annealed Na* doped FezO, nanoparticles at 600 °C with Na®

concentration of (a) 0 (b) 391 and (c) 500 ppm.
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Table 5.2: Quantitative phase analysis results of annealed pure Fe;O, nanoparticles using
Rietveld method. The percentage of different phases present at different annealing temperatures

and the lattice parameter values are tabulated.

Calculated Wt% of phases after
Annealing Temp. (°C) annealing in air Lattice parameters (A)
Y-FEzOg a-Fe,03

30 100 0 8.338+0.009
350 100 0 8.343+0.0013
450 81+1 19+1 8.343+0.0010
5.029+0.0013

13.74+0.0053

500 1+0.5 99+1 5.033+0.002
13.737+0.009

1000 0 100 5.038+0.002
13.739+0.009

The samples A and D are air annealed at different temperatures (30 to 1000 °C) to study
the effect of sodium doping on high temperature phase stability. The sample A is air annealed at
350, 450, 500, 600 and 1000 °C and the corresponding XRD patterns are shown in Fig 3.4
(Chapter 111). Table 5.2 shows the percentage of different phases present at different annealing
temperatures and the lattice parameter values obtained in sample A using Rietveld refinement

[166].

The maghemite phase is found to be stable till 350 °C. The formation of hematite phase
starts at 450 °C which is consistent with literature data[100]. Complete conversion from
maghemite to hematite takes place above 500 °C, which remains intact upto 1000 °C. Fig. 5.7
shows XRD pattern of sample D at various air annealing temperatures. Table 5.3 shows the
percentage of different phases present at different annealing temperatures and the lattice

parameter values obtained in sample D using Rietveld refinement. After annealing at 550 °C the
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peaks become sharper and intense as particles undergo coalescence to lower the surface free

energy[167].
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Fig 5.7: Room temperature XRD of 500 ppm sodium doped nanoparticles annealed at 550, 600,

650, 700, 800 and 1000 °C in air.

At 600 °C, emergence of (104) peak along with the prominent peaks of maghemite confirms the
partial formation of hematite. The variation of crystallite size of A and D nanoparticles annealed
at different temperatures, obtained from the diffraction peaks using Debye Scherrer equation, are

plotted as a function of temperature in Fig 5.8.

For sample A, the crystallite size increases from 12.3 to 17 nm as the annealing temperature is
increased from 30 to 450 °C. But on further increase in annealing temperature, the particle size

increases dramatically. The average particle sizes are 38, 43 and 67 nm for annealing
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temperatures of 500, 600 and 1000 °C, respectively. These results show that the growth of a-
Fe,O3 is much faster than y-Fe,O3[102]. The y-Fe,O3 is a metastable phase with oxygen atoms
arranged in a face centered cubic structure while the former (a-Fe,O3) is a stable phase with a

hexagonal close-packed structure (Fig 1.9, Chapter I). For sample D, the crystallite size increases

from 11.6 to 19 nm when the temperature is increased from 30 to 650 °C.
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Fig 5.8: Size variation of sample A and D nanoparticles annealed in air with temperature.

But on increasing the annealing temperature from 650 to 700 °C particle size increases sharply
from 19 to 40 nm that justifies the fact that the freshly formed o-Fe,O3; phase grows rapidly in
this temperature range. Further, increase in the annealing temperature upto 1000 °C leads to an

increase in size from 40 to 51 nm.
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Table 5.3: Quantitative phase analysis results of annealed Na doped (500 ppm) Fe3O4
nanoparticles using Rietveld method. The percentage of different phases present at different

annealing temperatures and the lattice parameter values are tabulated.

Calculated wt.% of phases after annealing in Lattice parameters
Annealing Temp. air. (A)
(OC) Y-FEzOg a-Fe,03
30 100 0 8.34+0.001
550 100 0 8.36+0.001
600 84+1 16+1 8.39+0.001
5.03+0.001
13.74+0.006
650 30+1 70+1 8.44+0.003
5.025+0.006
13.713+0.003
700 0 100 5.029+0.002
13.721+0.001
800 0 100 5.0336+0.002
13.726+0.009
1000 0 100 5.028+0.002
13.731+0.001

5.3.2 Differential Scanning Calorimetric studies

Fig 5.9 (a, b, ¢ and d) represents the heat flow curves of samples A, B, C and D in the
temperature range of 30-1000 °C. Though the phase transition temperatures of DSC experiments
cannot be compared directly with the phase transition temperatures obtained from XRD, it gives
an idea of the phase transition temperature trend and the enthalpy change during the phase
transition. The main reason for the difference between phase transition temperatures obtained
from DSC and XRD is that in the former, the temperature scan is done at a faster rate (10°
C/min.). On the contrary, air annealing is done for a period of 2 hrs. Fig 5.9a shows the heat flow

curve for sample A. An endothermic peak observed in the temperature range of 30 to 200 °C, can
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be attributed to the removal of moisture content from the sample. The distinct exothermic peak

observed at 574 °C indicates the phase transition of maghemite (y-Fe,O3) to hematite (a-Fe,Os3).
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Fig 5.9: Heat flow curves as a function of temperature (30 -1000 °C) for Na" concentrations of

(@) 0 (b) 350 (c) 391 and (d) 500 ppm.

Fig 5.9b shows the heat flow curve of sample B where the phase transition temperature increases
from 574 to 648 °C. However, the peak becomes broader and less intense than that for sample A.
Fig 5.9c shows the heat flow curve of sample C. It was observed that the phase transition
temperature further increase to 658 °C and the peak becomes broader. The heat flow curve for

sample D (Fig 5.9d) shows that the phase transition temperature increases to 684 °C and the peak
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become less prominent. These results clearly demonstrate that the maghemite (y-Fe,O3) to

hematite (o.-Fe,03) phase transition temperature increases with increase in Na* concentration.

Fig 5.10 shows the variation of maghemite (y-Fe,O3) to hematite (a-Fe,O3z) phase transition
temperature with Na" concentration (x). It is observed that the phase transition temperature
linearly increases with Na* concentration according to the equation T =573.5+0.22x Wwith a
slope of 0.22. The area under the DSC peak gives the change in enthalpy (AH) during that

particular physical process (phase transition).
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Fig 5.10: The y-Fe,Os to o phase transition temperature (T,.,) and enthalpy change (AH) during

phase transition as a function of temperature from DSC.

The AH values for samples A, B, C and D are found to be 98, 64, 34 and 15 J/g, respectively.

The value obtained for Fe;O,4 (sample A) is consistent with earlier reports. Fig 5.10 (secondary
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Y-axis) shows the AH variation as a function of Na* concentration. The experimental data points
are fitted with linear equation; AH=98.1-0.17x. The enthalpy change is related to activation
energy of the phase transition process. A higher negative enthalpy value indicates a less
activation energy for the phase transition. Hence, these results suggest that the activation energy
for the phase transition from maghemite (y-Fe,Os3) to hematite (a-Fe,O3) increases with increase
in Na* ion concentration. It is speculated that the Na* ions get trapped in the magnetite crystal.
This is consistent with the earlier reports on magnetite nanoparticles synthesized using NaOH as

alkali showed enhanced temperature stability because of the trapped Na* ions[100].

