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Abstract

Abstract
The work presented in this thesis reports the use of a series of iron pivalate clusters

as single source precursors for the synthesis of colloidal iron oxides, ternary ferrites
and quaternary  ferrite  nanoparticles. The iron pivalate clusters
[FesO(0.C'Bu)s(H20)3](0,C'BU).HO,C'Bu,  Feg(OH)4(0.C'Bu)12(OCeH4CoHs)s]
and [Fe;0(0,C'Bu)s(CsHsN)s] were used to synthesise iron oxide nanoparticles by
the hot injection thermolysis method. The effect of reaction time was studied for
[Fes0(0,C'Bu)s(H20)3](0,C'Bu).HO,C'Bu at 260 °C gave a mixture of
maghemite-C (Fe,O3) and magnetite (Fe3O,) for the aliquots withdrawn for reaction
times of less than 30 minutes whilst only magnetite was obtained after one hour.
The diameters of the nanoparticles increase in the higher boiling point solvent; 4.3
+ 0.4 and 4.9 + 0.5 nm were produced at 260 °C and 289 °C respectively.

Heterometallic  pivalate  clusters  of  [Fe,CoO(O,C'Bu)s(HO,C'Bu)4],
[Co4Fe,0,(0,C'Bu)1o], [Fe2MnO(0,C'Bu)s(HO-C'Bu)s], [ZnsFe;0,(0,C'Bu)1o] and
[Fe,NiO(0,C'Bu)s(HO,C'Bu)s] were used to synthesise cobalt, manganese, zinc
and nickel ferrites respectively. Quaternary ferrite was synthesised from the
thermolysis of [CrCoFeO(0,C'Bu)s(HO,C'Bu)s]. TEM showed that highly
monodispersed spherical ferrite nanoparticles were obtained using 0.50 mmol
precursor concentrations at 260 °C in all cases except for [CosFe,0,(0,C'Bu);q] for
which a nearly monodispersed nanoparticles were produced. The decomposition of
precursors at 0.25 mmol at different temperatures revealed that larger ferrites
nanoparticles were obtained at higher temperature whilst for cobalt ferrite from
[Co4Fe;0,(0,C'Bu)1o], smaller nanoparticles appeared. In all cases, reaction times
of less than 1 hour contain traces of iron oxide whilst only pure binary/quartenary

ferrite was obtained after one hour.

Magnetic measurements revealed that all the iron oxide and ferrite particles are
superparamagnetic at room temperature with high saturation magnetisation values.
X-ray Magnetic Circular Dichroism (XMCD) analysis confirmed that in cobalt and
nickel ferrite particles, most of the nickel and cobalt cations are in the octahedral
site. Water-dispersible magnetite and ferrite (MFe,O4 where M = Co, Ni, Zn, Mn)
nanoparticles were synthesised from the iron based pivalate clusters. All the ferrites
nanoparticles produced are monodispersed without a further size selection process.
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Chapter 1: Introduction

Chapter 1

Introduction
Nanoparticles are often defined as materials that have one or more dimensions less

than 100 nm and as a result, generally have novel properties different from their
bulk counterparts or atomic / molecular constituents.! The history of nanoparticles
can be traced back to early cultures in Egypt, Iran and Rome, where colloidal gold
was used for decorative ornamentation.> The most famous example of this kind is
the Lycurgus Cup from the 4™ Century, currently owned by the British Museum. Its
scientific evaluation however began in 1857 when Michael Faraday prepared red
gold sols by reducing gold in solution with white phosphorus.® He called them
divided metals and established that these metal sols were thermodynamically
unstable, hence must be stabilised against aggregation. The 20™ century witnessed a
lot of advances in methods of synthesising colloidal gold.* Bredig used an
electrochemical method,> Zsigmondy discovered the seeding method® and he later
won a nobel prize in 1925. This was followed by the landmark works of Turkevich
with citrate-stabilised sols’ and the work of Brust and Schiffrin with monolayer-
protected clusters.® In recent times, there has been ongoing research into
nanoparticulate materials because of their small size and subsequently high surface
to volume ratio. This in turn has translates into novel properties such as
superparamagnetism, morphology tuneable optical properties, photostable
luminescence.® The field of nanoscience has experienced exponential growth year-
on-year due to emerging synthetic routes as well as the availability of new tools for
characterisation.’® Nanomaterials have found applications in different fields
including electronic devices, storage devices, computer modelling, catalysis, solar

system, biological labelling, environmental remediation, drug delivery.

1.1 Properties of nanoparticles

When the size of a crystal is decreased to the nanometer range, the electronic
structure is changed from continuous bands to discrete or quantized electronic
levels. Consequently, the continuous optical transitions in the molecule become
quantized and therefore their properties become size controlled.! This in turn leads

to changes in chemical features such as electronic, structural, spectroscopic,
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magnetic and thermodynamic.®® The size of quantum dots determines their
properties such as their electronic absorption as well as their melting points. In
magnetic materials, size effect has brought about a new phenomenon known as
superparamagnetism. In metals, very small sized particles of about 1-2 nm in

diameter exhibit unexpected catalytic activity as observed in gold nanoparticles.™®

1.1.1 Magnetic properties of nanoparticles

The magnetic properties of nanoparticles are influenced by many parameters
including their size, shape, chemical composition, crystal structure and interparticle

interactions.?

Magnetic materials are found everywhere: in soils, plants, animals and even human
brain. In bulk/giant magnetic materials, their intrinsic magnetic properties including
saturation magnetization, coercive force and Curie temperature depend only on
their chemical and crystallographic structure but in nanoparticles these properties
become influenced by the finite size and surface effects. The evolution of
nanoparticles has provided the opportunity to study magnetic properties from the

bulk to the atomic scale.

Hence novel properties including superparamagnetism, high magnetic coercivity

and guantum tunnelling are sometimes exhibited by these magnetic nanoparticles.

Magnetism is as a result of magnetic moments associated with individual electrons.
Magnetic moments originate from two main sources: orbital motion and electron

spin. The net magnetic moment is the sum of these moments from all electrons.

magnetic moments

nucleus spin

electron orbital electron
motion spin

Fig. 1.1 Magnetic moments arising from electron orbital motion(left) and electron
spin(right).”
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The magnetic property of a material depends on the response of electron and
magnetic dipoles to an applied magnetic field and these are classified into
diamagnetic, paramagnetic, antiferromagnetic, ferrimagnetic and ferromagnetic

materials.

Diamagnetism is a very weak form of magnetism and only persists when an
external field is applied. The induced magnetic moment is as a result of change in
the orbital motion of electrons which creates an opposite field to that of the applied

magnetic field.

normal with magneticfield  magneticfield removed

Fig. 1.2 The atomic dipole of a diamagnetic material.

Paramagnetism is as a result of random movement of the spins and therefore there
is zero magnetisation in the absence of a magnetic field. It is as a result of

incomplete cancellation of electron spin and or orbital magnetic moments.

Ferromagnetic materials possess permanent magnetic moment even in the absence
of an external magnetic field. These are characteristics of the transition metals such
as iron, cobalt and nickel. They have high magnetic susceptibility due to unpaired

electron/ uncancelled electron spin as a result of their electronic structure.

Antiferromagnetic materials have their spins aligned in opposite directions thereby
cancelling each other and no net magnetic moment in the absence of an external

magnetic field. Zinc ferrite is a good example of an antiferromagnetic material.

In ferrimagnetic materials, the spin magnitude is greater in one direction leading to
a net permanent magnetisation but their saturation magnetisation is not as high as

ferromagnets. Magnetite and some other ferrites exhibit this type of magnetic

property.
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Fig. 1.3 lllustration of the different types of magnetism.

The size dependent magnetic properties are usually observed in the range
of a few microns to a few nanometers. In bigger particles, there exists a multi
domain structure where regions of uniform magnetization are separated by domain
walls and whose magnetization can be reversed by the shift or movement of the
domain walls. As the size of the particles decreases, these walls become
energetically unfavourable leading to the formation of just one single domain state
in which all spins are aligned in the same direction. This is usually observed in a

few tens of nanometers and is called the critical diameter, D..*

(2) (b)

Fig. 1.4 The different domain states that can exist in a particle. (a) multi domain separated

by domain walls and (b) single domain.
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Fig. 1.5 lllustration of variation in coercivity of a particle with diameter.**

The coercivity of a material which is defined as the magnetic field needed for the
magnetisation to return to zero after saturation is size-dependent. Initially the
coercivity increases with decrease in particle until a critical diameter is reached.
This is due to the fact that change in magnetisation cannot be achieved by the
motion of domain wall which normally requires a weak magnetic field. However,
below the critical diameter, coercivity tends to decrease due to thermal effects and
follows the equation below:
Hc = g- h/D*® (1.0)

where g and h are constants.” Hence below the critical diameter Ds the coercivity
becomes zero because thermal energy is sufficent to radomnise the magnetic
moments in the particle. This phenomenon is known as superparamagnetism.'®
Superparamagnetic particles often exhibit the magnetic properties of their bulk
counterparts at low temperatures. A typical hysteresis loop of the different types
magnetism is shown in Fig.1.6 below. Superparamagentic materials have little or no
coercivity at high temperatures whilst ferromagnetic materials have a high

coercivity.
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Fig. 1.6 Hysteresis loops for the different types of magnetic materials.*’

Nanoparticles are said to be in a state of superparamagnetism when the
magnetization of the nanoparticles is a single giant magnetic moment in each
particle instead of individual atomic moment.*® This behaviour can be explained in
terms of magnetic anisotropy which is defined as the dependence of magnetic
properties on a preferred direction. Because of the nanoparticle’s magnetic
anisotropy, the magnetic moment has usually only two stable orientations separated
by an energy barrier. At a particular temperature, it is possible for magnetization to
flip and change its orientation.® The time between two flips is called the Néel
Relaxation time and is given by the equation below:

7 =10 exp (KV/kgT) (1.1)

where 7 is relaxation time, 7o is characteristic of the material called the attempt time
and its typical value is 10° to 10™° second, K is magnetic anisotropy constant, V is

volume, kg is Boltzmann constant and T is temperature.*®

In the equation, it can be seen that 7 is an exponential function of volume and thus
give a probable reason why large particles do not exhibit superparamagnetism. If
the magnetization of a nanoparticle is measured (z) and the value is less than 1, it
means there will be no flip and it is said to be in a blocked state. On the other hand
if 7y Is greater than z, then magnetization will flip many times and the particle is
said to be superparamagnetic.® The transition between these two states depends on

temperature and the temperature at which z = z,, is called the blocking temperature.

Superparamagnetic materials have a high saturation magnetization but zero

coercivity and remanence. This unique property makes it possible for controlling
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their movement when placed in an external magnetic field. Thus they find

numerous applications in biomedicine.*®

1.1.2 Electronic Properties of Nanoparticles

Bulk solid materials can be generally classified into conductors, semiconductors or
insulators depending on their ability to conduct electrical charge. In conductors,
(typical of metals), the ability to conduct electrons is due to overlapping valence
and conduction bands giving rise to free movement of electrons. In bulk
semiconductors, the valence bands are fully filled and the conduction is empty and
they are by a small energy gap (band gap). Movement from valence to conduction
is possible by thermal or optical excitation.

In insulators, the valence bands are completely filled and the empty
conduction bands are separated by a large band gap making impossible the
movement of electrons.

On the scale of nanometre, the continuous band in the metal breaks down
and thus the samples becomes insulating. In case of semiconductor nanoparticles,
the energy levels at the band edge become discrete with interlevel spacing similar to
metals and thus increasing their band gap.* These changes are referred to as
quantum size effects and they are observed in some physico- chemical properties
including optical and thermal properties. Size dependent changes have been
observed in the absorption spectra of some semiconducting nanocrystals. For
instance, CdS, a yellow solid, exhibits an excitonic absorption around 520 nm
which undergoes a hypsochromic shift when the particle diameter is decreased

below 10 nm.
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Fig. 1.7 Hllustration of the variation in electronic structure of metals and semiconductors as

Density of states

a result of size effects.’

1.2 Preparation of Nanoparticles

There are two main methods for the preparation of nanoparticles: top - down and
bottom- up. The top down involves breaking down the bulk matter into
nanoparticles whist the bottom-up methods involve building nanoparticles from
molecules or their constituent atoms. The top-down synthesis can be achieved

through physical methods such as lithographic techniques or etching.® Although

31



Chapter 1: Introduction

these methods have advantage of producing nanoparticles in large quantities but
size control is usually very difficult.'® The bottom-up approach is considered as a
chemical method of synthesising nanoparticles and is a more convenient and
reliable method of producing high purity, crystalline monodispersed

nanoparticles.*

1.2.1 Formation Mechanism of Nanoparticles

A good understanding of the theory behind the formation of nanoparticles helps in
controlling the size and shape of nanoparticles. This is important because most
often applications of nanotechnology require very monodispersed nanoparticles.

The formation mechanism involves two main steps: nucleation and growth.

1.2.1.1 Nucleation

Nucleation occurs when the solute in a particular solvent becomes supersaturated
thereby leading to the formation of new nuclei and then followed by a growth
process. To prepare a highly monodispersed nanoparticles, it is necessary to adopt a
“burst nucleation” process.”® This strategy involves simultaneous or a single
nucleation process which prevents a further nucleation during the subsequent
growth process. The generation of many nuclei at the same time during a burst
nucleation makes it possible for controlling their growth, which means they grow at
nearly the same pace thus giving rise to monodispersity.

Nucleation can be either homogenous or heterogeneous. In homogenous

nucleation, nuclei are formed without aid from any external material such as dust,
bubbles or solid surfaces whilst heterogeneous nucleation involves the use of seeds
or external materials.®*%%
Homogenous nucleation is driven by thermodynamics force as a result of instability
of the supersaturated solution. The overall free energy change, AG, is the sum of
the free energy due to the formation of a new volume and the free energy due to
new surface created. Thus:

AG =4[y +43 [P AGy  (1.2)

Where v is the surface free energy per unit area or interfacial tension, r is the radius
and AGy is the free energy change between the monomers in the solution and unit

volume of bulk crystal.’*# AGy is always negative whilst y is always positive as
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long as the solution is supersaturated. As nucleation begins in a supersaturated
solution, there exists a critical radius, r”, which a nucleus must attain before it can
be stable. If the radius is lower than r’, the nuclei redissolves whilst those higher
than r” grow. From equation (1.2), r’ can be obtained by setting AG/dr = 0,

AG/dr = 8[Try + 4[[r* AGy  (1.3)

At AG/dr = 0, r" becomes:
r“=-2y/ AGy (1.4)

It therefore means that AG” is the minimum required energy for r" to be formed and

it can be obtained by combining equation 1.2 and 1.4 and we have:

AG = 16Ty 1 3(AGv)? (1.5)

The change in Gibb’s free energy value is maximum at 4G as seen in Fig. 1.8 and

corresponds to the energy required to form a stable nuclei.** %

N

AG

W

Fig. 1.8 Graph of free energy versus the radius of colloidal particles.
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1.2.1.2 Growth

In homogenous nucleation, monodispersed nanoparticles are usually achieved
through a burst of nucleation wherein all the nuclei are generated at the same time
and then followed the growth process.® There are two growth modes: focusing or
defocusing. Focusing brings about a narrow size distribution whilst defocusing or
Ostwald ripening leads to a broad size distribution. At higher monomer
concentrations, smaller particles grow more rapidly than the larger ones and this is
due to the diffusion controlled growth when only mass transport processes are
considered. 2 This growth is termed focusing and continues until the monomer
concentration is lower than the solubilities of the particles in solution. After this, an
Ostwald ripening or defocusing takes place wherein the larger particles grow at the
expense of the smaller ones. This can be explained in terms of reaction Kinetics.
Smaller particles are less stable because of their higher chemical potential and so
their growth is difficult; hence they dissolve.?