5.3.3 High temperature XRD studies under vacuum

The HTXRD pattern of sample A annealed under vacuum is shown in Fig. 3.8 (Chapter
I11). Above 700 °C, the formation of FeO phase along with y-Fe,O3 phase is evident from the
characteristics peak from the crystal plane (200) [112]. The particle size for the as synthesized
Fez04 nanoparticles increases from 12.1 to 16.5 nm as the annealing temperature increases from
RT to 600 °C, above which the size increases drastically from 16.5 to 42.5 nm as the
temperature is increased to 1000 °C. The variation in the lattice parameter in the above
temperature range was 8.64-8.7 A. The increase in lattice parameter at elevated temperatures is
due to volume expansion of the particles at high temperatures [112, 168]. Size of FeO also

increases significantly from 20 to 34 nm with a constant lattice parameter of 4.31 A.

Fig. 5.11 shows the HTXRD pattern of sample D nanoparticles at different annealing
temperature under vacuum. In contrast to pure Fe3O, nanoparticles, no decomposition of the
sample is observed till 1000 °C. The star symbol shows the characteristic peaks of tantalum

sample holder. The solid lines represent the characteristic peaks of magnetite.
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Fig 5.11: In situ high temperature XRD pattern of 500 ppm Na doped Fe;O, nanoparticles

annealed at different temperatures under vacuum.

Size and lattice parameter of particles are plotted as a function of temperature in Fig. 5.12. The
average particle size is found to increase from 11.3 to 31.4 nm as the temperature in increased
from 30 to 1000 °C. In the above temperature range, the lattice parameter increases from 8.54 to

8.7 A. The best fit on the experimental data points are shown by the solid lines.

The atomic emission spectroscopy studies show that 500 ppm of sodium is present in the
samples after washing. The enhancement in phase transition temperature in sample D is
attributed to the diffusion of sodium ions in the cubic lattice that should increase the total
activation energy of the system for the transition from y-Fe;O5 to a-Fe,O3[100]. Such diffusion

of ions into the crystal lattice at moderate temperature was reported earlier [169]. The diffused
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ions are accommodated in the vacancy sites present in the magnetite nanocrystal[170]. The ionic
radii of Na*, Fe**, Fe?* and O% ions are 1.02, 0.645, 0.78 and 1.40 A, respectively [171]. So the
Na* ions can diffuse through the O% vacancy sites and can be trapped inside the crystal. The
above results demonstrate that the thermal stability of iron oxide nanoparticles can be increased
with doping of sodium ions. The activation energy is calculated for y-Fe,O3 to a-Fe,O3; phase

transition from the Schott equation[118].
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Fig 5.12: Size and lattice parameter variation of sample D nanoparticles annealed under

vacuum with temperature. The best fits on the data are shown by the solid lines.

Fig. 5.13 shows In(d) vs. 1/T for sample A and D. Both the data show a linear fit where the
intercept and slope corresponds to InA and E4/R, respectively. The activation energy is obtained
from the slope and is found to be 9.39 and 13.11 kJ/mole for sample A and D, respectively. The

reported activation energy for pure zinc ferrite nanoparticles is 140 kJ/mole and for nickel ferrite
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nanoparticles is 16.6 kJ/mole [118, 172]. These results corroborate the fact that the presence of
Na* enhances the activation energy for phase transition. Earlier studies show the existence of a
strong oxide-oxide interactions between iron oxide and silica which was evident from the
suppression of the transformation of y-Fe,O; to a-Fe,O3 under oxygen annealing, where Si*

diffuses into the cubic lattice and has a preferential co-ordination with tetrahedral sites[107].
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Fig 5.13: Plot of In(d) vs 1/T and its linear fit using the Schott equation. The activation energy is

calculated from the slope.

In magnetite nanocrystals electron hopping takes place where all of the octahedral Fe** and Fe**
cations undergo rapid exchange of an electron. The substitution of cations in the tetrahedral sites
near the surface should eventually displace the Fe* cations into neighbouring octahedral sites.
The displaced Fe** is expected to be transferred to adjacent octahedral sites and continue to

engage in electron hopping process.
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The intriguing aspect here is that the diffusion of Na™ into the lattice of nanocrystals occurs when
the sample is simply soaked with NaOH. However, earlier studies show that a room temperature
reaction of Na with spinel, A2-MnO- induces an irreversible phase transformation to NayMnO,
[173]. Another study suggests that ultrasonication of amorphous magnetite nanoparticles with
Mn,(CO)yp can lead to amorphous mixed oxide of Fe(lll) and Mn(lll) [134]. Further, using
computer simulation, it has been shown that heterogeneous nucleation on an impurity is not only
microscopic but also is more than four orders of magnitude faster than homogeneous nucleation

[174]. Therefore, the observed diffusion of Na* to cubic lattice is not really surprising.
5.3.4 Magnetic properties

Fig 5.14 shows the room temperature M-H loops of samples A, B, C and D. The saturation
magnetization (Ms) for sample A was found to be 65 emu/g, which is much less than the Mg
value (92 emu/g) of bulk magnetite[135]. In general, magnetic properties of nanostructured
materials are less in comparison to bulk materials due to the lack of structural periodicity that
leads to the formation of non-collinear spin configuration or spin canting at the surface of the
particles. This reduction in the magnetization with particle size is associated with the existence

of surface disorder shell thickness (g). The disorder shell thickness (g) is related to Ms by the

relation[175] ™M _ =Mbu|k[1—2—gj where, My is the bulk magnetization value of Fe3O4, ‘g’ is

the disorder shell thickness and ‘d’ is the average particle size. Therefore, the magnetic
properties of the particles are attributed to the collective magnetostatic interaction between them.
The reduced Mg value in both the cases can be attributed to the dead layer present on the

surface[176]. The Ms values for samples B, C and D are found to be 59, 57, and 48 emul/g
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respectively. The decrease in Ms value can be attributed to the increase in nonmagnetic Na*

concentration in magnetite.
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Fig 5.14: Room temperature M-H curves of Fe;04 nanoparticles with Na* concentrations of (a) 0

(b) 350 (c) 391 and (d) 500 ppm.

Fig 5.15 shows the room temperature M-H curves for samples A, B, C and D after air annealing
at 600 °C. The saturation magnetization for sample A is found to be 1 emu/g after annealing.
This indicates the complete phase transition of maghemite to hematite after annealing at 600 °C
as observed from Rietveld analysis. Sample B shows an M value of 11 emu/g after annealing.
The higher Mgvalue of sample B is due to the presence 4% of maghemite in the sample. The M,
value for sample C is found to be 23 emu/g while that of sample D is 46 emu/g. This shows that

the magnetic properties of iron oxide nanoparticles can be retained even after annealing at 600 °C
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in air by a small percentage of Na* doping. Therefore, the phase transition temperature as well as

the magnetic properties can be improved with Na* doping, without compromising the Ms values.
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Fig 5.15: Room temperature M-H curves of air annealed Fe;O, nanoparticles at 600 °C with Na*

concentrations of (a) 0 (b) 350 (c) 391 and (d) 500 ppm.

Fig 5.16 shows the variation of Ms as a function of Na* concentration before and after annealing
at 600 °C in air. It is observed that prior to annealing, the Ms value decreases from 65 to 48
emu/g as the doping concentration is increased from 0 to 500 ppm. After annealing, the M value

of sample D is almost retained (46 emu/g) where as it is reduced to 1 emu/g for sample A.
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Fig 5.16: The variation of Mg as a function of Na concentration before and after air annealing at

600 °C.

Fig. 5.17 shows the room temperature M-H curves of sample A and D after air annealing
at different temperature. The Ms of as synthesized sample A particles is reduced to 50 emu.g™
after air annealing at 450 °C because of partial conversion of maghemite to alpha phase, with the
former as the majority phase. At 500 °C annealing, the M; decreases drastically to 14.5 emu.g™
due to the conversion of large amount of magnetic phase to hematite. For sample D, the as
synthesized particles show M of 46 emu.g™ after annealing at 600 °C due to the formation of
mixed ferrite of y-Fe,O3; and a-Fe;O3. On further annealing at 650 °C the M; is reduced to 14

emu.gt.

Fig. 5.18 shows the zero field cooled and field cooled curves of sample A and D

nanoparticles in the temperature range of 5 to 300K. The magnetization value of sample D is
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found to be little less than sample A due to a decrease in the particle size distribution after
washing. The blocking temperatures of samples A and D are found to be 263 and 258K,

respectively.
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Fig 5.17: Room temperature M-H curves of Fe;O4 nanoparticles air annealed at (a) 30 °C (b) 450
°C (c) 500 °C and 500 ppm Na doped Fe304 nanoparticles air annealed at (d) 30 °C (e) 600 °C (f)

650 °C.

On cooling below Tg, the magnetic moments are frozen and the system exhibits memory
effect and magnetic hysteresis. The anisotropy energy constant K (calculated using the equation
Ts=KV/25Kg where V is the volume of nanoparticles, kg is the Boltzmann constant and Tg is

the blocking temperature) is found to be 9.1x10° and 11x10° erg/cm® for sample A and D
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nanoparticles, respectively. These values are comparable to the reported anisotropy energy of
Fe;0,4 nanoparticles of size 13 nm (6 x10° erg/cm®) and 8 nm (13 x10° erg/cm®)[152]. These

results confirm that a small amount of sodium impurity does not alter the memory effect.
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Fig 5.18: Zero field cooled (ZFC) and Field cooled (FC) curves of sample A and D nanoparticles

in the temperature range of 5 to 300K.
5.3.5 Zeta potential of nanofluids

Fig 5.19 shows the zeta potential of sample A (0 ppm) and sample D (500 ppm) in water
medium. Pure uncoated Fe3O4 nanoparticles are neutral and this results in very weak interaction
between the OH" ions present in water and the nanoparticles. Hence, the pure nanoparticles show

a lower zeta potential of -28 mV. In nanofluids, the development of a net charge at the particle
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surface affects the distribution of ions in the surrounding interfacial region, resulting in an
increased concentration of counter ions close to the surface. Thus an electrical double layer

exists around each particle[131].
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Fig 5.19: The zeta potential distribution curves of 0 (sample A) and 500 ppm sodium doped

magnetite nanoparticles in water (sample D).

The liquid layer surrounding the particle exists as two parts; an inner region, called the Stern
layer, where the ions are strongly bound and an outer diffuse region where they are less firmly
attached. Within the diffuse layer there is a notional boundary. Within the boundary, the ions and
particles form a stable entity. When a particle moves, ions within the boundary also move with it,
but any ions beyond the boundary do not travel with the particle. This boundary is called the

surface of hydrodynamic shear or slipping plane. The potential that exists at this boundary is
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known as the Zeta potential. The magnitude of the zeta potential gives an indication of the

potential stability of the colloidal system.

For nanoparticles doped with 500 ppm of Na* ions, the zeta potential was found to be -37 mV.
The questions are (a) Why does the zeta potential increases upon introduction of Na* ions?
(b) Where are the doped Na" ions located? (c) Do they remain at the surface of the nanoparticles
or do they diffuse into the lattice? Since the doped samples were washed with water several
times, the possibility of ions at the interface is ruled out. If free Na* ions were present, the
nanofluid would have shown a reduced the zeta potential due to the neutralization of the negative
charge (OH ions). Therefore, the observed increase in zeta potential value with Na* doping
indicates that the Na* ions indeed diffuse into the lattice of the magnetite nanoparticles. The
diffused Na" ions augment the formation of strong counter OH" ions that leads to a better

electrostatic repulsion between the particles and the formation of a stable dispersion.
5.3.6 Mechanism of stabilization

5.20 (a) — (e) show the photographs of samples A and D after 0, 1, 4, 24 and 48 hrs of
preparation (without magnetic field). Fig 14 (f) shows the photograph of samples A and D in the
presence of an external magnetic field. Sample A was stable initially but started settling after 1
hr whereas sample D remained stable even after 48 hrs and also under the influence of a strong
magnetic field. Magnetite (FesO,4) nanoparticles have spinel structure with cation and anion
vacancies. It has been shown that diffusion of metal ions in nanocrystalline state needs lower
energy of activation[169]. Therefore, during soaking of Fe3O4 nanoparticles in NaOH solution,

Na® ions starts diffusing through the vacancies and get trapped in the crystal lattice of Fe;O,.
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Previously, it was reported that Na" ions can get trapped into the magnetite nanoparticles when

synthesized with NaOH as alkali medium[100].

Fig 5.20: Photographs of water based nanofluids prepared with sample A (0 ppm) and D (500
ppm) after different time intervals of preparation (a) 0 hr. (b) 1hr (c) 4 hrs (d) 24 hrs (e) 48 hrs

and (f) samples A and D under the influence of a magnetic field.

These trapped Na* ions allow the magnetite nanoparticles to be stable in water medium
by attracting stronger counter ion (OH") sphere, which might not affect the pH of the bulk
solution, as the ion concentration is very low. Fig 5.21 shows the schematic of the counter ion

sphere formed in aqueous medium at different concentrations of Na* ions.
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Fig 5.21: Schematic of electrostatic stabilization of magnetite nanoparticles in water medium at

different concentrations of Na* ions.