In the case of a heterogeneous nucleation using seeds, additional nuclei formation
are suppressed by introduction of preformed nuclei into the reaction and the
monomers in solution are subsequently added on the existing nuclei, thus separating
nucleation from growth.'*#? However, the seed particles need to be uniform in order

to obtain a narrow size distribution.

1.2.2 Stabilisation of Nanoparticles

One of the novel properties of nanoparticles is their high surface area-to-volume
ratio. This in turn has led to an enormous surface energy which makes them
agglomerate in solution. Once they agglomerate, it becomes very difficult to
disperse them and hence lose some of their properties. It is therefore important to
reduce their surface energy to stabilise them and this can be achieved by two main

methods: steric and electrostatic stabilisation.

1.2.2.1 Electrostatic Stabilisation

This is also known as charge stabilisation. It works by creating a stern layer. This
consists of a charged surface with surrounded by counter ions and some solvent
molecules which are tightly held by the surface of the particle. Because the surfaces

have like charges, they repel each other according to Coulomb’s law thereby
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providing a barrier or separation between particles.”® One of the advantages of
charged or electrostatic stabilised particles is their dispersibility in agqueous
medium. A major disadvantage however is that their stability is usually affected by
change in ionic concentration. An increase in ionic concentration causes shielding
of charges leading to agglomeration. Also an exchange of ions might occur at the
surface of the charge which often results to precipitation and eventual
agglomeration of particles.?® Precipitation or agglomeration can also arise when the
pH of the solution is altered; often this causes a change or loss of charge on the

surface of the nanoparticles.

1.2.2.2 Steric Stabilisation

This type of stabilisation involves the use of surfactants or capping agents that have
a strong affinity for the solvent. Stabilisation is achieved by the attachment of long
chain molecules to the surface of the particle.

They are usually long chain molecules which could be polymers or long molecule
with a polar head or anchor point. The anchoring group ensures that the capping
agents are bound to the particle whilst the affinity of the long chain for the solvent
provides stabilisation of the dispersion. Unlike charge stabilisation method, steric
stabilisation is not sensitive to change in ionic concentration. Common capping
agents are polymers, alkyl amines such as hexadecyl amine (HDA), oleylamine
(OLAm), alkanoic acids such as oleic acid, lauric acid, thiols such as dodecanethiol
(DDT). Some polymers are amphiphilic in nature; hence nanoparticles capped by
such polymers can be dispersed in a variety of solvents. Examples of such polymers

are polyethylene glycol (PEG), polyvinyl pyrrolidone (PVP).
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Electrostatic repulsion

Solvent exclusion

(b)

Fig. 1.9 A representation of stabilisation of nanoparticles with (a) charge and (b) steric
methods.

1.3 Magnetic Ferrite Nanoparticles

Recently, attention has been focused on synthesis, characterisation and improving
the applications of magnetic nanoparticles in different fields. This is because
magnetic nanoparticles usually exhibit novel properties that differ from those of
their bulk counterpart. Two important parameters control the magnetic properties of
nanoparticles: the size and surface effects.

Size effects impart two important phenomena: single magnetic domain and
superparamagnetism. Single magnetic domain arises at a critical diameter below
which the formation of domain wall becomes energetically unfavourable. This
results in a large magnetic moment per unit volume and a large magnetic
anisotropy.’> Magnetic anisotropy can be seen as an energy barrier which is
responsible for holding the magnetic moments in a certain direction. With
decreasing particle size, the thermal energy exceeds the energy barrier and therefore
flips at random. This phenomenon is called superparamagnetism.*®

Other special properties include the high surface-to-volume ratio and also surface
particle coating. Because a large percentage of the atoms in nanoparticles are on the
surface, it can bring about some changes including crystal lattice vacancies, short

range magnetic order and enhanced magnetic anisotropy. **** Surface effects can
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also lead to a decrease in magnetisation value with respect to the bulk and this has
been associated with the existence of a magnetically dead layer on the surface of

the particle.?*

Spinel ferrites nanoparticles are of great interest in fundamental science
especially for addressing the relationships between magnetic properties and their
crystal chemistry. Crystal chemistry shows how the chemical formula, internal
structure and physical properties are linked together. Ferrites nanoparticles have the
general formula MFe,O,4 (where M is a divalent cation and could be Fe, Co, Mn,
Zn, Ni, Cr). By varying the composition of the divalent cation, their electrical and
magnetic properties differs and as such they find applications in different areas
including biomedical, environmental remediation, storage systems, transformers,
medical and diagnostics. These numerous applications have prompted the
development of many synthetic methods and characterisations of these

nanoparticles.

1.3.1 Iron oxide Nanoparticles

Iron oxides are chemical compounds composed of iron and oxygen. There are about
sixteen known iron oxides and hydroxides. They are widespread in nature and have
myriad applications. The two most common iron oxide nanoparticles are magnetite

(Fe3O4) and maghemite (y-Fe,03).

1.3.1.1Magnetite (Fe3O,)

Magnetite is a naturally occurring black mineral in sedimentary rock and it is also
known as ferrous-ferric oxide. It is the only mineral that exhibits strong magnetism.
A chunk of crystallised magnetite is called lodestone. Crystals of magnetite have
also been found in some organisms such as bacteria, bees, birds and even the brain
of humans. Its structure is an inverse spinel with a cubic close packed oxygen and
iron in both tetrahedral and octahedral sites. The spins on both sites are antiparallel
to each other giving rise to ferrimagnetism. Magnetite has received much attention
because of its unusual magnetic properties arising from the exchange interactions
between iron spins in the tetrahedral and octahedral sites. Bulk magnetite has a very
high Curie temperature and hence has found applications in magnetoelectronic
devices. In the nanoparticle form, however, size effects sets in leading to a
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phenomenon called superparamagnetism. This unique property coupled with its

biocompatibility has led to its various applications in biomedicine.

1.3.1.2 Maghemite (y-Fe;O3)

Maghemite (y- Fe,QOg) is naturally occurring in terrestrial sediments, soils and is the
second most stable form of iron oxide. It occurs as a result of oxidation of iron (1)
containing spinels like magnetite. Maghemite like magnetite has a spinel crystal
structure but with all the cations as Fe**. Each cell contains 32 O ions, 21%/5 Fe**
and 2°/; vacancies. These vacancies are responsible for the neutrality of the cells.
The unit cell can be represented as (Fe)s[Fei33m267]O32 (Wherem =vacant sites, the
parentheses ( ) and [ ] denotes tetrahedral and octahedral respectively), which
conforms with the space group Fd3m.? It therefore means that eight ions are in the
tetrahedral states while the rest of the ions and the vacant sites are distributed over
the octahedral sites. Maghemite just like magnetite has found numerous

applications in biological field.

1.3.2 Structure of Ferrite Nanoparticles

Ferrites (MFe,0,) are structurally classified as spinels and can be described as a
cubic close-packed arrangement of oxygen atoms with divalent cation (M%) and
trivalent cation (Fe®*) at two different crystallographic sites. These sites are named
tetrahedral (A) and octahedral (B) sites with respect to the positions of oxygen ions
within the unit cell and in total amounts to 24 sites ( 8-A and 16-B sites). In a
normal spinel structure, the divalent cations (M?*) occupy the tetrahedral holes
whilst the octahedral sites are occupied by the trivalent cations (Fe**). A common
example of normal ferrites is zinc ferrite. However, the structure becomes an
inverse spinel if all A-sites are occupied by the Fe** whilst the B-sites are now
occupied by both M?* and Fe®*". Magnetite and Nickel ferrites are examples of
inverse spinels. In some cases, there could be a redistribution of cations wherein in

each site; both cations are present giving rise to a mixed spinel structure.

The preferred site occupancy of transition metal cations can be explained by
the theory of Crystal Field Stabilisation Energy (CFSE). The cation with more
CFSE in octahedral geometry as compared to its value in tetrahedral geometry
tends to occupy the octahedral sites. The difference in these values is called
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Octahedral Site Preference Energies (OSPE). Hence, if the trivalent cation has more
CFSE value in octahedral site than that of the divalent cation, a normal spinel is
expected. An inverse spinel is formed when the divalent cation has more CFSE
value in octahedral geometry than the trivalent cation.

In the case of ferrites, because the oxide anion is a weak ligand, high spin systems
are expected. The trivalent cation, Fe** has a d° configuration and therefore has zero
CFSE value. If the divalent cation is Fe, Co and Ni with configurations d°, d’ and d®
respectively, their CFSE value are higher than that of Fe®" and hence inverse spinel

structures are formed.

(a)

Fig. 1.10 (a) Face-centred cubic spinel structure of magnetite, (b) Magnification of one

tet oct (

tetrahedron and an adjacent octahedron. Fe™ (red colour) and Fe™ (yellow colour)
reperesent iron atoms on tetrahedrally and octahedrally coordinated sublattices respectively
whilst oxygen atoms are labelled green, a is the lattice parameter in the (001) plane and c is

perpendicular to a.%®
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Table 1.1 Illustration of the different possible combinations in spinel structure.

A% B Structure Example
d°, d°, d®° d', d>d*, d* d° Spinel Mn30,
d"d® o
d, d>d*d* d°d" d°, d> d* Inverse Spinel ~ Fe304, NiFe,04
d®, o
Transition metal ~ Transition metal Spinel FeCr,04
with lower CFSE with higher
value CFSE value

1.3.3 Synthesis of ferrite nanoparticles

Magnetic nanoparticles have been synthesised in different compositions and phases
including iron oxides (magnetite or maghemite), cobalt ferrite, zinc ferrite, nickel
ferrite, chromium ferrite and manganese ferrite. Many methods have been used for
the synthesis of these ferrite nanoparticles including co-precipitation, micro-
emulsion, thermal decomposition, hydrothermal/solvothermal, and also by

biological methods.

1.3.3.1 Co- precipitation

This method is a simple and convenient way of synthesising ferrite nanoparticles
from aqueous salts of Fe** and the corresponding divalent cation salt by the
addition of a base either at room temperature or at elevated temperature. The factors
affecting the composition, size and shape of the nanoparticles are: the ratio of
Fe**/M?*, temperature, type of salts used, pH and the addition of surfactants. A
typical equation of reaction for the formation of ferrite nanoparticles (MFe,Q,4) by

co-precipitation is given below:

2Fe*" + M?* + 80H —MFe,0, + 4H,0 (1.6)

Highly alkaline media tend to produce goethite (« FeEOOH) as impurities alongside
magnetite (Fes04),%” whilst high concentrations and temperatures usually favours
the formation of spherical nanoparticles because the direction of crystallographic

growth is less selective.?® Different morphologies of ferrite nanoparticles including

28-32 28, 33, 28,34

spheres, cubes, platelets and rods® have been synthesised using this
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method. Although this method can produce nanoparticles on a large scale, a major

disadvantage is that the particles tend to have broad size distributions.

1.3.3.2 Hydrothermal/solvothermal methods

A hydrothermal system involves the use of water at a temperature beyond its
boiling point (100 °C) under a high pressure in a sealed autoclave vessel. Similar to
hydrothermal methods, solvothermal synthesis employs the same technique but
with a non-aqueous solvent. The use of high temperature and pressure increases the
solubility and reactivity of the precursors thereby leading to the production of very
crystalline nanoparticles. Indeed, this method has been used to synthesise different
ferrite nanoparticles including magnetite (Fes0,),*® *®cobalt ferrite (CoFe;0,4)***°

and nickel ferrite (NiFe;0,4).** *8

1.3.3.3 Micro emulsion methods

A microemulsion consists of a mixture of two immiscible liquids that is stabilised
by an interfacial film of surface active agents.*® Microemulsions are classified into:
normal micelles and reverse micelles. In normal micelles, also known as oil-in-
water (o/w), the oil is dispersed as microdroplets surrounded by a layer of
surfactant molecules in the dispersing water phase, the opposite is the case for
reverse micelles or water-in-oil (w/0). These micelles serve as a template for
synthesising nanoparticles and their shapes/ sizes are influenced by some factors
including concentrations of surfactant and precursors, also the ratio of water-to-oil

50,51 52

is crucial.* Spinel ferrites including iron oxide, cobalt

53,54

manganese ferrite,

ferrite®>>* and zinc ferrite® have been synthesised using this approach.

1.3.3.4 Biological methods

This method involves the use of microbes to synthesise nanoparticles. The mode of
synthesis could be by intracellular (biologically controlled) or extracellular
(biologically induced) means. In intracellular approach, the production of
nanoparticles is within the cells of the organism and is enzymatically controlled.
Magnetotatic bacteria are good examples of organisms that produce nanoparticles
by intracellular means. These bacteria were discovered by Blakemore in 1975 when
he observed that they arrange themselves pointing to the North Pole.*® Magnetotatic

bacteria form magnetosomes chains which give rise to compartmentalisation.>” This
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in turn has made it possible to control the factors affecting the biochemical
production of nanoparticles. Hence the production of monodispersed nanoparticles
has been achieved intracellularly. Examples of magnetotatic bacteria are
Magnetospirillum magnetotacticum and Magnetospirillum gryphiswaldense.*®

The extracellular approach involves synthesis of the nanoparticles on the surface of
the microbe. The mechanism of producing nanoparticles is as a metabolite. For
instance, iron reducing bacteria that live in the anaerobic environment conserve
energy for growth by the oxidation of organic matter, the electrons generated are
then used for the reduction of Fe(lll)- oxyhydroxides to form magnetite.”® ®°°The
process has been be extended to synthesise transition metal doped magnetite by an
electrochemical process.®* Although this approach could be exploited for industrial
scale, the success of getting monodispersed nanoparticles depends on
environmental parameters such as temperature, redox potential and pH.*® Examples
of bacteria that can produce extracellularly are: Geobacter sps., Shewanella sps.,
and Thermoanaerobacter ethanolicus.

Biological methods been used to synthesise ferrite nanoparticles including

62-72 59,61,73 73,74 61,73

magnetite, cobalt ferrite, zinc ferrite, nickel ferrite®>"* and manganese

ferrite.”

1.3.3.5 Thermal decomposition method

This method involves heating precursors in a high boiling point organic solvent in
the presence of capping agents. This method has been used to synthesise different
nanoparticles and has proven to produce monodispersed nanoparticles with a very
narrow size distribution and good crystallinity. The process can involve either a
progressive heating of the reactants in a suitable media to the desired temperature or
alternatively a more rapid process termed hot injection. In the former, the reaction
medium containing the precursor, solvent and the capping agent is progressively
heated from low (often ambient) temperature to a higher predefined reaction
temperature. The latter involves rapid injection of the precursor solution into a hot
medium containing capping agent. Both processes can be used to produce
monodispersed nanoparticles because there is a separation of nucleation from
growth. For instance, in hot injection approach, a highly supersaturated solution is

formed by the rapid injection of the precursor solution that leads to a burst of
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nucleation. This in turn leads to the depletion of monomers in solution and the
sudden drop in temperature prevents a further nucleation process. Thus, nucleation
is separated from the growth process leading to the growth of monodispersed
nanoparticles. In the progressive approach, the reaction of the precursor proceeds
slowly via the formation of intermediates which eventually acts as monomers. The
monomers build up until a the supersaturation limit is reached where rapid

nucleation takes place, followed by growth.** "

- o . Y. e
Nucleation #¥ 9 Growth

Fig. 1.11 Hot injection method"®

The size and shape of the nanoparticles are affected by the concentration of
precursors, reaction time, temperature, heating rate, and capping agent.

Generally, size of nanoparticles increases with increasing growth temperature
because kinetically, the rate of addition of nuclei to the existing ones increases.
However, more often, thermolysis in a higher boiling point solvent gives a larger
diameter than a lower boiling point solvent. This can be explained by the higher
reactivity of the precursors in higher boiling point solvents.”®’” Also there are several
reports which have shown that shorter reaction time gives smaller particles

compared to longer reaction times,” due to focusing or defocusing in size.

The shape of ferrite nanoparticles can be directed by controlling the heating
rate and temperature. Spherical nanoparticles are usually obtained when the heating
rate is high leading to a rapid nucleation and depletion of monomer concentration,
hence non-selective crystal growth takes place and the thermodynamically favoured
spheres are formed. However, with a slower heating rate, a limited number of nuclei
are formed, leaving a high monomer concentration in solution. The remaining

monomers are thus added slowly on the few existing nuclei which then to grow in a
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particular direction leading to the evolution of different shapes such as cubes and

stars.’® %

The concentration of precursor also plays a crucial role in the size of the
ferrite nanoparticles. Higher precursor concentration usually leads to the formation of
smaller nanoparticles because at higher concentration, more nuclei are generated as
compared to that of the lower concentration, hence more the nuclei slows down the

growth and smaller size of the nanoparticles are formed.2"%2

Capping agents constrain the growth of nanoparticles by providing a steric
barrier between them and thus prevent them from aggregation. The use of long-
chain alkyl groups provides better steric hindrance compared to short-chain
variants.2® The nanoparticles synthesised are isolated from the reaction mixture by
the addition of a suitable polar solvent followed by centrifugation. The
nanoparticles obtained after centrifugation can then be redispersed in a variety of
non-polar solvent. The size distribution of the nanoparticles can be made narrower
by the gradual addition of an anti-solvent such as methanol, this leads to the
flocculation of the heavier/larger particles whilst the smaller particles remained
dispersed in the supernatant. Common capping agents for ferrite nanoparticles are:

oleylamine, oleic acid and HDA.

Thermal decomposition methods have been used to successfully synthesise

ferrite nanoparticles of different sizes and shapes including iron oxide™ "%

79,80,82,92,95-100 92,99 92,100,95

%cobalt ferrite, nickel ferrite, and zinc

101,102

manganese ferrite

ferrite.

1.3.4 Single Molecular Precursors for Ferrite Nanoparticles

A single source precursor (SSP) is a molecular compound containing all the
elements required to form the ferrite nanoparticles. There are a number of
organometallic compounds that have been used as SSPs for the synthesis of iron
oxide nanoparticles. Alivisatos et al in 1999 first developed the thermal
decomposition method for producing monodispersed iron oxide nanoparticles by
the thermolysis of cupferron complexes in octyl amine.'®® In 2001, Hyeon et al
further developed the process by thermolysing iron pentacarbonyl (Fe(CO)s) in a

mixture of oleic acid and octyl ether. They obtained monodispersed iron oxide
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nanoparticles without a size selection process.’® Similarly using the same
(Fe(CO)s), different shapes and sizes of iron oxide have been
obtained.’®8°8994105106 Tha qynthesis of monodispersed magnetite of diameter less
than 20 nm by the thermolysis of iron(l111) acetylacetonate, [Fe(acac)s], was first
reported by Sun in 2002. A host of other researchers have used the same [Fe(acac)s]
to produce monodispersed magnetite nanoparticles with size ranging from 3 to 20

7084909193107 Racently, a less toxic iron oleate complex”"#71% has been used

nm
to synthesise iron oxide nanoparticles. However only very few SSPs have been used
for ternary ferrite nanoparticles. Moriya and co-workers synthesised various
morphologies of cobalt, nickel and manganese ferrite nanoparticles by the
thermolysis of heterometallic acetate complexes with benzilic acid as the capping
agent.'® The shape obtained was dependent on the molar ratio between the
complex and the benzilic acid. A very high ratio of complex to benzilic acid
produced spherical nanoparticles whilst cubes were obtained with a very low ratio.
Similarly, using the same complex, Naidek et al. synthesised cubic magnetite,
cobalt ferrite and nickel ferrite nanoparticles but with oleylamine and oleic acid as
capping agents.” A hydrothermal approach was used by Chen and co-workers to
synthesise ferrite nanoparticles with the same complex without any capping agents,
obtaining spherical nanoparticles of zinc, cobalt and nickel and manganese ferrite.*
Also mixed metal oleate complexes have been used to grow different shapes of

ferrite nanoparticles including spherical, cubic and star-like.”® "2

1.4. Functionalisation of magnetic nanoparticles

Magnetic nanoparticles exhibit unique properties including superparamagnetism
and quantum tunnelling due to their small size and high surface to volume ratio.
Superparamagnetic nanoparticles have attracted a lot of attention particularly in the
field of biomedicine, biology and environment. These applications usually require
monodispersed nanoparticles of high saturation magnetisation, colloidal stability in
biological environment, non-toxic and controlled interaction or specificity.
Although thermal decomposition method has been proven to produce
monodispersed nanoparticles, the ferrofluids obtained are usually hydrophobic.
More often, biological applications require water soluble nanoparticles, it therefore

means there is need to transfer or change the capping agents for hydrophobic
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nanoparticles. A commonly used method for transferring hydrophobic ferrite
nanoparticles to a water soluble one is by modifying the surface or overcoating with
a water soluble polymer. Li et al. synthesised iron oxide nanoparticles capped with
hexadecylamine (HDA) and then modified the surface by overcoating with amine
modified Poly Acrylic Acid (PAA) to make them dispersible in water.* Other
surface modifications to make ferrite nanoparticles hydrophilic include using

glucosamic acid,* modified polyethylene glycol,*®

109,110

alkyl phosphanate modified with

111
l.

fatty acid,” modified polymaleic anhydride, methyl catecho

Alternatively, the nanoparticles could be prepared by thermal decomposition as a
one pot water soluble nanoparticles using amphiphilic polymers or strong polar

solvents as capping agents.'*" 211

In order to make these nanoparticles target specific, surface reactive molecules
such as carboxylic acid, amine or thiol group must be present which can be further
conjugated or coupled via amide or ester bonds to antibodies, proteins or other
specific ligands."** FT-IR is an important spectroscopic tool for studying the ligand

attachment on the surface of nanoparticles.

1.5 Characterisation techniques

In recent years, the invention of powerful analytical tools in recent years like the
Transmission Electron Microscope (TEM) has made the study of nanoparticles
more versatile and interesting. In addition, there are other characterisation
techniques that were used to characterise the ferrite nanoparticles and will be

discussed below:

1.5.1 Powder X-ray diffraction (p-XRD)

The p-XRD is used for the identification, purity and phase of a crystalline material.
It is a rapid, non-destructive method and it is based on constructive interference of
X-rays and a sample. The X-rays generated by a cathode ray tube are filtered and
directed to the sample. Diffracted X-rays are produced when Bragg’s Law is
satisfied (nA=2d sin 0).Where A is the wavelength of x-ray, n is the order, d is the
spacing between two crystal planes and 0 the diffraction angle. The identification is

achieved by processing the diffracted rays. These diffracted rays (20) are converted
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to d-spacings which are then matched with standard reference patterns stored in the
ICDD (International Centre for Diffraction Data) database. An X-ray diffractometer
is comprised principally of an X-ray tube, a sample holder and an X-ray
detector/monitor. In the X-ray tube, lies a cathode ray tube which generates
electrons; these are accelerated towards a metal anode target by applying a potential
difference. Incident electrons with sufficient energy remove inner shell electrons of
the metal atoms in the anode and therefore X-rays are emitted which are then
directed towards the sample. Typical anode materials include Cu (most common),
Co, Mo, Fe and Cr.

o

X-ray ; X-ray
source 7 detector

-
————————

Fig. 1.12 Schematic of X-ray diffractometer'™

Another application of XRD is in the determination of crystallite size. This

can be done by evaluating the broadness of the peak using the Scherrer equation:

D =kA/Bcosd  (1.7)

Where D is the particle diameter, K is Scherrer constant, A is the wavelength, 0 is
the angle of diffraction and B is the Full width at half maximum (FWHM) of a
reflection.

1.5.2 Transmission electron microscopy (TEM)

A microscope is an instrument that provides visual images of samples and has three

main functions:
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1. Resolution: The ability to provide the finest detail of the sample in its

image.

2. Magnification: To make the sample big enough to be seen and resolved by

the eye.

3. Contrast: To differentiate between the features of the image be seen and its

immediate environment.

However, the ability of the microscope to perform these functions depends on the
wavelength of the imaging radiation. The wavelength of light used in the
conventional light/optical microscopes is about 0.4 um (400 nm) thereby inherently
limiting resolution. With the advent of the transmission electron microscope, a
potential 100, 000 fold resolution can be attained and this is because the wavelength
of the electron is very small (0.005 nm). Hence TEM is a very important analytical
tool in visualising the shapes and sizes of nanoparticles. However, the resolving
power of TEM is limited by some factors such as spherical and chromatic
aberrations which are as a result of imperfection in lenses. TEM operates by
passing a high voltage electron beam through a very thin sample. The electron
beam is produced by an electron gun and then accelerated by an anode usually
between 100-400 kV. The electron beam is then focused by the electromagnetic
lenses. It is then passed through a very thin sample where some are scattered, lost or
transmitted. The transmitted one then passes through the objective lens where the
information about the structure of the sample is magnified. The image is then
projected onto a fluorescent screen or the image can be recorded on a special

photographic film.

High resolution Transmission electron microscopy (HRTEM) provides
atomic resolution in images of nanoparticles. These are seen as lattice fringes in the
image and indicate that the sample is crystalline. The d- spacing can be calculated
from the lattice fringe which can then be compared with crystallographic data to
determine the plane of growth. Information about the crystal structure can also be
obtained using selected area electron diffraction (SAED). SAED is similar to X-ray
diffraction but the Bragg’s angle is very small. SAED of a single crystal is can be
seen as an array of regular spots but in multicrystals, continuous ring is observed.
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Fig. 1.13 Schematic of a TEM.™®
1.5.3 Energy dispersive X-ray spectroscopy (EDX)

EDX is an analytical tool which is used to determine the elemental composition of a
sample in a TEM or Scanning electron microscope (SEM). It works on the principle
that each element has a unique electronic structure which gives rise to a unique

pattern of peaks when it interacts with electromagnetic radiations.

EDX is done by focusing a high energy electron beam on a sample; this beam
removes an electron from the inner shell thereby creating a hole. This hole is then
filled by an electron from a higher energy shell and the difference in energy may be
released in the form of X-ray fluorescence which is then measured by the
spectrometer. EDX is used qualitatively by assigning the energies of X-rays emitted

to corresponding elements present.
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Fig. 1.14 Principle of EDX.*

1.5.4 Inductively coupled plasma-optical emission spectroscopy (ICP-OES).

ICP/OES is a very powerful analytical tool for the determination of trace elements.
The technique is based on characteristic emission from excited atoms and ions in
the plasma. Liquid sample is nebulised into plasma where the temperature is
sufficiently high (10,000 K) to liberate the element into free gaseous atoms. These
free gaseous atoms are further energised within the plasma promoting them from
the ground to the excited state. On relaxation, they emit radiation at wavelength
characteristic of the element present and thus can be used for qualitative analysis.
The intensity of the radiation is directly proportional to the concentration of the
element present in the sample and so can be used quantitatively. In this work, ICP-
OES was used to determine the stoichiometry of ternary and quaternary ferrite

nanoparticles.
ICP has the following advantages:

1. High temperature (up to 10000 K) hence appreciable degree of ionisation

for many elements including refractory elements.

2. Very stable resulting in high accuracy and precision.
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3. Very low detection limits. (ICP-MS - Inductively coupled plasma Mass

spectrometry can measure as low as parts per trillion (ppt) concentrations).

4. Cost effective.

1.5.5 Superconducting Quantum Interference Device (SQUID) Magnetometry

Magnetic measurements based on SQUID technology are currently the most
sensitive because they are capable of measuring magnetic moments in the order of
107 emu.**® When certain materials are cooled below a certain critical temperature,
they become superconductors; the resistance to the flow of electricity becomes
zero. If a line of magnetic flux is threaded through a ring made of a
superconducting material, it induces a current which can continue to flow unless
disturbed. The magnitude of this current is proportional to the flux density; the
measurement of magnetic flux together with Josephson junction forms the
operation of SQUID. A Josephson junction consists of a very thin layer of insulator
between two superconductors where the layer is thin enough to allow the flow of
supercurrent. In the SQUID coil, two Josephson junctions are used. When a
magnetic material is moved through the coil, the magnetic moment of the sample
induces an electric current which leads to changes in phase at the two Josephson
junctions. Because the current passing through the superconductors has been
quantized, the change in current can be evaluated and correlated to the magnetic

flux of the sample.™

Magnetic measurements using the SQUID can either be field dependent or
temperature dependent. The field dependent measurement of a magnetic sample is
carried out at a constant temperature to get the saturation magnetisation (Ms).
Temperature dependent measurements are performed under a constant field- zero
field cooled (ZFC) and field cooled (FC). In ZFC measurements, the sample is
cooled from room temperature to 2 or 5 K, in a zero dc-field. Then a small
magnetic field of ca. 100 Oe is applied and the magnetization is recorded on
warming whilst in FC measurements, the sample is cooled from room temperature
under an applied magnetic field. In this thesis, magnetic measurements were
performed on a Quantum Design MPMS-XL SQUID magnetometer equipped with

a 7 T magnet.

51



Chapter 1: Introduction

1.6 Applications

Ferrite  nanoparticles have found applications in various fields including
biomedical, environmental remediation, information storage and gas sensors. Some

of these applications will be discussed below.

1.6.1 Magnetic resonance imaging (MRI) contrast agents

Magnetic resonance imaging (MRI) was invented in the 1970’s and it is a powerful
clinical diagnostic tool for imaging of human internal organs. It has advantage over
the use of X-rays based imaging method because it doesn’t infiltrate or penetrate
into healthy tissues. It is based on the relaxation signals of hydrogen spins within
the human when excited by pulses of radio waves in a strong magnetic field. The
human body is composed of fat and water both having protons/ hydrogen atoms. In
the presence of magnetic field, the protons spin and align in the direction of the
external field. The spinning protons precess about the axis of the applied magnetic
field at its resonance or Larmor frequency. If an electromagnetic radio frequency
(RF) is introduced at this Larmor frequency, the protons will absorb this energy and

11
d.'e

become excite When the RF is turned off, two things happen at the same time.

First, the protons relax to its original orientation and the time taken to achieve this
called the recovery rate (T1) is constant and unique for every tissue. This is also
called longitudinal relaxation. Secondly, the absorbed energy is retransmitted and
finally, the excited spins that were initially in phase begin to de-phase, this is a

transverse relaxation known as T2 and is also unique for every tissue.

The uniqueness of T1 and T2 is the basis for the MRI differentiation of
tissues in the body. In order to enhance the contrast between a diseased and a
healthy tissue, an MRI contrast agent is introduced to reduce the T1 and T2
relaxation times of surrounding protons thereby giving rise to a positive/ sharp
contrast. Superparamagnetic ferrite nanoparticles can produce spin-spin relaxation
effects and so are used as contrast agents. There are a number of commercially
available iron oxide contrast agents such as Abdoscan, GastroMARK, Resovist,

Feridex.?
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1.6.2 Drug delivery and Hyperthermia

Hyperthermia treatment of cancerous cells is a supplementary treatment to
chemotherapy or radiotherapy. It works on the principle that when magnetic
nanoparticles are exposed to an alternating field, they generate heat which can be
used to destroy the cancerous cells.'® The nanoparticles can be made to target only

the tumour cells by functionalisation with an appropriate antibody.*?°

Magnetite nanoparticles have been used to achieve localised drug delivery by
functionalisation with bioactive agents. It works on the principle that when the
functionalised ferrite nanoparticles are injected, they are guided under the influence
of external magnetic field to a specific location and held there until the therapy is
over and they are removed.’® Superparamagnetic ferrite nanoparticles are very
promising for this application because once the external field is removed, they do

not aggregate.