In case of undoped Fe;O4 nanoparticles (sample A), only a few counter ions are present
around the particles that leads to a weak electrostatic stabilization. In the presence of moderate
amount of Na* ions (sample B), more OH" ions are present that enhances the stability of the
suspension. With more diffused Na" ions (sample D); the electrostatic repulsion is further

enhanced.
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5.4 Conclusions

Magnetite nanoparticles doped with different concentrations of Na* ions are prepared by co-
precipitation method and are characterized by XRD, TEM, VSM, DSC and FTIR. The HTXRD
and DSC results unambiguously confirm that the y-Fe,O3; to a-Fe,O3; phase transition
temperature is found to increase with Na* doping and the doped cations are trapped in the lattice.
The phase analysis done using Rietveld method shows that the percentage of hematite (a-Fe,Os3)
formed after air annealing at 600 °C decreases with increase in Na* ion concentration. The
differential scanning calorimetric studies also confirm an enhanced stability of Na* ion doped
samples. The zeta potential results unambiguously confirm that Na* ions diffused into the

magnetite crystals, which enhances the electrostatic stabilization of the suspended particles.
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Chapter VI
6.1 Introduction

Studies show that the thermal stability of magnetite nanoparticles can be enhanced through
doping[103], protecting shell[107, 113] and particle size[102, 119]. However, there are few
studies which show that the change of reaction conditions during co-precipitation process can
also affect the phase transition temperature temperatures of iron oxide nanoparticles.
Gnanaprakash et al.[100] showed that the alkali used in the synthesis has a crucial role in the
phase transition of iron oxide nanoparticles. They observed that magnetite nanoparticles
precipitated using ammonia convert to hematite at 500 °C whereas particles prepared by NaOH
as precipitating agent retain the magnetic (maghemite) phase upto 600 °C. The enhancement was
found to be due to the trapping of Na* ions in the magnetite crystal structure. In another study,
Ayyappan et al. studied the influence of particle size on oleic acid surfactant coated Fe;O4
nanoparticles by varying the reaction conditions[119]. Therefore, understanding the effects of
reaction parameters such as temperature, reaction time, synthesis technique on phase stability is

necessary from fundamental as well as application point of view.

The present study focuses on the effect of microwave-assisted synthesis parameters on the

physical properties of synthesized Fe;O,4 nanoparticles and its phase stability under air annealing.
6.2 Synthesis of Fe3O,4 nanoparticles

Fe3O,4 nanoparticles are prepared using microwave assisted synthesis method. The details of the

synthesis are described in Chapter I, section 2.2.2.1.
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6.3. Results and Discussion

6.3.1 Room temperature XRD, SAXS and FTIR studies

Fig 6.1 shows the room temperature XRD pattern of magnetite nanoparticles prepared at 50, 100,

130, 160 and 200 °C.
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Fig 6.1: Room temperature XRD pattern of Fe30, nanoparticles (a) S1 (b) S2 (c) S3 (d) S4 and
(e) S5 prepared at 50, 100, 130, 160 and 200 °C, respectively using microwave assisted

synthesis.

These samples are referred as S1, S2, S3, S4 and S5, respectively. The diffraction peaks were
indexed to (220), (311), (400), (511) and (440) planes with the major peak as (311).The observed
XRD pattern matches with the standard JCPDS card number 880315 of pure magnetite with

inverse spinel structure. The crystallite size calculated is found to be in the range of 7.5+1 to

126



Chapter VI

9.5+1 nm. The corresponding lattice parameter is in the range of 8.32 to 8.35 A. The reported
values of lattice constant of magnetite and maghemite are 8.39 and 8.35 A, respectively[177].
The lattice parameter contrast in magnetite nanoparticles is attributed to the very high surface
energy of the particles and the existence of the maghemite impurity, especially at the surface of
the particles[50]. The surface ions Fe(ll) of magnetite oxidizes to a more stable Fe(lll) ions

resulting in the formation of maghemite.
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Fig 6.2: (a) scattering intensity as a function of wave vector and (b) particle size distribution
obtained from Small angle X-ray scattering measurements of Fe3O4 nanoparticles (i) S1 (ii) S2

(iii) S3 (iv) S4 and (v) S5 prepared at 50, 100, 130, 160 and 200 °C, respectively.

Fig 6.2 shows the SAXS intensity distribution for S1 to S4 nanoparticles (top) and their
corresponding particle size distribution obtained from the SAXS analysis using a spherical
model. The average particle size is found to vary from 11 to 15 nm when the reaction

temperature is increased from 50 to 200 °C. The sizes obtained from SAXS are found to be larger
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than that from XRD. Fig 6.3 shows the TEM image of the sample S2, where the average particle

size is found to be ~ 12 nm, which is consistent with the average size obtained from SAXS.

Fig 6.3: TEM image of Fe3O4 nanoparticles prepared at reaction temperature of 100 °C (S2).

Fig 6.4 shows the FTIR spectra for S1, S3, S4 and S5 nanoparticles. For pure magnetite, peaks at
~400 and ~590cm™ correspond to stretching of bonds between octahedral and tetrahedral metal
ions to oxide ions[165, 178]. In the present case the octahedral and tetrahedral stretching peaks
appear at 455 cm™ and 556 (& 660) cm™, respectively, probably due to the interaction of Na*
ions with O% ions. The transmission spectra of all the samples are found to be similar, which

shows that the reaction temperature has not altered the lattice vibration of oxide ions and the

cations in the octahedral and tetrahedral sites.
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Fig 6.4: Transmission spectra obtained from FTIR for Fe3O, nanoparticles (a) S1 (b) S3 (c) S4

and (d) S5 prepared at 50, 130, 160 and 200 °C, respectively using microwave assisted synthesis.

6.3.2 High temperature phase transition studies

Fig 6.5 shows the weight loss under an external magnetic field and the heat flow curves of S1,
S2, S3, S4, and S5 nanoparticles as a function of temperature from 30 to 1000 °C. The weight of
the sample is found to decrease (up to ~ 10%) initially due to evaporation of water molecules
adsorbed in the magnetic nanoparticles. Above 120 °C, the weight of the sample starts increasing
because of the reduction in the magnetic moment due to an increase in thermal fluctuation. The
increase in the weight continues till the Curie temperature (T¢c ~595 °C) where the magnetic
particles become paramagnetic with zero net magnetic moment. The weight gain curves show
two different slopes, one in the temperature range of 120 to 310 °C and the other in the range of

310 to 595 °C. The first slope change occurring at ~310 °C attributed to the magnetite to
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maghemite phase transition, which generally occurs around 300 °C[98]. The second slope change
occurs at the Curie temperature where the spins became random and the system behaves like a

paramagnetic phase.
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Fig 6.5: Weight and heat flow curves of Fe3;O,4 nanoparticles (a) S1 (b) S2 (c) S3 (d) S4 and (e)

S5 prepared at 50, 100, 130, 160 and 200 °C, respectively.

Fig 6.6 shows the schematic of the magnetic weight loss for Fe3O, nanoparticles (S4) as a
function of temperature. Interestingly, the Curie temperature is found to be invariant (595 °C) for
nanoparticles prepared at different reaction temperatures. According to finite size scaling
theory[22], the shift in the curie temperature with respect to the bulk should vary as

Te (O;_) (_bTCIS;UIk) =+(d/d,)”™ , where Tc (d) and Tc (bulk) are the curie temperatures of the
. (bu
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particle of size d and the bulk material, respectively. The exponent is found to be ~1.42 for
ferromagnetic MnFe,O,4 of particles in the size range of 7.4 to 24.5 nm and the system dependent
sign can be either positive or negative. The value of dy depends on the microscopic dimensions
of the system[179]. As the particle size remains almost the same, irrespective of the reaction

temperature, the T¢ is expected to be the same.
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Fig 6.6: Schematic of the magnetic weight loss for Fe3O4 nanoparticles (S4) as a function of
temperature. The temperature at which evaporation of water molecules adsorbed on the magnetic
nanoparticles, Fe;O,4 to y-Fe,O3 and y-Fe,O3 to a-Fe,O3 phase transitions occur are shown by the

dotted lines.

The heat flow curves show an endothermic peak at ~120 °C, which is due to evaporation of

adsorbed water molecules. The exothermic peaks observed at 695, 696, 728, 820, and 850 °C for
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S1, S2, S3, S4, and S5, respectively; confirm the maghemite (cubic) to a thermodynamically
stable antiferromagnetic hematite (hexagonal) phase transition. The values of the phase transition
temperature, Curie temperature and enthalpy change from TGA-DSC measurements are

presented in Table 6.1.
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Fig 6.7: Room temperature XRD pattern of nanoparticles S1 to S5 air annealed at 1000 °C.

Fig 6.7 shows the XRD pattern of S1, S2, S3, S4, and S5 after 1000 °C annealing under air (i.e.
after the DSC measurements). The XRD pattern confirms that the particles have a common
chemically ordered hexagonal structure, with the major characteristic diffraction peaks of (104),
(110), (113), (024), (116), (214), and (300). This shows that the y-Fe,O3 to a-Fe,O3; phase
transformation is complete at 1000 °C. It has been known that the amorphous Fe,O3 is converted
to ferromagnetic y-Fe,O3 upon air annealing at 300 °C for ~ 3 h and antiferromagnetic a-Fe;O3

when the sample is air annealed at 500 °C[103].
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Fig 6.8 shows the variation of enthalpy and the y-Fe,O3 to a-Fe,O3 phase transition temperature
as a function of reaction temperature. For Fe3O,4 nanoparticles prepared at 50 °C, the change in
enthalpy, AH, is found to be -13 J/g. For the samples prepared at reaction temperatures 100,
130, 160, and 200 °C, the AH values are found to be -23, -31, -69, and -113 J/g, respectively. The
v-Fe,03 to a-Fe,O3 phase transition temperature is found to be almost constant (~ 696 °C) for
samples prepared upto 100 °C but it increases sharply to 850 °C as the reaction temperature is
increased to 200 °C. This means that those samples prepared at higher reaction temperatures
show enhanced activation energy for the cubic to a more compact hexagonal transition, which

requires a lattice contraction.
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Fig 6.8: Variation of enthalpy and the y-Fe,O3 to a-Fe,O3; phase transition temperature as a

function of reaction temperature.
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Studies show that the Li ions diffuse into the spinel and occupy the tetrahedral sites[170]. The
individual Li when hopping between neighboring tetrahedral sites pass through intermediate
octahedral sites where the migration barriers are sensitive to the overall Li concentration[170]. In
present case, the phase stability is explained in terms of the Na* diffusion into the cubic lattice.
The interstitial and vacancy diffusion can occur in solids[180]. Interstitial diffusion is fast and
strongly depends on temperature. On the contrary, to progress vacancy diffusion, which is

usually a slow process, breaking of bonds with neighboring atoms is required. The diffusion
: . dC . e .
phenomena can be explained by the Fick’s law J, = _DE where, Jp is the diffusion flux, C is

the concentration, | is the diffusion length and D is the diffusion coefficient[180]. Further, the
e . : : E
diffusion coefficient ‘D’ is related to the temperature by the equation D =D, exp(— R_;'J where,

Do Es, R and T are the maximum diffusion constant, activation energy and the universal gas
constant, respectively. This means that the diffusion coefficient increases with increasing
temperature. Therefore, the amount of Na* diffused into the magnetite crystals at higher reaction
temperature would have been higher. To confirm this, flame photometry experiments is
performed to determine the concentration of Na* in the magnetite nanoparticles prepared at 200
and 50 °C (S5 and S1, respectively). The concentrations of sodium were found to be 210 and 190
ppm for S1 and S5, respectively. This shows that the Na* concentration in FesO4 nanoparticles at
higher reaction temperature was slightly lower. However, the Na* concentration (~350 ppm) was
much lower than that required to affect the phase transition temperature of magnetite
nanoparticles (Chapter V). This shows that the increase in the phase stability or activation energy
for magnetic to non-magnetic phase transition is originating from the location and distribution

sites of Na* within the cubic lattice.
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6.3.3 Magnetic properties

Fig 6.9 shows the room temperature magnetization curves of S1, S2, S3, S4, and S5
nanoparticles. The particles are found to be superparamagnetic nature in all the cases. The
saturation magnetization (M) values are found to be 52, 61, 53, 53, and 47 emu/g for S1, S2,
S3, S4 and S5 nanoparticles, respectively, which were lower than the saturation magnetization of
bulk magnetite (92 emu/g) due to reduced coordination symmetry of oxygen atoms at the
surface[132]. These results show that the reaction temperature does not affect the magnetic

property significantly although it increases the phase transition temperature dramatically.
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Fig 6.9: Room temperature M-H curves of Fe3O,4 nanoparticles (a) S1 (b) S2 (c) S3 (d) S4 and
(e) S5 prepared at 50, 100, 130, 160 and 200 °C, respectively. Inset shows the zoomed view of

hysteresis loop at lower fields.

Fig 6.10 shows the ZFC and FC curves of magnetite nanoparticles synthesized at 100 and 130

°C. In the ZFC curve, the magnetization value increases with increase in temperature till the Tg.
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Above Tg, the thermal energy dominates over the anisotropy energy and the magnetization of
each particle begins to fluctuate between the two easy axes. Above the blocking temperature the
magnetization value decreases due to a decrease in the magnetic ordering. The blocking
temperature for S2 and S3 are found to be 215 and 220K, respectively. The anisotropy constant
is found to be 19.4x10° and 19.8x10° erg/cm® for S2 and S3, respectively. Earlier studies show
that with increasing particle size, the blocking temperature increases due to lower surface

anisotropy or anisotropy constant[41, 152].
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Fig 6.10: ZFC-FC curves of magnetite nanoparticles (S2 and S3) prepared at reaction

temperature of 100 and 130 °C, respectively.

The Tg is found to decrease from 210 to 45K when the magnetite nanoparticles particle size was

decreased from 8 to 2 nm at 50e magnetic field due to the broken symmetry below a critical
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size[41]. The K value also depends on magnetocrystalline shape, surface, dipolar or exchange
interactions and stress magnetic anisotropy among the particles[153]. The nearly invariant
anisotropy constant and Tg for S2 and S3 is due to the same particle size distribution in these two
cases. It also shows that the diffusion of sodium into the cubic lattice does not alter the
anisotropy constant. The values of the phase transition temperature, Curie temperature and

enthalpy change from TGA-DSC measurements are presented in Table 6.1.