1.6.3 Remediation of water

Water resources are continuously being contaminated as a result of human,
industrial and agricultural activities. These contaminants could be in form of toxic
metals including arsenics As(V), As(lll), chromium (Cr(VI) and uranium all of
which are carcinogenic. Many dyes from the textile industries are toxic and
mutagenic and affect the aesthetics of water if discharged directly into the water

body.

The removal of these contaminants is therefore a major concern. Although various
physical and chemical methods have been employed but there is still need to
develop efficient and environmental friendly approach for the removal of these
contaminants. In view of this, iron oxide nanoparticles have been functionalised in
various ways to serve as an adsorbent and subsequent removal of some of these
contaminants. For example iron oxides functionalised with oleic acids have been
employed for the removal of arsenic in aqueous solution.?® Similarly, iron oxides
functionalised with calixerenes have been used to remove arsenate and chromate
ions by liquid/liquid extraction.’® In other ways, ferrite nanoparticles have been

functionalised and used as magnetic separator to isolate microorganisms needed for
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the remediation of dye polluted water in textile industries and also in

biodesulfurisation in the oil company.'?*%

Ferrite nanoparticles can also be combined with mesoporous materials to build a
magnetic mesoporous nanocomposites which have potential applications in water

treatment and industrial sorbents.*?*

1.6.4 Catalysis

Ferrite nanoparticles can be coupled with some catalysts and thus provide a wider
surface area for reaction to take place due to their small size. These catalysts could
also be recovered by magnetic decantation and can be reused for up to ten times
without loss of activity. For example, magnetite nanoparticles were coupled to a
chiral catalyst used in the hydrogenation of aromatic alkenes by Hu et al.**®> The
recycling of catalyst by magnetic separation is an economical way of recovering
expensive ligands or catalyst and is easier than using other methods such as flow

filtration or centrifugation.'®

Lu et al. developed a high surface magnetically separable catalyst by coating
cobalt nanoparticles with carbon and the resulting superparamagnetic pore system
was functionalised with palladium and used in the hydrogenation process. The
catalyst showed a very high activity and could easily be recovered by magnetic
separation.’® The same principles in theory could be extended to other ferrite

nanoparticles.

1.6.5 Electronics

Ferrites can be classified into soft and hard depending on their ability to be
magnetised and demagnetised. While soft ferrites are easily magnetised, have low
coercivity, hard ferrites on the other hand are not easily magnetised and have a high
coercivity; hence do not lose their magnetism easily. Soft ferrite and has found
applications in heads, ac motors and generators.** Hard ferrites have been used in
data storage and magnetic recording media.** Cobalt ferrite is known to have a high

coercivity and thus find application in information storage.
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1.7 Aims and scope of present study

In the continued search for other single source precursors that could be used in the
synthesis of these important ferrite nanoparticles, iron based pivalate clusters have
been used for the first time as single source precursors for the synthesis of
hydrophobic magnetite, ternary ferrite of cobalt, nickel, zinc, manganese and
quaternary iron cobalt chromium ferrite. Furthermore, the same set of precursors
was used to synthesise water soluble ferrite by the thermal decomposition method.
In order to establish the cation site occupancies of these ferrite nanoparticles,

analysis have been performed using X-ray Magnetic Circular Dichroism (XMCD).
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Chapter 2

Iron Oxide Nanoparticles

2.1 Summary

The iron pivalate clusters [FesO(0,C'Bu)s(H20)3](0-C'Bu).HO,C'Bu(l),
[Feg(OH)4(02C'Bu)12(0CsH4CeHs)s] (2) and [FesO(0,C'Bu)s(CsHsN)s] (3) were
used as single source precursors to synthesise iron oxide nanoparticles. A hot
injection thermal decomposition method in hexadecanol, oleylamine/oleic acid with
dodecanol (boiling point 260 °C) or octyl ether (boiling point 289 °C) as solvent.
The effect of different reaction parameters such as temperature, reaction time and
varying capping agents on the phase and morphology was studied. The reaction
time was studied for (1) by withdrawing aliquots at selected time intervals. The
results obtained showed that a mixture of maghemite-C (Fe,O3) and magnetite
(Fe3O4) were obtained from the aliquots withdrawn for reaction times of less than
30 minutes whilst only magnetite was obtained after one hour. The diameters of the
nanoparticles increase with higher boiling point solvent; 4.3 £ 0.4 and 4.9 £ 0.5 nm
were produced at 260 °C and 289 °C respectively from (1).

The effect of hexadecanol investigated on (1) revealed that it assisted in a fast
nucleation process thereby leading to the formation of monodispersed magnetite
nanoparticles. The thermolysis of the three different iron pivalate clusters under
identical reaction conditions produced monodispersed magnetite nanoparticles.
Magnetic measurements revealed that all the particles are superparamagnetic at

room temperature with high saturation values.
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2.2 Introduction

The development of synthetic routes to iron oxide nanoparticles possessing specific,
chemical and/or physical properties has been a focus of much recent research.
Magnetite (Fe3O,) is of particular interest due to its unique magnetic properties. It
has an inverse spinel structure and electrons can hop between the two cations in the
octahedral sites.” Studies have shown that magnetite nanoparticles with diameters in
the range of 5-20 nm are usually superparamagnetic.>* These particles have been
used in: biomedical imaging, hyperthermia treatment, bioseparations, information
technology, environmental remediation and electronics.”® Most often the
applications usually require monodispersed magnetite nanoparticles.

To date, many different routes have been used for the synthesis of such particles,
including: co-precipitation, solvothermal, microbial, flow injection and thermal

decomposition methods. The co-precipitation methods have been used to synthesise

9-13 13,14

crystals with different morphologies including spherical,” ™~ cubic, octahedron™
and nanorods.’*'® Using solvothermal methods, nanocrystals of iron oxide have
been grown as spheres,'”*® hexagons®® and platelets?®. The microbial synthesis of
iron oxides is often considered as an eco-friendly method but the factors affecting
the quality of nanoparticles are often difficult to control. Different morphologies of
iron oxide crystals have been obtained by biological approaches including

21-25
l,

polyhedra nearly spherical®®?” bullet shaped® and parallel piped.?

Flow injection technique involves the continuous or periodic injection of reagents
into a liquid carrier, followed by mixing which leads to the formation of the
product. Salazar-Alvarez et al. have synthesized spherical magnetite nanoparticles
in the size range of 2-7 nm using a flow injection method.** Thermal decomposition
of organometallic precursors has produced monodispersed nanoparticles of iron
oxide with a narrow size distribution and good crystallinity.>* The process can
involve either a progressive heating of the reactants in a suitable media to the
desired temperature or alternatively a more rapid process termed hot injection. In
the former, the reaction medium containing the precursor solution and the capping
agent is progressively heated from low (often ambient) temperature to a higher
predefined reaction temperature. The latter involves rapid injection of the precursor

solution into a hot reaction medium containing capping agent.**
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Previously, the O’Brien group has prepared magnetite nanoparticles by a
progressive heating approach using [Fe(acac)s] as the precursor with
hexadecylamine as both the solvent and capping agent.** Nearly monodispersed
nanocrystals were obtained which were further reacted with amine-modified
poly(acrylic acid) to obtain water soluble particles suitable for biomedical
applications. A host of other research groups have reported the synthesis of iron

oxide nanoparticles using different precursors including iron pentacarbonyl,®343#

40,3 41-44 32,34,45-47

cupferron complexes,* iron acetylacetonate and iron carboxylates.

In comparison to the progressive heating approach, the hot injection method can
often yield a narrower size distribution due to the initial high supersaturation as a
result of rapid injection that leads to a burst of nucleation thereby separating

nucleation from the growth process.*

Alivisatos and Scher first developed the thermal decomposition method for
producing iron oxide nanoparticles by hot injection thermolysis of iron cupferron in
octylamine, obtaining a nearly monodispersed nanoparticles and a further size
selection process was carried out to get a more monodispersed nanoparticles.® This
was followed by the work of Hyeon and his co-workers who further developed the

process by employing oleic acid and octyl ether as the capping agent/solvent.*

Casula et al. described the synthesis of iron oxide nanocrystals by co-injecting iron
pentacarbonyl and m-chloroperoxybenzoic acid into hot octyl ether and tridecanoic
acid was used as the capping agent.”® These workers studied the effect of growth
temperature and time on the diameter of crystals obtained and changes in the phase
of the products. Crystalline nanodisks of iron oxide were prepared whose size
increased with time. Raman spectroscopy provided evidence that crystals obtained
following long growth times were magnetite.*® Verma et al. synthesised spherical
magnetite nanoparticles using the hot injection thermolysis of iron acetylacetonate
in N-methyl 2-pyrrolidone as the solvent and a mixture of oleic acid and oleyl

amine as capping agents.*

In this chapter, we explore the use of iron pivalate clusters as novel single source
precursors for the synthesis of monodispersed iron oxide nanoparticles by a hot
injection approach in a mixture of oleic acid and oleylamine using dodecanol or
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octyl ether as the solvent. The effect of temperature, capping agents and reaction
time on the morphology or the phase of the particles formed is described. The
particles were characterized by powder X-ray diffraction (p-XRD), high resolution
transmission electron microscopy (HRTEM) and the magnetic properties were

investigated using a superconducting quantum interference device (SQUID).
2.3 Experimental

2.3.1 Precursor synthesis

All the clusters were synthesised and characterised by Prof. Winpenny group of the

School of Chemistry. A brief outlines of the syntheses is now presented.

2.3.1.1 [Fe30(0,C'Bu)s(H20)3](0,C'Bu). HO,C'Bu (1) **

Iron nitrate nonahydrate (Fe(NO3)3.9H,0, 10.0 g, 24.8 mmol) and pivalic acid (30.0
g, 294 mmol) were heated at 160 °C with stirring until evolution of NO, was
complete (approximately 4 hours). The flask was cooled to 80 °C before ethanol
(100 mL) was added; the solution was diluted with water (30 mL) and cooled to
room temperature. A red-brown crystalline product was obtained, which was
filtered, washed with toluene and hexane before being dried in vacuum. Elemental
analysis: Found (%): C, 45.91; H, 7.68; Fe, 16.02. Calc. (%) for C4H79Fe302: C,
45.86; H, 7.60; Fe, 15.99.

2.3.1.2 [Feg(OH)4(02C'BU)12(OCsH4CsHs)g] (2)

4-Phenylphenol (CsHsCe¢H4OH, 0.8 g, 4.7 mmol) and compound (1) (1.4 g, 1.34
mmol) were stirred in trichloroethylene (30 mL) at room temperature for 1 hour.
The obtained solution was left to stand undisturbed at room temperature for two
weeks in a sealed flask. The dark violet-brown crystals obtained were washed with
a large quantity of acetone and dried in vacuum. Elemental analysis: Found (%): C,
60.18; H, 6.03; Fe, 14.41. Calc. (%) for CiseHissFegOs6: C, 60.80; H, 6.02; Fe,
14.50.

2.3.1.3 [FegO(OZCtBu)G(C5H5N)3] (€)) 53
2 g of iron was dispersed in pivalic acid (30 mL) and was heated at 155-160 °C in
air to evoke complete dissolution of iron. The resulting solution was cooled to room

temperature; the precipitate obtained was dissolved by refluxing in diethyl ether. A
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dark brown solution was obtained which was cooled to 10 °C. The crystallized
products were filtered after 24 hours in an inert atmosphere and then washed with
cooled diethyl ether and acetonitrile to get [Fes0(0,C'Bu)s(HO,C'Bu)3]. 4 g (3.65
mmol) of this compound was dissolved in pyridine (10 mL) by heating under an
inert atmosphere. The solution was filtered hot and then slowly cooled and left for
48 hours at room temperature. A black precipitate was formed which was collected,
washed with cooled pyridine and acetonitrile then left to dry at room temperature.
Elemental analysis: Found (%): C, 52.74; H, 6.66; N, 4.13; Fe, 16.18. Calc. (%) for
CasHsoFesN3O13: C, 52.60; H, 6.77; N 4.09; Fe, 16.30.

2.3.2 Synthesis of nanoparticles

Table 2.1 below shows the summary of the reaction conditions used in the
synthesis of iron oxide nanoparticles. In a typical synthesis, a mixture of oleic acid
(OLA) (18 mmol), oleylamine (OLAmM) (18 mmol), hexadecanol (10 mmol) and
dodecanol (15 mL) was dispensed into a three-neck flask and heated to 100 °C
under vacuum for 1 hour. The temperature was then increased to 260 °C under
nitrogen and a solution of (1) (0.275g, 0.25 mmol) in 15 mL dodecanol was
injected. The temperature was maintained at 230 °C for 2 hours. The mixture was
allowed to cool and on addition of excess methanol resulted in a black precipitate
which was isolated by centrifugation. The black residue was washed with methanol
three times and redispersed in toluene or hexane for further characterisations. The
kinetics of the reaction was investigated on (1) by withdrawing aliquots at selected

time intervals.
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Table 2.1 Summary of the reaction conditions used in synthesis of iron oxide nanoparticles

by a hot injection method.

Clust Conc. OLAm OLA Solvent Hexadecan Injection
er mmol  mmol mmol  30ml ol Temp (°C)
mmol
Q 0.25 18 18  Dodecanol 10 260
Dioctyl
1) 0.25 18 18 10 260
ether
Dioctyl
1) 0.25 18 18 10 289
ether
Q) 0.25 36 0 Dodecanol 10 260
Q) 0.25 0 36  Dodecanol 10 260
Q) 0.25 18 18  Dodecanol 0 260
2 0.25 18 18  Dodecanol 10 260
3) 0.25 18 18  Dodecanol 10 260

2.4 Results and Discussion

2.4.1 Thermogravimetric analysis (TGA)

TGA of the three iron clusters shows multiple-step decomposition with rapid
weight losses between 260-317 °C, 215-340 °C and 263-397 °C for complexes (1),
(2) and (3) respectively (Fig. 2.1). The solid residue remaining amounts to 17% for
(1) which is lower than the calculated value of 23% for Fe,Os. For (2), solid residue
remaining amounts to 22% which is slightly higher than the calculated value of
20% for Fe O3 For (3) a 10% residue was obtained which is lower than the
calculated value of 23% for Fe,O3. The lower values obtained for these complexes
can be attributed to sublimation process which takes place before the complex is
fully decomposed. For (2), the residual value was higher than the calculated value;

this may be as a result of incomplete decomposition due to the phenol groups.
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Fig. 2.1 Thermogravimetric analysis of (1), (2) and (3).