Table 6.1: Crystallite size, y to o phase transition temperature, change in enthalpy, Curie

temperature, and saturation magnetization.

Samples | Reaction Size (nm) T,-«(°C) | AH (J/g) T (°C) M; (emu/g)
Temp. (°C)

S1 50 7.3 695 13 595 52

S2 100 8.7 696 23 595 61

S3 130 9.0 728 31 595 53

S4 160 9.4 820 69 595 53

S5 200 7.6 850 113 595 47

6.4 Conclusions

Pure Fe30,4 nanoparticles of size raging from 7-10 nm are successfully synthesized by varying
the reaction temperature from 50 to 200 °C using microwave assisted method. Aqueous solutions
of Fe?* and Fe** and NaOH are used for the synthesis. The average particle size obtained from
SAXS is found to vary from 11 to 15+1 nm when the reaction temperature is increased from 50
to 200 °C. The XRD results show that pure magnetite nanoparticles are formed irrespective of
the reaction temperature. The magnetite to maghemite phase transition and the Curie
temperatures are obtained from the TGA/DSC curves. The Curie temperature is found to be ~595
°C for the prepared nanoparticles. The ferromagnetic y-Fe,O3; to antiferromagnetic o-Fe;Os

phase transition temperature is found to increase by 154 °C for the sample prepared at 200 °C due
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to the enhanced activation energy for the cubic to a more compact hexagonal transition. The
increase in the phase stability of nanoparticles prepared at elevated temperature is attributed to

the distribution and location of Na* within the cubic lattice.
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7.1 Introduction

Magnetic nanoparticles with Curie temperature in the range of 42-50 °C and high
saturation magnetization are ideal for hyperthermia applications[181]. Among mixed ferrite
systems, Mn,Zn; xFe,0, is widely studied because of its tunable Curie temperature by varying
the fraction of Mn[182-196]. Further, due to their potential applications in magnetic
hyperthermia and heat-inducible transgenic expression, there has been a renewed interest in such
Mn,Zn,<Fe,04 [197-200]. The preferential occupation of diamagnetic Zn>* in tetrahedral site in
ZnFe,Q,4, the magnitude of octahedral-tetrahedral interaction becomes very weak leading to a
paramagnetic behavior. MnFe,O4 has a partial inverse spinel structure with Mn®** randomly
distributed in octahedral and tetrahedral site resulting in a strong magnetic moment with a Curie
temperature of 573K for bulk samples[201]. Thus, Mn-Zn ferrites are temperature sensitive and
hence find interesting applications in ferrofluids. Mng,Feg gFe,O,4 nano particles of particle size
~40 nm, prepared using co-precipitation method, is found to have a Curie temperature of 329.5K
and saturation magnetization of ~23 emu/g[190]. Lan et al. [202] showed that the Curie
temperature of mixed ferrite, prepared by co-precipitation method, decreases from 605 to 310 K
as the Zn fraction is increased from 0 to 0.7. Rath et al.[189] reported that the crystallite size
decreases from ~11 to 5 nm with an increasing zinc fraction from 0 to 1 in Mny.Zn,Fe,;O4
nanoparticles. -Though mixed ferrites of Mn.Zn;.xFe,O, nanoparticle of different fractions of Mn
have been prepared by various routes, the tuning of Curie temperature for the entire Mn
concentration range(x=0-1.0) has not been attempted. Therefore, synthesis of such particles using

simple, one-pot approach is important for practical industrial applications.
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This Chapter discusses the preparation of Mn,Zn;.Fe,O4 nanoparticles (x = 0-1) using
microwave assisted method and the results on tuning of Curie temperature and saturation

magnetization.
7.2 Synthesis of Mn,Zn;.xFe,O4 nanoparticles

Mn,Zn;.xFe,O4 nanoparticles were prepared by microwave assisted synthesis method. The

details of the synthesis procedure are discussed in Chapter 11, section 2.2.2.2.
7.3 Results and Discussion
7.3.1 Room temperature structural studies

Fig 7.1a shows the room temperature XRD patterns of MnyZn;.«xFe,O,4 nanoparticles for x = 0 to
1. The observed diffraction peaks are well defined, and the peaks (220), (311), (400), (511), and
(440) are indexed to a single phase spinel structure (JCPDS card no-891012). Unlike in
hydrothermal technique,[189] no additional phases like hematite (a-Fe,Os) in MnFe,O, is
observed in the microwave assisted approach. Fig 7.1b shows the lattice constant as a function of
Mn content. The lattice constant decreases from 8.435 to 8.41 A as the Mn?* is increased from 0
to 0.3 fractions. Further, increase in the Mn®" fraction leads to a monotonic increase in the lattice
parameter. Earlier studies on MnyZn;.«Fe,O, synthesized by other methods also showed a similar
linear increase in the lattice constant from 8.44 to 8.55A, as the x is increased from 0 to 1.0[189,
193]. It should be noted that in the above studies, limited number of fractions were attempted (no
fraction between 0-0.35). The reason for the observed decrease in the lattice constant for x= 0 to
0.3 fractions is not clear. Detailed Mossbauer or extended Xx-ray-absorption fine-structure
spectroscopy or neutron diffraction studies are necessary to shed more light on the symmetry,

valence of the iron cations, site occupancy in ferrites and magnetic structure[203].
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Fig 7.1: () Room temperature XRD patterns of MnyZn;«Fe,O4 nanoparticles with x varying

from 0 to 0.1 (b) lattice constant as a function of Mn?* content.

The high field Mossbauer study in manganese zinc ferrites by Morrish and Clark [193] showed

that a small number of Fe®* ions occupy the tetrahedral sites (~ 8% for x = 0) at low
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concentrations of diamagnetic Zn**, whereas ~ 99% of the Fe®*" ions (3d°) are located at
octahedral sites for x=0.5 and above. lonic radii of metal ions vary as a function of valence,

coordination number and spin state.
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Fig 7.2: The variation of crystallite size, calculated from the most intense (311) peak and the

saturation magnetization as a function of Mn?* fraction.

In general, the ionic radii of metal cations decrease with increase in valence[204]. In tetrahedral
site (coordination number 4), all the Fe** and Mn?* ions reside in the high spin state. The
reported values of ionic radii for Fe** and Mn** ions are 0.77, 0.80 A, respectively. Zn** (3d'°)
has an ionic radii is 0.74 A. In the octahedral site (coordination number 6), Mn*" and Fe*" flip
between the high and low spin states. The ionic radii of Fe** in the low spin and high spin state
are 0.69 and 0.785A, respectively in the octahedral site whereas the ionic radii of Mn®" in low
spin and high spin state of the octahedral site are 0.85 and 0.97A, respectively. The ionic radius
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of Zn?* in octahedral site is 0.88 A. Fig 7.2 shows the variation of crystallite size and the
saturation magnetization as a function of Mn?* fraction. The crystallite size is found to increase
from 5.9+1 to 16+1 nm as X is increased from 0 to 1. For the Mn-Zn mixed ferrites prepared by
hydrothermal approach, the particle size was found to increase from 4 to 13 nm as the Mn
concentration was increased from 0 to 1[189]. Another study in manganese zinc ferrite showed
that the crystallite size increases with increase in Zn** concentration[205]. The dependence of
Mn?* fraction on the particle size should depend on the chemical affinity of cations to the A or B
sites during the nucleation and growth process. The extended x-ray absorption fine structure
(EXAFS) studies[188] showed that Zn** (3d'%)cations predominately occupy A sites. Their study
further concludes that an increase in the percentage of Fe®* ions(3d®) and a decrease in the
percentage of Mn?" (3d°) cations in the A site can result in an increase in the saturation

magnetization.
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Fig 7.3: The particle size distribution obtained from small angle X-ray scattering measurements
in Mn,Zn;.xFe,O4 nanoparticles with x varying from 0 to 0.1. The inset shows the TEM image of

a sample with x=0.7.
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Fig 7.3 shows the particle size distribution obtained from small angle X-ray scattering
measurements. The average particle size increases from 9+1 to 26+1 nm as the manganese
fraction is increased from 0 to 1. The size obtained from SAXS is higher than the crystallite size

obtained from XRD because the former measures the grain size whereas the latter measures the
effective size. The grain size is related to the effective size by the relation, d_, :Zd where, d is

the grain size. Inset of Fig 7.3 shows the TEM image of the sample with x=0.7.
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Fig 7.4: FTIR transmission spectra of nanoparticles with Mn?* fractions x = 0, 0.5 and 1.0.

Fig 7.4 shows the FTIR transmission spectra of nanoparticles with Mn fractions x = 0, 0.5 and
1.0. The well resolved wavebands at 460 cm™ and 565 cm™ correspond to metal-oxygen bonds,
confirming the ferrite phase. In additions, the bands of CO, and H,O are also seen. The peak
around 460 cm™ is due to the Fe-O stretching in octahedral sites of ferrite nanoparticles where as
the peak at 565 cm™ is attributed to the Fe-O stretching in tetrahedral sites[165]. The observed

shift of the Fe-O stretching (452 to 470 cm™) with increasing Mn?* fraction is attributed to the
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change in the Mn®" occupancy in octahedral site. The extended x-ray-absorption fine structure
cum IR study shows a shift in the first absorption region in the far IR from 566.98 to 549.62

cm*, which is attributed to a change in the percentage of octahedral sites occupied by

manganese from roughly 25% to 12%[206].

7.3.2 Thermogravimetric studies

Fig 7.5 shows the thermogravimetric curve of MnxZn;.xFe,O,4 nanoparticles in the temperature
range of 300 to 1273K. The weight loss measurements are performed in the presence of an
external magnetic field to detect the Curie temperature. Below the Curie temperature, the
magnetic sample is under the influence of magnetic force but the sample loses its influence

above the Curie temperature, resulting in a weight gain.
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Fig 7.5: Thermogravimetric curves of MnyZn;.xFe,O,4 nanoparticles in the range of 300 to 1273K.
The arrow shows the Curie temperatures for various fractions of Mn?*. Inset shows the zoomed

view for x=0.55, 0.6 and 0.7.
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The initial weight loss of ~ 10% observed with increase in temperature up to ~395 K is attributed
to the evaporation of adsorbed water molecules from the sample. For x = 0 to 0.45, very little
weight change is observed up to 395 K because of the lower magnetic moment of nanoparticles
due to higher Zn?* content. As the Curie temperatures of those particles were below ~395K, it
was not possible to detect because the weight loss due to dehydration was more than that of the
magnetic weight gain in the above temperature range. The Curie temperatures obtained from the

magnetic weight gain curves are tabulated in Table 7.1.
7.3.3 Magnetic properties studies

Fig 7.6 shows the room temperature magnetization curves of MnyZn;.Fe,O,4 nanoparticles from -
1.5to0 1.5T. For x = 0 to 0.2, the samples show paramagnetic behavior. The magnetization values

are 6 and 8 emu/g at 1.5T for x =0 and 0.2, respectively.
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Fig 7.6: Room temperature M-H curves of MnxZn;.\Fe,O4 nanoparticles from -1.5 to 1.5T. Inset
shows the zoomed view of the hysteresis loops at low field values.
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On further increase in the Mn®* fraction to 0.3, the sample shows superparamagnetic nature with
a saturation magnetization of 16 emu/g. The saturation magnetization values for different
fractions of Mn?* are tabulated in Table 7.1. The observed saturation magnetization value of 52
emu/g for MnFe,O4 nanoparticles is found to be much lower than that of the bulk MnFe,O, (80
emu/g)[132]. The study by Morrish and Clark[193] found that a relatively stable ferrimagnetic
structure is formed when x< 0.20 and the Fe*" ions are canted with respect to the applied field

direction when x=0.5.
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Fig 7.7: Temperature dependence of magnetization (M-T) curves of Mn,Zn;xFe,O4 nanoparticles

in the temperature range of 4K to 600K at 100 Oe.
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Fig 7.7 shows temperature dependent magnetization curves of Mn,Zn; «Fe,O, nanoparticles in
the temperature range of 4K to 600K at 100 Oe. As the temperature increases from 4K, the
magnetization value increases drastically followed by a steep decrease, a characteristic of
superparamagnetic materials. Above Tg, thermal energy dominates over the magnetic anisotropy
energy of ferri-ferromagnetic nanoparticles and the magnetization of each particle begins to
fluctuate between the two easy axes, which are separated by energy barriers. Below Tg,

anisotropy energy dominates over the thermal energy leading to spin freezing.

The Tg values for different fractions of Mn?** are tabulated in Table 7.1. Fig 7.8 shows the
variation of Tg as a function of Mn*" fraction and the crystallite size. The Tg is found to increase
almost linearly with Mn?* fraction. For pure MnFe,O,4 nanoparticle, the Tg value obtained from
the literature (16 nm crystallite size) is used[207]. With increase in the Mn fraction, a flatness in
the peak region of the M-T curve is observed. Such flatness observed in the FC susceptibility at
low temperature is attributed to spin-glass like phase[208]. At nanosize, surface disorder
becomes more prominent due to bond frustration of exchange interaction between

ferrimagnetically coupled spins of different sub lattices near the surface[209]. According to

Stoner-Wohlfarth theory, Tg is related to the particle size/volume asT, = % where K is the
B

anisotropy constant and kg is the Boltzmann constant. On cooling below Tg the magnetic
moments are frozen where the system exhibits memory effect and magnetic hysteresis. The ZFC
magnetization increases monotonically with temperature till Tg. Above Tg, magnetization
decreases with temperature due to the thermal energy domination over the magneto-crystalline
anisotropy. The anisotropy constants values for different fractions of Mn?" are tabulated in Table

7.1.
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Fig 7.8: Variation of Tg as a function of Mn fraction in the range 0 to 1. The crystallite sizes

corresponding to various Mn?* fractions (x) is also shown in the Figure.