2.4.2 Monodispersed magnetite nanoparticles

The hot injection thermolysis of [Fes0(0,C'Bu)s(H20)3](0,C'Bu).HO,C'Bu (1) in a
mixture of OLA, OLAm, hexadecanol and dodecanol at 260 °C produced
monodispersed nanoparticles as shown in the TEM images (Fig. 2.2). The p-XRD
peaks correspond to cubic magnetite (Fe3O4) (ICDD Card No: 00-019-0629) (Fig.
2.3). The peaks are broad, indicative of small particles with an average diameter of
4.5 nm estimated by the Scherrer equation. TEM images revealed that the magnetite
nanoparticles are spherical with an average diameter of 4.3 £ 0.4 nm which is in
good agreement with the p-XRD result. The particles are very crystalline as
observed in the well resolved lattice fringes (Fig. 2.2 (d)) with a d-spacing of 2.58
A, a measurement that is very close to the (311) reflection plane of magnetite
(ICDD card No: 00-19-0629).
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Fig. 2.2 (a)-(c) TEM images of monodispersed magnetite particles obtained from (1) at

different magnifications, (d) HRTEM showing d-spacing.
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Fig. 2.3 The p-XRD pattern for monodispersed magnetite nanoparticles obtained by the
thermolysis of 0.25 mmol solution of (1) in a mixture of oleylamine, oleic acid,

hexadecanol and dodecanol at 260 °C.
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2.4.3 Effect of Injection Temperature

The effect of injection temperature was studied for complex (1) with two different
solvents- dioctyl ether (b.p. 289 °C) and dodecanol (b.p. 260 °C). Three different
syntheses were carried out. In one, the precursor solution was injected at the boiling
point of dodecanol at 260 °C; whilst for dioctyl ether two temperatures were used:
260 °C and its boiling point (289 °C). The p-XRD pattern obtained for the particles
in all three syntheses (Fig. 2.4) were matched with magnetite (ICDD card No: 19-
0629). The average particle diameter estimated by the Scherrer equation is 4.5 nm
with dodecanol, 5.0 nm with dioctyl ether at 289 °C and 9.5 nm at 260 °C.

Intensity(a.u)

20 30 40 50 60 70 80
2-Theta(degree)

Fig. 2.4 The p-XRD pattern for magnetite nanoparticles from (1) thermolysed in different
solvents at their boiling points (a) dodecanol at 260 °C, (b) dioctyl ether at 289 °C and (c)
dioctyl ether at 260 °C.

The average diameter calculated from TEM are 4.3 £ 0.4 nm with dodecanol at 260
°C, 8 £ 1.5 nm and 4.9 £ 0.5 nm at 260 °C and 289 °C respectively with dioctyl
ether (Fig. 2.5). The TEM results showed that the diameter of the nanoparticles
increases with higher boiling point solvents. A similar observation has been

reported by some research groups.3**°
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All the results from the TEM are in good agreement with those calculated value
from p-XRD. The size distribution appears to improve as the injection temperature
is increased close to the boiling point of the solvent. This result is in agreement
with what has been reported in literature.*

Fig. 2.5 TEM images obtained for magnetite particles from (1) thermolysed in different
solvents (a) - (b) dodecanol at 260 °C, (c) octyl ether at 260 °C and (d) octyl ether at 289
°C.

2.4.4 The effect of reaction time

The effect of reaction time was studied for (1) by withdrawing aliquots at 5
minutes, 15 minutes, 30 minutes, 1 hour and at 2 hours. The p-XRD (Fig. 2.6)
showed that nanoparticles produced at 5 minutes, 15 minutes and 30 minutes were
a mixture of maghemite-C (Fe,O3) (ICDD Card No: 024-0081) and magnetite
(FesO,4) (ICDD Card No: 19-0629). However, the samples withdrawn at 1 hour and
2 hours are of only magnetite (ICDD Card No: 19-0629).
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Fig. 2.6 The p-XRD pattern for iron oxide nanoparticles by thermolysis of (1) in a mixture
of oleylamine, dodecanol, oleic acid and hexadecanol at 260 °C. The pattern showed for
aliquots withdrawn at (a) 5 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 1 hour and (e) 2
hours. *corresponds to the maghemite-C (Fe,O3) peaks assigned to aliqouts at 5 minutes,

15 minutes and 30 minutes. All other peaks are assigned to magnetite (Fes0,).

At the beginning of the reaction, the predominant phase appear to be maghemite-C
(Fe2O3) which then reacts with the reducing agents (oleylamine, dodecanol,
hexadecanol) present in the reaction medium to obtain a final phase of magnetite
(FesO4). TEM images taken for these samples revealed an increase in diameter at
longer reaction times as shown in samples withdrawn at 30 minutes (3.5 £0.6 nm),
1 hour (3.7 £ 0.6 nm) and 2 hours (4.3 + 0.4 nm) (Fig. 2.7). This observation can be

attributed to Ostwald ripening/growth which take place during aging.>**°
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Fig. 2.7 TEM images of iron oxide nanoparticles obtained from thermolysis of (1) at
different reaction times (a) 30 minutes, (b) 1 hour and (c) 2 hours.

2.4.5 Nanoparticles obtained from different precursors

The three different precursors were thermally decomposed using the hot injection
method employing identical reaction conditions and the same concentration of
precursor. The p-XRD data indicated that all three precursors produced magnetite
(Fig. 2.8). The average diameter of the particles estimated using the Scherrer
formula are 4.5 nm for Fe;O, obtained from (1) and (2) whilst 5 nm was obtained
from (3).
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Fig. 2.8 The p-XRD pattern of magnetite (FesO,) nanoparticles obtained from three
different precursors by injecting 0.25 mmol solution of precursor into a mixture of
oleylamine, oleic acid, hexadecanol and dodecanol at 260 °C (a) FesO, from (1), (b) Fe;04
from (2) and (c) Fe;O,4 from (3).

TEM images of the nanoparticles obtained from (1) and (2) were monodispersed
whilst (3) showed nearly monodispersed particles (Fig. 2.9). Their average
diameters calculated from the TEM images in nm were 4.3 + 0.4 nm, 5.0 £ 0.8 nm
and 5.9 £ 1.2 nm for (1) (2) and (3) respectively.
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Fig. 2.9 TEM images of magnetite nanoparticles obtained from thermolysis of three
different precursors (a) from (1), (b) from (2) and (c) from (3).

2.4.6 The effect of hexadecanol

The effect of addition of hexadecanol was studied for (1). In one experiment,
dodecanol was used as the solvent and hexadecanol as the reducing agent while in
the other; dodecanol was used both as the solvent and as the reducing agent.
Although the p-XRD pattern of the nanoparticles produced in the absence of
hexadecanol shows predominantly Fe;O4 [ICDD Card No: 19-0629], there is still a
weak reflection at 57.2° which was assigned to Fe,O3; [ICDD Card No: 00-056-
1302] (Fig. 2.10 (a)). The nanoparticles produced with a mixture of hexadecanol
and dodecanol revealed reflections consistent with only magnetite [ICDD card No:
19-0629] (Fig. 2.10 (b)).
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Fig. 2.10 The p- XRD pattern of Fe;O4 (magnetite) nanoparticles from thermolysis of (1)
in (a) dodecanol, oleylamine and oleic acid (b) hexadecanol dodecanol, oleic acid and
oleylamine. *Shows the traces of Fe,O; when thermolysis was carried out in absence of

hexadecanol.

Their average diameters were estimated by the Scherrer equation, were found to be
4.5 nm with the mixture and 5 nm with only dodecanol. TEM images revealed that
particles obtained with a mixture of dodecanol and hexadecanol are monodispersed
(Fig. 2.11(a)); particles obtained with only dodecanol are not monodispersed and in
fact aggregated (Fig. 2.11(b)). This aggregation was also observed in the sample 48
hours after preparation as precipitates were formed, but the sample prepared in the
presence of hexadecanol was stable for months. The average diameter calculated
from the TEM images are 4.3 + 0.4 and 5.5 + 1.0 nm for nanoparticles obtained
with and without hexadecanol respectively. These results may therefore suggest that
hexadecanol promotes a rapid nucleation process because it is a faster reducing
agent and thus leading to the production of monodispersed particles. The use of
long chain alcohol in addition with capping agents to get monodispersed ferrite

nanoparticles has been reported in the literature. 34406~
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Fig. 2.11 TEM images for magnetite nanoparticles obtained by the thermolysis of (1) in (a)
in the presence of hexadecanol (b) in the absence of hexadecanol.

2.4.7 The effect of capping agents

The effect of capping agents on the morphology of nanoparticles obtained from (1)
was studied. Three experiments were carried out: in one experiment only
oleylamine was used, in the second only oleic acid was used and in the third a
mixture of oleylamine and oleic acid were used (Table 2.1). The p-XRD patterns
recorded from the nanoparticles from all three experiments were consistent with
magnetite (Fig. 2.12). The size of the nanoparticles were estimated by the Scherrer
equation and the results obtained are 5.0, 6.0 and 4.5 nm with oleylamine, oleic acid
and the mixture of the two respectively. The average diameter calculated from the
TEM images are 5.0 = 0.7 nm with oleylamine, 6.0 + 0.9 nm with oleic acid and 4.3

+ 0.4 nm with the mixture.
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Fig. 2.12 The p-XRD pattern for magnetite nanoparticles obtained by thermolysis of (1) in
different capping agents (a) mixture of oleylamine and oleic acid (b) oleic acid (c)

oleylamine.

The TEM images obtained for the nanoparticles showed that a very narrow size
distribution is obtained from the mixture of oleylamine and oleic acid (4.3 + 0.4
nm), followed by oleylamine (5.0 £ 0.7 nm) whilst oleic acid capped nanoparticles
have the broadest size distribution (6.0 = 0.9 nm) (Fig. 2.13). These results are

similar to what has been reported by Crouse et al.>®
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Fig. 2.13 TEM images obtained for magnetite nanoparticles obtained from thermolysis of
(1) in different capping agents (a) mixture of oleylamine and oleic acid (b) oleylamine only

(c) oleic acid only.

2.4.8 Magnetic Properties

Changes in magnetization of the magnetite nanoparticles as a function of
temperature and applied magnetic field were measured by SQUID magnetometry.
In general, small nanoparticles have their magnetic properties governed by their
anisotropy energy, which normally constrains the nanoparticle magnetization to
align along a specific direction known as the easy axis. Since the maximum
anisotropy energy of a given nanoparticle depends on the product of its volume, V,
and the anisotropy constant, K, most magnetite nanoparticles with diameters below
~30 nm become superparamagnetic above a certain temperature, known as their
blocking temperature (Tg).®> This important property is vital for their applications
in biological imaging, bioseparations and hyperthermia treatment.* At temperatures
above Tg, the thermal energy is sufficient to surmount the anisotropy energy barrier
and the nanoparticle magnetization freely aligns in arbitrary directions. Thus, for an
assembly of such nanoparticles, the net magnetization measured in the absence of
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an applied dc field average out to zero and the particles are said to be in the

superparamagnetic state.®*

All the particles reported in this chapter here have an average diameter (4.3 - 6 nm)
well below the threshold of ~30 nm, and their hysteresis loops at room temperature
(Figs. 2.14 and 2.15) display the characteristic features of superparamagnetism,

such as negligible coercivity and zero magnetic resonance.
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Fig. 2.14 The hysteresis loops measured at 5 and 300 K for magnetite (Fes0,) nanoparticles
obtained from (1) by thermolysis in hexadecanol with dodecanol at 260 °C and (a) a
mixture of oleylamine and oleic acid (diameter 4.3 + 0.4 nm) (b) oleic acid (diameter 6.0 +

0.9 nm).
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Fig. 2.15 The hysteresis loops measured at 5 and 300 K for magnetite (Fes0,) nanoparticles
of average diameter 5.0 + 0.8 nm, obtained from (2) by thermolysis in a mixture of

oleylamine, oleic acid, hexadecanol and dodecanol at 260 °C.

An estimation of the blocking temperature of the nanoparticles can be easily
obtained from dc magnetometry measurements, in which a zero-field cooled (ZFC)
— field-cooled (FC) procedure is employed.® In a ZFC measurement, the sample is
cooled from room temperature to 2 or 5 K, in a zero dc-field. Then a small
magnetic field of ca. 100 Oe is applied and the magnetization is recorded on
warming. As the temperature increases, the thermal energy disturbs the system and
more moments acquire enough energy to be able to align with the external field
direction. The number of unblocked, aligned moments reaches a maximum at Tg.
Above the blocking temperature the thermal energy is strong enough to randomize

the magnetic moments causing a decrease in magnetization.
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Fig. 2.16 Top: Zero field cooled (ZFC) and Field-cooled (FC) magnetisation curves for
magnetite nanoparticles of average diameter (a) 4.3 = 0.4 nm and (b) 6.0 £ 0.9 nm,
obtained from (1) by thermolysis in (a) oleylamine/oleic acid at 260 °C (b) oleic acid at 260
°C. Bottom: ZFC and FC magnetisation curves for magnetite nanoparticles with average
diameter 5.0 £ 0.8 nm, obtained from (2) by thermolysis in oleylamine, oleic acid at 260
°C.

Cooling the sample in applied magnetic field (for example, in a FC magnetization
measurement) allows such magnetic moments to remain aligned with the external
field direction, and the magnetization value recorded below Tg is higher than that
obtained through a ZFC procedure. In practice, Tg is graphically determined to be
the point at which the gradient of the ZFC curve approaches zero.®® As seen in Fig.
2.16, Tg decreases with decreasing particle size, ranging from ~ 25 K for magnetite
nanoparticles obtained from (1) with the average diameter of 4.3 nm, to 45 K for

particles obtained from (2) with average diameter of 5 nm and to 70 K for
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nanoparticles obtained from (1) with average diameter of 6 nm. The blocking
temperature for the smallest nanoparticles (4.3 = 0.4 nm) is well defined, indicating
a very narrow distribution of the particle diameter. In contrast, the largest particles
(6.0 £ 0.9 nm) obtained from (1) show a broader distribution of the blocking

temperature, consistent with the greater distribution of the particle diameters.

Field dependence of the magnetization was recorded for all these nanoparticles at 5
and 300 K. Representative hysteresis curves are given in Figs. 2.14 and 2.15.
Comparison between nanoparticles generated from (1) indicates that, irrespective of
temperature, the saturation of the magnetization increases with average particle
diameter, from Ms = 49.0 (at 300 K) and 63.2 emu. g~ (at 5 K) (4.3 + 0.4 nm) to M
= 62.2 (at 300 K) and 76.8 emu/ g (at 5 K) (6.0 = 0.9 nm). The saturation
magnetization of the nanoparticles generated from (2) is 43.9 emu.g™ at 300 K and
56.2 emu.g™ at 5 K (Fig. 2.15). Bulk magnetite is reported to have Ms = 92 emu.g™
at 300 K, % which is much larger than that observed for our nanoparticles. Some
studies suggests that surface effects can lead to a decrease of the magnetization of
small oxide nanoparticles with respect to the bulk value." This reduction has been
associated with different mechanisms, such as the existence of a magnetically dead
layer on the particle’s surface, the existence of canted spins, or the existence of a

spin-glass-like behaviour of the surface spins.

Another surface-driven effect is the enhancement of the magnetic anisotropy, Ke,
with decreasing particle size. In a very simple approximation, the anisotropy energy
of a spherical particle with diameter D, surface area S, and volume V, may be
described by one contribution from the bulk and another from the surface: Kess = Ky
+ 6/DKs, where Ky and Ks are the bulk and surface anisotropy energy constants,
respectively. It has been found that K+ changes when the surface is modified,
which explains the contribution of the surface anisotropy to Ker. The coercive
force for all the samples is about 180-200 G at 5 K, while the coercivity at room
temperature is almost negligible, which is a common characteristic of
superparamagnetic materials. Our investigation suggests that all samples are of
good magnetic quality which makes them suitable for potential biological and other

medical applications.
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Table 2.2 Summary of the various sizes of nanoparticles obtained at different reaction conditions from precursors (1), (2) and (3).

Time OLA OLAm Injection p-XRD
Precursor (min) Solvent (mmol) (mmol) temp (°C) (nm) TEM (nm)
[FGgO(OthBU)G(Hzo)g] (OthBU).