Except for x=0.2, the anisotropy constant is found to increase with the Mn?* content. The
observed values of K were comparable to the reported value of anisotropy constant 12 x10°
erglcm® for 5 nm size Fe;0, particles[152]. The observed variation in K with Mn?* content is
attributed to the combined effect of the inter particle interaction, size effect and the surface
anisotropy. In general, as the particle size decreases, the anisotropy value increases due to

incomplete coordination and broken bonds at the surface.

Fig 7.9 shows the variation of T, as a function of Mn?* fractions. The T, is obtained by
extrapolating the linear part of the M-T curve to zero[185]. The Curie temperature values
obtained from the M-T curves for different fractions of Mn are tabulated in Table 7.1. The T. is

found to increase linearly with the Mn fraction. The data points are fitted with a straight line fit (
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T =55.7+662x, where R® is 98%). The Curie temperature values reported by various

researchers using different synthesis approaches are also shown in the Figure 7.9[185, 189]. It
can be seen that our results are fairly in agreement with the result of those samples produced by
hydrothermal and coprecipitation approach. These results suggest that mixed ferrites of Mn,Zn;.

«Fe204 with tunable Curie temperature can be obtained using microwave assisted approach.
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Fig 7.9: The variation of T values as a function of Mn?* fractions. The experimental data points
is fitted with a linear equation T, =55.1+ 662 X. The open circles and the open squares show the

data point of Rath et al.[189] and Arulmurugan et al.[185], respectively.

Table 7.1: Mn** fraction(x), crystallite size obtained from XRD, blocking temperature, Curie

temperature (from TGA and M-T curves), magnetic anisotropy constant and saturation

magnetization.

SI. No. X Crystallite Size | Tg(K) Tc (K) K Ms
from XRD (nm) TGA [ M-T (x10°erglcm® | (emu/qg)
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1 0 5.9 17 - - 9.22 6
2 0.1 6.6 20 - 148 8.15 5
3 0.2 54 27 - 162 20.10 8
4 0.3 7.2 44 - 226 13.81 16
5 0.4 7.2 55 - 304 17.26 17
6 0.45 7.4 68 - 357 19.65 32
7 0.5 7.0 80 - 361 27.33 31
8 0.55 7.5 115 405 390 35.94 36
9 0.6 8.3 - 488 - - 36
10 0.7 9.6 - 502 - - 35
11 0.9 16 - 685 - - 46
12 1.0 16 - 702 - - 52

7.4 Conclusions

Phase pure MnyZn;.cFe,O4 nanoparticles with different Curie temperature is prepared using

Microwave assisted synthesis method. The XRD results confirm the cubic spinel structure for all

the samples. The crystallite size is found to vary from 5.9 to 16 nm as the Mn?* fraction is

increased from 0 to 1. The Curie temperature increases linearly from 148 to 390 K as the Mn

fraction is increased from 0.1 to 0.55. Except for x=0.2, the anisotropy constant is found to

increase with the Mn?* content. Results show that the relative fraction of Mn?" and Zn?* in ferrite

structure influences the particle size, lattice parameter, curie temperature and the magnetic

properties. Further, our results suggest that the microwave assisted synthesis is a simple

approach to produce Mn-Zn ferrite nanoparticles.
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Summary and Future Scopes

This chapter presents the results obtained, conclusions drawn and the scope for future work. The

important findings of this thesis are briefly described below:

8.1 Effect of doping (Co, Zn and Na) on y-Fe,O3 to a-Fe,O3 phase transition temperature

» It has been demonstrated that the thermal stability of Fe3O, nanoparticles can be
dramatically enhanced by doping it with a low concentration of Co, Zn and Na. Under air
atmosphere, the maghemite to hematite phase transition is enhanced by 100 °C with 0.1
fraction of Co.

» The enthalpy change during the y-Fe,O3 to a-Fe,O3 phase transition decreases from 90 to
17 J/g as the Co fraction is increased from O to 0.6, which indicates that the degree of
conversion from maghemite to hematite decreases with the Co content.

» Under air atmosphere, the magnetic phase (y-Fe,O3) is retained till 656 °C with 0.6
fraction of Zn doping. The saturation magnetization increases from 61 to 69 emu/g when
doped with 0.2 fraction of Zn.

» The Na doping in Fe3O4 nanoparticles confirms that y-Fe,O3 to a-Fe,O3 phase transition
temperature increases with Na*. The zeta potential results indicate that the Na” ions are
diffused into the crystal lattice.

> In situ XRD study, under vacuum annealing, on Zn doped Fe3O,4 system shows that 0.2
fraction of Zn doping can enhance the phase transformation temperature of Fe;O4 by
~300 °C. The spinel ferrite phase is found to be stable upto 1000 °C, with 0.1 fraction of
Co. Under vacuum annealing, no phase transition is observed up to 1000 °C in Fe3O,

nanoparticles doped with 500 ppm of Na.
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8.2 Synthesis of Fe3O4 nanoparticles using microwave assisted method and their phase
stability

» Phase pure magnetite nanoparticles of size raging from 7-10 nm are prepared by varying
the reaction temperature from 50 to 200 °C using microwave assisted method.

» The average particle size obtained from SAXS is found to vary from 11 to 151 nm as
the reaction temperature is increased from 50 to 200 °C.

» The ferromagnetic y-Fe,O3 to antiferromagnetic a-Fe,O3 phase transition temperature is
found to increase by 154 °C in the sample prepared at 200 °C, which is attributed to the

diffusion of Na* within the cubic lattice during synthesis.

8.3 Synthesis of MnyZn;.xFe,O4 nanoparticles and Curie temperature tuning

» Microwave assisted synthesis method has been successfully used to prepare MnyZn;.
xFe204 nanoparticles for the first time.

» The Curie point was found to increase linearly from 148 to 390 K as the Mn fraction is
increased from 0.1 to 0.55.

» The results show that by varying the relative fraction of Mn and Zn in ferrite structure,
the particle size, lattice parameter, Curie temperature and the magnetic properties of Mn-

Zn ferrites can be tuned.

8.4 Future scopes

» Experiments to confirm the location of diffused cations in the crystal lattice.

» Effect of cation size on phase stability of ferrites.

» Synthesis of magnetic nanomaterials of different morphologies using microwave
synthesis approach and the studies on their structure dependant magnetic and thermal

properties.
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» Effects of alkaline earth metal (K, Li, Mg, Ca) doping on magnetic and thermal
properties of magnetic nanoparticles like Fe3O4, MnFe,O4 and CoFe;0,.
> Development of water based stable magnetic nanofluid with tunable Curie temperature

for biomedical applications.
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