HO,C'Bu (1) 30 dodecanol 18 18 260 - 35%£0.6

1) 60 dodecanol 18 18 260 - 3.7+£0.6

1) 120 dodecanol 18 18 260 4.5 43+04

1) 120 dodecanol 0 36 260 5.0 50+0.7

1) 120 dodecanol 36 0 260 6.0 6.0+0.9

1) 120  dioctyl ether 18 18 260 9.5 80+15

1) 120  dioctyl ether 18 18 289 5.0 49+05
[Feg(OH)4(02C'Bu)12(OCsH4CeHs)s]

2 120 dodecanol 18 18 260 4.5 50+£0.8

[Fes0(0,C'Bu)s(CsHsN)s] (3) 120 dodecanol 18 18 260 5.0 59+£1.2
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2.5 Conclusion

Iron oxide nanoparticles have been synthesized by a hot injection thermal
decomposition of [Fes0(0,C'Bu)s(H20)3](0,C'Bu).HO,C'Bu(1),
[Feg(OH)4(02C'Bu)12(0CsH4CsHs)g] (2) and [Fes0(0,C'Bu)s(CsHsN)3] (3) in oleic
acid and or oleylamine(capping agents), hexadecanol with either dodecanol or octyl
ether as solvent. The thermolysis of (1) in different boiling point solvents at
different temperatures showed that larger nanoparticles were obtained at higher
temperature. The presence of hexadecanol enhanced the nucleation process leading
to the production of monodispersed nanoparticles whilst aggregated nanoparticles
were obtained in the absence of hexadecanol. It has been demonstrated that an
equimolar mixture of oleylamine and oleic acid resulted in a monodispersed
magnetite nanoparticles with a very narrow size distribution as compared to using
either oleic acid or oleylamine alone. Monodispersed magnetite nanoparticles were
produced directly without a further size selection process when the precursor was
injected in a mixture of the capping agents at the boiling point of the solvent used.
The effect of reaction time was studied for (1) and the results showed that shorter
reaction times of less than 30 minutes produced a mixture of maghemite-C (Fe,O3)
and magnetite (Fe3O4) whilst only magnetite was obtained after one hour. Magnetic
studies showed that the particles are superparamagnetic at room temperature with

high saturation magnetisation.
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Chapter 3

Ternary and Quaternary Ferrite Nanoparticles

3.1 Summary

This chapter describes the synthesis of ternary ferrites of cobalt, manganese, zinc,
nickel and quartenary- chromium cobalt ferrite nanoparticles using heterometallic
pivalate clusters of [Fe,CoO(O,C'Bu)s(HO,C'Bu)s] (1), [CosFe;02(0,C'Bu)1o] (2),
[FesMnO(0,C'Bu)s(HO,C'Bu)s] 3), [Zn4Fe;0,(0,C'Bu)1o] (4),
[Fe;NiO(0,C'Bu)s(HO,C'Bu)s] (5) and [CrCoFeO(O,C'Bu)s(HO.C'Bu)s] (6)
respectively as single source precursors. The precursors were thermolysed with
oleylamine and oleic acid (capping agents) in either diphenyl ether or dibenzyl
ether as solvent at their respective boiling points of 260 and 300 °C. The effect of
reaction time, temperature and concentration (0.25 or 0.50 mmol) on the
stoichiometry, phases or morphology of the nanoparticles were studied. TEM
showed that highly monodispersed spherical ferrite nanoparticles were obtained
using 0.50 mmol precursor concentrations at 260 °C in all cases except from (2)

where a nearly monodispersed nanoparticles was produced.

The decomposition of precursors (0.25 mmol) investigated at different temperatures
revealed that larger ferrites nanoparticles were obtained from (1) - (5) at higher
temperature (300 °C) whilst the opposite was observed for cobalt ferrite from (2) as
smaller nanoparticles appeared. The reaction time was investigated for all the
precursors (0.25 mmol) at 260 °C by withdrawing at selected time intervals. The
results obtained showed that aliquots withdrawn at reaction times of less than 1
hour contain traces of iron oxide whilst only pure ternary/quaternary ferrite was
obtained after one hour. Magnetic measurements revealed that all the ferrite
particles are superparamagnetic at room temperature with high saturation
magnetisation values. XMCD confirmed that in cobalt and nickel ferrite particles,
most of the nickel and cobalt cations are in the octahedral site. The site occupancy
in cobalt ferrite is evident in their magnetic measurements having a large hysteresis
(>1T)at5 K.
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3.2 Introduction

Monodisperse magnetic nanoparticles have recently become significant in science
and technology due to their unique properties. This is especially true for the spinel
nanoparticles because their studies have brought about establishing a relationship
between their magnetic properties and their basic chemical structure. These
properties depend on the nature of the ions, their valency and their cation
distribution between octahedral and tetrahedral sites.® Ferrite nanoparticles of
general formula MFe,O4 (M= Fe, Co, Cr, Ni, Mn, Zn) are of interest because by
varying the chemical identity of the M?* ion, their electrical and magnetic
properties can be fine-tuned for different applications.

Iron cobalt oxide (Fe,CoO,) has been reported to have a high magnetic
anisotropy®* whilst manganese ferrites (MnFe,O4) are characterised by low
blocking temperatures and high saturation magnetisation.” Such ferrite
nanoparticles find applications in electronic devices,® high density magnetic
recording,” contrast agents in medical resonance imaging (MRI1)"® and gas sensors.’
The numerous applications of such nanoparticles have prompted the development
of different synthetic methods. Using co-precipitation methods, spherical™®

1112 or cubic®? cobalt ferrite nanoparticles have been produced. Manganese

3,13-17

platey
and cobalt ferrite nanocrystals of different morphologies such as cubes,

15-22

spheres, > %2 stars,'® polyhedra*'’ have been reported by thermal decomposition

approaches.

1224 cobalt

Hydrothermal methods have also been used to grow cubic® or spherica
ferrite crystals. Manova et al. employed both co-precipitation and mechanical ball
milling methods to synthesise cobalt ferrite nanoparticles and produced pseudo-
spherical nanoparticles whose size increases with increase in milling time.” Zhang
et al. synthesised MnFe,O, nanoparticles by the formation of water-in-toluene
reverse micelles using sodium dodecylbenzenesulfonate as the surfactant to obtain
superparamagnetic nanoparticles whose size can be controlled by adjusting the
ratio of water and toluene.?® Similarly, Zhang et al. employed a reverse micelle
microemulsion system to prepare silica coated magnetic nanoparticles of cobalt and
manganese ferrites.”” The magnetic measurements of these nanoparticles show a

reduction in saturation magnetisation which was attributed to reduced quantity of
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magnetic material per gram of the ferrite-silica composite nanoparticles. Coker et
al. synthesised cobalt ferrite nanoparticles extracellularly by using the iron(lll)
reducing bacterium (Geobacter sulfurreducens).?® They obtained a high yield of
nanoparticles with a narrow size distribution as indicated by the magnetisation
measurements. A flow reactor synthesis of cobalt ferrite nanoparticles by a
hydrothermal method has also been reported by several groups. Polyhedra®

30,31

pseudo-spheres or cubes®! were prepared by this method.

Nickel ferrites are one of the important materials as its inverse spinel structures
give rise to typical ferromagnetic properties, high electrical resistivity, moderate
saturation magnetisation, and are readily available.*** These properties find
applications in various fields such as in recording tapes,®* thermal therapy,®* MRI,*®

" magnetic fluids,® electrodes,® catalysis®® and transformers.®*® A

gas sensors,’
number of synthetic routes have been developed for nickel ferrite nanoparticles
including: co-precipitation®®*! hydrothermal,*>24344*4" nylsed wire discharge,* sol-
gel method,*®*° flow reactor®® and thermal decomposition.'®****1" Despite the
numerous methods of synthetic routes, research on synthesising monodispersed

nickel ferrites is still ongoing.

Zinc ferrite nanoparticles show significant differences in magnetic properties
compared to the bulk material. Bulk zinc ferrite has a normal spinel structure with
the nonmagnetic Zn®* ions in the tetrahedral sites and Fe** ions in the octahedral
sites leading to an antiferromagnetic interactions at about 10 K but in the zinc
ferrite nanoparticles, there is a rearrangement of iron and zinc ions due to the high
surface area of nanoparticles. This rearrangement of ions in turn creates a
ferrimagnetic exchange interactions leading to a higher saturation magnetisation.®*
%% Zinc ferrite nanoparticles have potential applications in MRI,>* gas sensors,>
absorbent material in gas desulphurization,®® and photocatalysts.”” These
applications have prompted the development of different synthetic methods

58,59

including co-precipitation, sol-gel,®® biological ®*®? micro-emulsion®® and

thermal decomposition. 2283241

Quaternary ferrite nanoparticles could be prepared by the incorporation of another

metal into ternary ferrites. Amongst the ternary ferrite nanoparticles, cobalt ferrite
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(CoFe,0Q4) has been a focus of research due to its excellent chemical stability, high
coercivity, moderate saturation magnetisation, mechanical hardness and high
magnetoristriction.®® The doping of other metals into its structure affects cation
distributions thereby resulting in a change in the magnetic and electrical properties

which can be fine —tuned for different applications.?>®"%870-72

The effect of chromium doped cobalt ferrite nanocrystals on their electrical and
magnetic properties has been studied by some researchers and their investigation
revealed that electrical resistivity increases whilst the blocking temperature,
saturation magnetisation and coercivity decrease with increase in chromium

concentration 8°67:68.70.73-75

Paulsen et al. studied the effects of magnetic and
magnetochemical properties of manganese doped cobalt ferrite by a ball milling
process and observed that the Curie temperature and magnetorestriction decreased
with increase in manganese contents.”® Such ferrites have potential applications in

stress sensor and high temperature materials.®® 37>

To date, very few reports are available on the use of single source precursor for the
synthesis of nickel and zinc ferrite nanoparticles.?***!" To the best of our
knowledge, there have been no reports on the use of single source precursor to

synthesise chromium doped and chromium cobalt ferrite nanoparticles.

In this chapter, we explore the use of heterometallic pivalate clusters as novel single
source precursors for the synthesis of ternary ferrite (M = Co, Mn, Ni and Zn) and

quaternary ferrite of chromium cobalt iron oxide nanoparticles.
3.3 Experimental

3.3.1 Synthesis of precursors

The clusters were synthesized and characterised by Prof. Winpenny group and the
procedures followed are described below.
3.3.1.1 [Fe,CoO(0,C'Bu)s(HO,C'Bu)3] (1)

An excess of pivalic acid (30.0 g, 294 mmol) and potassium hydroxide (6.0g, 107
mmol) were stirred in water (25 mL) at 50 °C until a clear solution was formed

(~10-15 minutes). To the solution was added a pre-heated (50 °C) iron nitrate
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nonahydrate (10.0 g, 24.8 mmol) and cobalt nitrate hexahydrate (5.0 g, 17.2 mmol)
solution in water (25 mL). The mixture was stirred for 15 minutes during this time
two layers formed, a brown organic layer and a clear pink aqueous solution. The
flask was cooled in ice water, which results in solidification of the organic layer.
The water layer was removed by decantation and the solid was washed with cold
water followed by dissolution in petroleum ether (200 mL) The petroleum ether
solution was filtered and the residue extracted with further petroleum ether (100
mL) to complete extraction. The two petroleum ether solutions were combined and
the solvent was removed under reduced pressure. Acetonitrile (50 mL) was added
to the residue obtained with stirring. After 15 minutes, the reddish-brown
crystalline product was collected by filtration, washed with cold acetonitrile (3 x 10
mL) and dried in air. Elemental analysis: Found (%): C, 48.73; H, 7.49; Fe, 10.30;
Co 5.22. Calc. (%) for C4sHgsCoFe,019: C, 49.15; H, 7.70; Fe, 10.16; Co 5.36.

3.3.1.2 [Co4Fe,0,(0,C'Bu)1q] (2)

Iron nitrate nonahydrate (10.0 g, 24.8 mmol), pivalic acid (70.0 g, 685 mmol) were
heated while stirring at 160 °C (~ 3 hours), until the elimination of NO, has
finished. The flask was then cooled to 100 °C and then cobalt(ll) acetate
tetrahydrate (12.45 g, 50 mmol) and toluene (75 mL) were added under a slow flow
of nitrogen. After 1 hour, the temperature was increased to 165 °C in order to
remove the toluene and the reaction mixture is kept at this temperature for 7 hours.
The flask was then cooled to 60 - 70 °C and acetonitrile (50 mL) was added in
small portion after which the temperature was increased to 175 °C and pivalic acid
was removed by distillation in a flow of N,. The brown-green powder was cooled to
room temperature then tetrahydrofuran (100 mL) and toluene (50 mL) were added
followed by refluxing with stirring for 5 hours. The solvent was removed and
acetonitrile (150 mL) added to the residue and the mixture stirred for 1 hour at R.T.
The solid formed was then collected by filtration and extracted with diethyl ether
(200 mL). The diethyl ether solution was filtered and acetonitrile (300 mL) was
added to the filtrate in small portions with stirring. During this time a
microcrystalline brown-green product started to precipitate. Next day the product

was filtered, washed copiously with acetonitrile and dried in air. Elemental
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analysis: Found (%): C, 42.88; H, 6.48; Fe, 7.89; Co 16.76. Calc. (%) for
CsoHgoCosFe,04,: C, 43.18; H, 6.52; Fe, 8.03; Co 16.95.

3.3.1.3 [Fe;MnO(0,C'Bu)s(HO,C'Bu)3] (3)

The same method as for (1) but using manganese(ll) nitrate tetrahydrate (5g, 19.9
mmol) in place of cobalt nitrate hexahydrate. Elemental analysis: Found (%): C,
49.29; H, 7.79; Fe, 10.30; Mn, 4.55. Calc. (%) for CssHgsFeoMnOgg: C, 49.33; H,
7.73; Fe, 10.19; Mn, 5.01.

3.3.1.4 [Zn4Fe;0,(0,C'Bu)10] (4)

The same method as for (2) but using zinc acetate dihydrate (11.0 g, 50 mmol). A
pale yellow product was obtained. Elemental analysis: Found (%): C, 42.63; H,
6.36; Fe 7.79; Zn 18.47. Calc. (%) for CsoHgoFe2ZnsOy; : C, 42.40; H, 6.40; Fe
7.89; Zn 18.46.

3.3.1.5 [Fe;NiO(O,C'Bu)s(HO,C'Bu)s] (5)

The same method as for (1) but using nickel nitrate hexahydrate (5.0 g, 17.2 mmol).
Experimental analysis: Found (%): C, 49.29; H, 8.06; Fe, 9.87; Ni, 5.03. Calc. (%)
for C4sHgsNiFe,019: C, 49.16; H, 7.70; Fe, 10.16; Ni, 5.34.

3.3.1.6 [CrCoFeO(0,C'Bu)s(HO,C'Bu)s] (6)

Iron nitrate nonahydrate (5.0 g, 12.4 mmol), chromium nitrate nonahydrate (5.0 g,
12.4 mmol) and pivalic acid (60.0 g, 588 mmol) were heated while stirring at 160-
165 °C until the elimination of NO; has finished (about 5 hours). The flask was
then cooled to 100 °C and cobalt(Il) acetate tetrahydrate (3.60 g, 12.4 mmol) was
added under a slow flow of nitrogen. This was followed by the addition of toluene
(25 mL). After 1 hour, the temperature of oil bath was increased to 165 °C in order
to remove the toluene and the reaction mixture is kept at this temperature for 32
hours. The flask was then cooled to 40 °C and acetonitrile (50 mL) was added in
small portion while stirring. After 1 hour, the product was filtered, washed with
acetonitrile (4 x 15 mL) and dried in air. Elemental analysis: Found (%): C, 49.46;
H, 8.08; Fe, 5.36; Cr, 4.57; Co, 5.39. Calc. (%) for C4sHgsCoCrFeOsq: C, 49.32; H,
7.73; Fe, 5.1; Cr, 4.74; Co, 5.38.
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3.3.2 Synthesis of nanoparticles

Nanoparticles were synthesized by thermolysis of the single source precursor. In a
typical experiment, a mixture of oleylamine (OLAmM) (27 mmol), oleic acid (OLA)
(27 mmol), diphenyl ether or dibenzyl ether (20 mL) was degassed at 100 °C in
vacuo for 30 minutes and then heated to the boiling point of the solvent nitrogen.
The required concentration of the precursor was dissolved in the appropriate solvent
(10 mL) and injected into the solution of the hot mixture. The reaction was
maintained at 230 °C for 2 hours. The dark mixture was allowed to cool and
methanol was added in excess to precipitate the nanoparticles which were then
isolated by centrifugation. The residue was washed with methanol several times

then redispersed in toluene.

3.3.2.1 Cobalt, manganese, zinc and nickel ferrite nanoparticles

The effect of temperature, concentration and reaction time on the phase,
stoichiometry and morphology of the ferrite nanoparticles was investigated for each
precursor. The concentration effect was studied at 260 °C with 0.25 mmol and 0.50
mmol precursor concentrations. Two different boiling point solvents (diphenyl
ether at 260 °C, dibenzyl ether at 300 °C) were used to investigate the effect of
decomposition temperature at a fixed precursor concentration of 0.25 mmol. The
reaction time was studied at 260 °C using 0.25 mmol precursor concentrations by
withdrawing aliquots at selected time intervals.

3.3.2.2 Quaternary ferrite (FeCrCoQ,) nanoparticles

The effect of precursor concentration was studied for
[CrCoFeO(0,C'Bu)s(HO,C'Bu)s] (6) at 260 °C with 0.25 mmol and 0.50 mmol
concentrations. The effect of solvent system was investigated by thermolysis of
0.25 mmol precursor using diphenyl ether or dibenzyl ether or octadecene as the
solvent. The reaction time was studied at 260 °C using 0.25 mmol precursor

concentrations by withdrawing aliquots at selected time intervals.
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3.4 Results and discussion

3.4.1 Thermogravimetric analysis

TGA of the precursors gave an insight into their decomposition pathway and
volatility. Complex (1) indicated a multi-step decomposition with a rapid weight
loss between 203 and 290 °C whilst (2) showed single step decomposition with a
rapid weight loss between 226 and 418 °C (Fig. 3.1). For (1) and (2), the amount of
solid remaining are 12 % and 9 % which are lower than their calculated value of
17 % and 21 %, respectively, for their ternary oxide (CoFe,O,). Interestingly
complex (1) showed a decomposition pathway at about 335 °C with a percentage
residue of about 22 % which is close to the calculated value of 21 % for CoFe;O,.
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Fig. 3.1 TGA of precursors [Fe,CoO(0,C'Bu)s(HO.C'Bu)s] (1), [CosFe,0(0,C'Bu)io] (2)
and [Fe,MnO(0,C'Bu)s(HO,C'Bu)3] (3).

The manganese cluster (3) indicated a multistep decomposition with a rapid weight
loss between 227 and 420 °C with a final residue of 8 %, lower than the calculated
value of 21 % for MnFe,0,, (Fig. 3.1) Cluster (3) showed a similar pathway to (1)
also at about 337 °C, a solid residue of about 20 % was found which is very close to
the calculated value of 21 % for MnFe;Oy4,

The zinc-iron precursor (4) also exhibited similar features with cobalt-iron cluster

(2) with a single step decomposition and rapid weight loss (Fig. 3.2). (4)
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decomposed between 250 — 310 °C with a final solid residue of 10 % which is
lower than the calculated value of 17 % for ZnFe,O4 but matches fairly with the

calculated residue of Fe,O3 (11 %).
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Fig. 3.2 TGA of precursors [ZnsFe,0,(0,C'Bu)yo] (4), [Fe.NiO(O,C'Bu)s(HO,C'Bu)s] (5)
and [CrCoFeO(0,C'Bu)s(HO,C'Bu)s] (6).

The nickel iron cluster (5) and the quaternary cluster (6) both indicated a multi-step
decomposition with a rapid weight loss between 240- 335 °C (5) and 275- 370 (6).
The solid residue remaining is 9 % for (5) which is lower than the calculated value
of 21 % for NiFe,O,. For (6), a final residue of 6 % was obtained which is less than
the calculated value of 21 % for their quaternary oxide (CrCoFeQ,). For the nickel-
iron cluster (5), a weight loss was observed at about 339 °C with a percentage

residue of 14% which is the same as calculated value for Fe,Os.

Pivalate clusters sublime and are thus volatile; hence the lower percentage of

residue obtained are as expected.

3.4.2 Cobalt and manganese ferrite nanoparticles

The ferrite nanoparticles obtained from precursors (1), (2) and (3) were analysed by

powder X-ray diffraction (p-XRD), TEM, ICP, EPMA, XMCD and SQUID. The
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effect of reaction time, temperature and concentration on the morphology and phase

of the nanoparticles is described as follows.

3.4.2.1 Cobalt and manganese ferrite nanoparticles obtained at different

reaction times.

The effect of reaction time was studied at 260 °C with 0.25 mmol precursor

concentration.

The p-XRD pattern obtained from (1) showed that the intensity of the peaks
increases with reaction time. The nanoparticles produced at reaction times less than
30 minutes were predominantly tetragonal iron oxide (Fe1.99602.963) (ICDD card No.
01-089-5894) whilst those withdrawn at 1 hour and 2 hours were cubic spinel iron
cobalt oxide Fe,CoO, (ICDD card No. 04-005-7078) (Fig. 3.3(a)). The presence of
iron oxide at 30 minutes suggests that the production of the mixed oxide is still in
progress. TEM images showed that the crystallinity and diameter increases over
time as observed in images obtained at 30 minutes (3.8+ 1 nm), 1 hour (4.3+ 0.7
nm) and at 2 hours (5.3 1 nm) (Fig. 3.3 (b)-(d)).
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Fig. 3.3 (a) A series of p-XRD pattern for Fe,CoO,4 nanoparticles from (1) at different
times.*corresponds to the Fe;gs02.063 peaks. (b)- (d): TEM images of Fe,CoO, obtained

from (1) at 30 minutes, 1 hour and 2 hours respectively.
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The nanoparticles obtained from (2) showed similar behaviour with those obtained
from (1) as the intensity of the peaks and average diameters increase over time. For
reaction times less than 30 minutes, the peaks contained traces of tetragonal iron
oxide (ICDD card No. 01-089-5894). At over one hour, the patterns obtained
correspond to cubic spinel iron cobalt oxide (Fe,CoO,) with ICDD card No. 00-022-
1086 (Fig. 3.4(a)). The average diameters calculated from TEM images are 4.4 +
0.6,5.5+0.6 and 6.7 = 1 nm at 30 minutes, 1 hour and at 2 hours respectively (Fig.
3.4(b)-(d)).
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Fig. 3.4 (a) A series of p-XRD pattern for Fe,CoO, nanoparticles from (2) at different
times.*corresponds to the Fe; 6602963 peaks. (b)- (d): TEM images of Fe,CoO, obtained
from (2) at 30 minutes, 1 hour and 2 hours respectively.
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The p-XRD pattern for nanoparticles obtained from (3) showed no peaks for
aliquots withdrawn for reaction times of less than 15 minutes. At 15 minutes there
were distinct but broad peaks indicating the growth of cubic magnetite (FeszO,)
(ICDD card N0.01-079- 0416), these peaks become more intense after 30 minutes.
After 1 hour of reaction, p-XRD patterns correspond to the cubic phase of
manganese iron oxide nanoparticles (Mng3Fe25704) (ICDD card No. 01-089-
280(Fig. 3.5(a)). The average diameters of the manganese ferrite nanoparticles
calculated from the TEM are: 3.1 £ 0.7, 3.7 £ 0.5 and 4.8 £ 1 nm at 30 minutes, 1
hour and 2 hours respectively (Fig. 3.5(b)-(d). These results are consistent with
those obtained from the other two precursors as their average diameters increased

with time.
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Fig. 3.5 (a) A series of p-XRD pattern for Mng 43Fe, 5,04 nanoparticles from (3) at different
times.*represents cubic Fe;O4 peaks. (b)- (d): TEM images of Mng4sFe,s;04 obtained
from (3) at 30 minutes, 1 hour and 2 hours respectively.

An increase in the nanoparticle’s diameter over time was observed in all three cases
(Fig. 3.6). At the onset of the reaction, smaller sizes were obtained which are

energetically unfavourable and a focusing in size occurs in which small particles
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grow bigger.”""®" After this stage, Ostwald ripening or defocusing starts in which
larger particles grow at the expense of the smaller ones thereby leading to an initial
broader size distribution until about 2 hours when a nearly monodispersed

distribution was achieved.
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Fig. 3.6 A graph showing a summary of the variation of average nanoparticles’ diameters
obtained from precursors [Fe,CoO(0,C'Bu)s(HO,C'Bu);] (1),
[Co.Fe,0,(0,C'Bu):o(MeCN), (2) and [Fe,MnO(0,C'Bu)s(HO,C'Bu);] (3) over time.

3.4.2.2 Cobalt and manganese ferrite nanoparticles obtained at different
temperatures

The effect of decomposition / injection temperature was studied for precursors (1),
(2) and (3) at the boiling point of two different solvents (diphenyl ether at 260 °C or

dibenzyl ether at 300 °C) at a fixed precursor concentration (0.25 mmol).

The p-XRD pattern of nanoparticles obtained from (1) at 260 and 300 °C both
correspond to cubic iron cobalt oxide (Fe,CoO,) (ICDD card No. 04-005-7078).
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(Fig. 3.7(a)). The average particle diameter estimated by the Scherrer equation is
5nm for particles obtained at 260 °C and 6.5 nm for those obtained at 300 °C.
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Fig. 3.7 The p-XRD pattern for nanoparticles obtained from the thermolysis of the
precursors (0.25 mmol) in different boiling point solvents of either diphenyl ether (260 °C)
or dibenzyl ether (300 °C). (a) cubic Fe,CoO,4from (1) (b) cubic Fe,CoO, from (2) and (c)

cubic Mn0.43Fe2.5704 from (3)
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The nanoparticles obtained from (2) at 260 and 300°C were of cubic cobalt iron
oxide nanoparticles (Fe,CoO,) (ICDD card No. 00-22-1086) (Fig. 3.7(b)). Scherrer
equation was used to estimate the particle diameters which correspond to 6 and 3.7
nm at 260 and 300 °C respectively.

The thermolysis of (3) at both 260 and 300 °C resulted in cubic iron manganese
oxide (Mng43Fe,5704) (ICDD card No. 01-089-2807) (Fig.3.7(c)). The particle
sizes estimated by the Scherrer equation are: 4.5 and 5.0 nm for nanoparticles
obtained at 260 and 300 °C respectively.

The average diameter calculated from the TEM images for nanoparticles obtained
at 260 °C and 300 °C are 5.3 £ 1 and 7 = 0.6 nm for cobalt ferrite from (1), 4.6 =
0.4 and 6.7 £ 1 nm for cobalt ferrite from (2), 4.8 £ 1 and 5.3 £ 0.7 nm for

manganese ferrite from (3) respectively (Fig. 3.8).

In all the cases, more monodispersed nanoparticles were obtained at higher

temperature.

The results obtained for nanoparticles from (1) and (3) at different temperatures are
in good agreement to what has been reported by wus and other

167780818283 This has been explained that higher decomposition

researchers.
temperatures facilitate the formation of bigger particles because the reactivity of the
precursors is increased in higher boiling point solvent. Nanoparticles obtained from
(2) gave smaller particles at higher temperature in contrast to those of (1) and (3).
This observation could be due to decomposition in single step decomposition as
compared to precursors (1) and (3) which showed multi-step decomposition (Fig.
3.1). At higher temperature, single step decomposition pathway is more favourable
to a burst of nucleation than the multi-step. Another possibility is that
[Co4Fe;0,(0,C'Bu)10] (2) gave a high concentration of Co and Fe ions which
favour a high initial supersaturation. For a given concentration of solute, a larger
number of nuclei translate into smaller sized nanoparticles. The rate of nucleation

per unit volume is proportional to the number of particles in solution.”®"
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Fig. 3.8 (a) - (b) TEM images of Fe,CoO,4 from (1) at 260 °C and 300 °C.(c) - (d) TEM of
Fe,CoO,4 from (2) at 260 and 300 °C respectively. (e) - (f) TEM of Mng 43Fe, 5,04 from (3)
at 260 °C and 300 °C.
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Table 3.1 Size of the ferrite nanoparticles obtained by thermolysis of (1), (2) and (3) at

different temperatures.

Precursor Temp.( °C) TEM (nm) p-XRD(nm)
(1) 260 53+1.0 5.0
(1) 300 7.0+0.6 6.5
(2) 260 6.7+1.0 6.0
(2) 300 46+0.4 3.7
(3) 260 48+1.0 4.5
(3) 300 53+0.7 5.0

3.4.2.3 Cobalt ferrite nanoparticles obtained from (1) at different

concentrations

The effect of precursor concentrations (0.25 or 0.50 mmol) was investigated at 260
°C.

The p-XRD patterns of nanoparticles obtained from (1) at the two concentrations
(0.25 and 0.50 mmol) matched with cubic spinel Fe,CoO, (ICDD card No. 04-005-
7078) (Fig. 3.9). The average crystallite sizes estimated by Scherrer equation were
3.0 nm and 5.0 nm with 0.50 and 0.25 mmol concentrations respectively. TEM
images showed that particles obtained with 0.50 mmol concentration (S2) showed a
highly monodispersed spherical nanoparticles with an average diameter of 3.6 £ 0.2
nm whilst a nearly monodispersed particles were obtained with 0.25 mmol

concentration (S1) with an average diameter of 5.3 + 1.0 nm (Fig. 3.9(a)).
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Fig. 3.9 () TEM and HRTEM images of Fe,CoO, obtained from (1) at different
concentrations. S1 and S2 correspond to Fe,CoO, obtained from 0.25 mmol and 0.50 mmol
precursor concentrations respectively. (b) The p-XRD patterns of cubic spinel Fe,CoO,
obtained from (1) at different precursor concentrations.
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The particles are crystalline as seen in the lattice fringes (Fig. 3.9(a)) with a d-
spacing of 2.98 A which is very close to the (220) reflection of iron cobalt oxide
(ICDD card No: 04-005-7078).

The smaller size of nanoparticles obtained from higher concentrations of precursors
IS in agreement with those reported by other researchers as explained by nucleation
plus growth process.'®848# The higher concentration of precursor generates more
nuclei per unit volume as compared to that of the lower concentration, hence the

more nanoparticles but with smaller size.

3.4.2.4 Magnetic properties of Fe,CoO,4 nanoparticles from (1)

Magnetic measurements of Fe,CoO, obtained from (1) revealed that the
nanoparticles display superparamagnetic behaviour at room temperature, that is, the
orientation of their magnetic moments responds freely to thermal fluctuations. This
property is important for biomedical applications. An estimate for the blocking
temperature (Tg) of the samples is obtained through examination of the field-cooled
(FC) and zero-field-cooled (ZFC) magnetisation curves collected at 100 Oe
magnetic field (Fig. 3.10(a)). This blocking temperature defines the crossover
between ferri/ferromagnetism and superparamagnetism, and is graphically
determined to be the point at which the gradient of the ZFC curve approaches
zero.®” The data show that Tg increases with increasing particle diameter, ranging
from 67 K for cobalt iron oxide (Fe,Co0Q,) particles obtained from (1) at 0.50 mmol
(S2) having an average diameter of 3.6 nm to 90 K for particles produced at 0.25
mmol (S1) with an average diameter of 5.3 nm. The blocking temperature for
particles of average diameter 3.6 + 0.2 nm is well defined, indicating a very narrow
distribution of particle diameter whilst the blocking temperature for particles of
average diameter 5.3 £ 1 nm is not well defined, indicating a wider distribution of

the particle diameters.
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Fig. 3.10 (a) ZFC and FC magnetisation curves for S1 and S2 (Fe,CoO,) nanoparticles
obtained from (1) of average diameter 5.3 + 1 nm and 3.6 = 0.2 nm respectively. (b) The

hysteresis loops measured at 5 and 300 K for S1 and S2 nanoparticles.
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Above the blocking temperature, the thermal energy is enough to overcome the
anisotropy energy barrier of the particles, thus the remanent magnetisation tend

towards zero and the particles are said to exhibit superparamagnetism.?

Field dependent magnetisation studies performed at temperatures of 5 and 300 K on
Fe,CoO, nanoparticles obtained from (1) have showed that the saturation
magnetisation (Ms) increases with the average particle diameter at both
temperatures (Fig. 3.10(b)).

Cobalt iron oxide nanoparticles of average diameter 3.6 nm are characterised by Mg
values of 47 (5 K) and 33 emu.g™ (300 K) whilst those with average diameter of 5.3
nm exhibit Ms values of 48 (5 K) and 37 emu.g™ (300 K). Bulk cobalt iron oxide
was reported to have Ms = 80 emu.g™ at room temperature which is greater than
that observed for our cobalt iron oxide nanoparticles.”* Such a difference is often
observed with the nanoparticles and is most likely attributed to the existence of
organic coating agents, and intrinsic spin disorder, at the surface of such small

nanoparticles.®

Remarkably, the magnetisation versus field measurements at 5 K have revealed the
presence of a large hysteresis loop with values of the coercive field (H.) (i.e. the
magnetic field needed for the magnetisation to return to zero) and remanent
magnetisation (Mg) (i.e. the magnetisation retained by nanoparticles when the
magnetic field is switched off) of ca. 11.3 kOe and 25.6 emu/g for cobalt iron oxide
nanoparticles of average diameter 3.6 nm, and 10.0 kOe and 28.4 emu.g™ for those
with average diameter 5.3 nm. Such a behaviour is directly correlated with the large
magnetic anisotropy of the cobalt iron oxide nanoparticles.”” In addition, the
slightly higher Co content of the nanoparticles with average diameter 3.6 nm as
compared to those with diameter 5.3 nm is likely to justify their lower Ms and Mg
values. Indeed CoO has a low magnetisation (15 emu.g™ at 1.7 K for 4.5 nm sized
nanoparticles)® which can decrease the overall magnetisation of the cobalt iron

oxide nanoparticles.
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3.4.2.5 ICP-OES, EPMA and XMCD analysis of Fe,CoO4 nanopatrticles from
(1)

ICP-OES was used to determine the ratio of [Fe]: [Co] which found the ratio is
approximately 2.00: 1.00 for Fe,CoO, particles obtained at 0.50 mmol precursor
concentration (S2) whilst the ratio 2.30: 0.65 was obtained for particles at 0.25
mmol precursor concentration (S1). In addition, the cation (Fe, Co) ratios of the
nanoparticles were determined using EPMA, a ratio of 2.07: 0.93 was found for S2
whist for S1, the ratio was 2.34: 0.66 (Table 3.2).

The ICP results are consistent with the EPMA analysis and also revealed that
stoichiometric Fe,CoO, was obtained only at a higher precursor concentration even
though in both cases the ratio of [Fe] : [Co] in the precursor is the same (2:1).

XMCD is dependent upon the magnetic moments of the Fe in the two sub-lattices
in the ferrite structure, (spin up and spin down), valence state (via the number of d
electrons) and site symmetry (crystal field).* Thus the distribution of Fe cations
within the magnetite structure can be determined by comparison of the XMCD to
atomic multiplet calculations.**® Atomic multiplet calculations involve fitting
experimental spectra by means of a non-linear least square analysis using calculated
spectra for each of the Fe sites.®* The technique has been used successfully to
determine site occupancies in ferrite spinels®®’ 26,98
The Fe L,3 XAS of the S1 and S2(Fe,CoO,4) nanoparticles (Fig. 3.11(a)) show
consistent spectral shapes with both spectra containing two absorption intensities at

707.6 and 709.0eV.

and nanoparticulate bio-ferrites.
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Fig. 3.11 (a) Fe L3, XAS spectra of Co-ferrite nanoparticles, showing the enhanced peak
at 707.6eV, indicating a decrease in Fe(ll) concentration compared to magnetite, (b) Fe Ls,
XMCD spectra of Co-ferrite nanoparticles, showing the low intensity of the relatively
lowest energy contribution, compared to FesO, (Fig. 3.11c) Experimental data in black; fits
using atomic multiplet calculations in red,; (c) Fe L;, XAS and XMCD spectrum of
stoichiometric magnetite. The three peaks in the XMCD spectrum relate to (from lower to
higher energy) Fe** 0y, Fe*'Ty and Fe**O, (XMCD x3). (d) Co Ls, XAS of Co ferrite
nanoparticles showing the predominance of Co®* O, with an additional high energy
component representing Co®* Ty, (€) Co Ls, XMCD spectra of Co-ferrite nanoparticles. (S1

and S2 correspond to Co-ferrite nanoparticles obtained from (1) at 0.25 and 0.50 mmol).
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Compared to Fe L3, XAS spectra of stoichiometric magnetite Fe**(Fe®**),0, (Fig.
3.11(c)) the peak at lower energy is relatively enhanced, and the spectral shape
indicates an additional Fe(l11) component. This is to be expected as stoichiometric
Co-ferrite contains a greater proportion of Fe(lll) as the Fe(Il) in magnetite is
substituted with Co(11).*® In the XMCD spectra of stoichiometric Fe;O, (Fig.
3.11(c)) each of the three peaks derived from the L3 absorption edge corresponds
primarily to a different site in the magnetite structure; the lowest energy, negative
peak corresponds to octahedral Fe?*[B], the positive peak to tetrahedral Fe**(A) and
the highest energy, negative peak, to Fe**[B].”" In the Fe L, s-edge XMCD spectra
of the Co-ferrite nanoparticles (Fig. 3.11(b)), the octahedral Fe?* peak is greatly
reduced demonstrating the replacement of the Fe in this site by Co. Using atomic
multiplet calculations the contributions to the spectra from the three sites and thus
the Fe occupancy can be calculated®” (using Program Q-fit, Neil Telling

unpublished).

Combined with the electron microprobe determination of the [Co]: [Fe] cation
ratios, these site occupancies can be quantified and are presented in Table 3.2 The
EPMA results confirm that the sample with a higher starting concentration of
precursor (S2) is close in structure to stoichiometric CoFe;O4, and the Fe L, 3-edge
XMCD show that the Co mainly displaces the Fe**Oy, (80% of the site), although a
significant amount of Co could be present in tetrahedral coordination (14% of the
Fe displaced). This distribution is to be expected for Co-ferrites.””* The sample
with a reduced amount of precursor (S1) also has a majority of the Co in the Fe**Oy,
site and the Co occupancy of the Fe¥*Ty (16%) site is similar. Co®" cations
occupying octahedral sites is also supported by magnetic measurements (Fig.
3.10(b)) which show large hysteresis loops at 5 K (H; > 10 kOe) directly correlated
with the enhancement in magnetic anisotropy due to the inclusion of octahedral

Co?" in the spinel structure.?®

Additional information can be derived from the Co L,3 XAS and XMCD spectra
(Figs. 3.11(d) and (e)). These spectra are characteristic of Co?*Oy in ferrite
spinels®® but the increased intensity at the higher energies in the XAS and XMCD
compared to calculated Co?*Oy, spectrum®” indicates an additional contribution from
either Co®*Ty or Co®". Charge balance requirements and the evidence of the
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displacement of Fe** in the Fe L,s-edge XMCD suggest this to be Co*', and

therefore all samples contain significant Co>* Tg.

3.4.2.6 Cobalt ferrite nanoparticles obtained from (2) at different

concentrations

The p-XRD patterns of nanoparticles obtained from (2) at both 0.25 and 0.50 mmol
concentrations matched with cubic iron cobalt oxide (ICDD card No. 00-022-1086)
(Fig. 3.12). The average diameters were estimated by Scherrer equation and the

values obtained correspond to 6 nm in both cases.

However, the TEM images showed nearly monodispersed nanoparticles in both
cases, with average diameters of 6.7 £ 1 and 7 £ 1 nm at 0.25 mmol (S3) and 0.50
mmol (S4) precursor concentrations respectively. Highly crystalline nanoparticles
were obtained from (2) as observed in the lattice fringes (Fig. 3.12(a)) with a d-
spacing of 2.98 A which is very close to the (220) reflection of iron cobalt oxide
(ICDD card No: 00-022-1086).
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Fig. 3.12 (a) TEM and HRTEM images of Fe,CoO, obtained from (2) at different
concentrations. S3 and S4 correspond to Fe,CoO, obtained from 0.25 mmol and 0.50 mmol
precursor concentrations respectively. (b) The p-XRD patterns of cubic spinel Fe,CoO,
obtained from (2) at different precursor concentrations.

Magnetic measurements were performed on Fe,CoO,4 nanoparticles obtained from
(2) at 0.50 mmol with average diameter 7 = 1 nm (S4) and the results showed
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similar behaviour to those particles obtained from (1). The blocking temperature of
these nanoparticles is about 180 K and it is not well defined indicating a wider
distribution of particle diameters (Fig. 3.13(a)). Above the blocking temperature,
the magnetisation orientations average to zero and the nanoparticles become

superparamagnetic.

Their superparamagnetism is confirmed by the M (H) data at 300 K which show
negligible hysteresis. However, data collected at 5 K show a large hysteresis loop
characterised by H, = 9.8 kOe, Mg=38.2 emu.g”’ and Ms=61.4 emu.g™ (the inset
of Fig 3.13(b)). The saturation magnetisation at room temperature is 46.9 emu.g™
which is larger than that of the nanoparticles obtained from (1) sized 3.6 and 5.3

nm.
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Fig. 3.13 (a) ZFC and FC magnetisation curves for S4 (Fe,CoO,) nanoparticles of average
diameter 7 £ 1 nm obtained from (2) at 0.50 mmol. (b)The hysteresis loops measured at 5
and 300 K for S4.
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3.4.2.7 ICP-OES, EPMA and XMCD analysis of Fe,CoO, nanoparticles from
)

ICP-OES measurement was done for the Fe,CoO, sample obtained at higher
precursor concentration (S4) and the results revealed that the ratio between Fe and
Cois 1.5:1. EPMA however showed a ratio of 1.99:1.01. The XMCD results for the
Fe,CoO, particles obtained from (2) show similar behaviour with those particles
obtained from (1), particularly near stoichiometric (S2), as discussed earlier. The
Co is mainly occupying the Fe**Oy site, although in (S3) there is a higher
occupancy of the Fe**Ty site (37% of the Fe is displaced) and in (S4) there is a
significant displacement of the iron in the Fe**Oy, (Fig 3.14).

(a)

S

S3

Intensity (arb units)
%
Intensity (arb units)
??ﬂ
IRR) [7)
w B

T T T T T T T T T

700 710 720 770 780 790 800
Photon energy (eV) Photon energy (eV)

(b)

S4

S

Intensity (arb units)

T

Intensity (arb units)
ﬁ ja
1] [7]
(%] B

T T T T T
7;0 Téo l 770 780 790 800
Photon energy (eV) Photon energy (eV)

Fig. 3.14 (a) Fe L3, XAS spectra of Co-ferrite nanoparticles, showing the enhanced peak at
707.6eV, indicating a decrease in Fe(ll) concentration compared to magnetite, (b) Fe Ls,
XMCD spectra of Co-ferrite nanoparticles, showing the low Fe**O, contribution.
Experimental data in black; fits using atomic multiplet calculations in red, (c) Co L3, XAS
of Co ferrite nanoparticles showing the predominance of Co** O, with an additional high
energy component representing Co®* Ty (d) Co Ls, XMCD spectra of Co-ferrite
nanoparticles. (S3 and S4 correspond to Co-ferrite nanoparticles obtained from (2) at 0.25
and 0.50 mmol).
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3.4.2.8 Manganese ferrite nanoparticles obtained from (3) at different

concentrations

The p-XRD pattern of nanoparticles obtained from (3) at the two concentrations
(0.25 and 0.50 mmol) were of cubic Mng43Fe; 5704 (ICDD card No. 01-089-2807)
(Fig. 3.15). The average particle diameters estimated by the Scherrer equation are
4.5 and 3 nm for particles obtained with 0.25 mmol and 0.50 mmol concentrations
respectively. TEM images showed similar behaviour to those obtained from (1).
Smaller and more monodispersed spherical nanoparticles of an average diameter
3.5 £ 0.2 nm were obtained with 0.50 mmol concentration whilst a nearly
monodispersed particles (4.8 £ 1 nm) were obtained with 0.25 mmol concentration.
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Fig. 3.15 (a) TEM and HRTEM images of Mng43Fe,s;0, obtained from (3) at different
concentrations. S5 and S6 correspond to Mng4sFe, 5,0, obtained at 0.25 mmol and 0.50
mmol precursor concentrations respectively. (b) The p-XRD patterns of cubic spinel
Mng 43F€,570,4 obtained from (3) at different precursor concentrations.

Magnetic measurements of the Mng 43Fe; 5704 nanoparticles produced at 0.50 mmol
concentration (S6) revealed that they are superparamagnetic with a very low
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blocking temperature (~ 9 K) (Fig. 3.16(a)). The blocking temperature is well
defined indicating a narrow distribution of particle diameter (3.5 = 0.2 nm).
Saturation magnetisation values of 54 emu.g™ at 5 K and 40 emu.g™* at 300 K were
recorded (Fig. 3.16(b)). These values are lower than that associated to the bulk
manganese iron oxide of 80 emu.g (300 K).*® The M(H) curve recorded at 5 K
shows a weak hysteresis loop characterised by Hc = 0.02 kOe and Mg = 1.2 emu.g™
(inset of Fig. 3.16(b)).

123



Chapter 3: Ternary and Quaternary Ferrite Nanoparticles

12 (@
] ‘/i\ —a—ZFC
10 - n |\ —=FC
~ g \
< 84
(=2 ] [ ] .\
5 "
£ 61 "
) ; n
s 4
4 .\.
2- Hua
g ng - 86
H =100 Oe LT T TN
0 -
T T T T T T T T
0 50 100 150 200 250 300
T (K)
60 )
] foo—o o—o—0o o «
40 ' —
| —e—sK S '
o K ”
~pp] "0 -
Im |
5 0
S
3 60
2-20 1 /-f 40| 5K //
4 | 204 /‘
-40 156 o w—u—="" i
) e
-hS—GQ—o—o—o—o—o—o ° J :eo://
-60 0.2 0.0 02
-40 -20 0 20 40
H (kOe)

Fig. 3.16 (a) ZFC and FC magnetisation curves for S6 (Mng4sFe,s,04) nanoparticles of

average diameter 3.5 + 0.2 nm obtained from (3) at 0.50 mmol. (b) The hysteresis loops

measured at 5 and 300 K for S6.
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3.4.2.9 ICP, EPMA and XMCD analysis of Mng43Fe, 5,04 nanoparticles from
(©)

ICP-OES measurements of MngsFe,s;0,4 obtained at 0.50 mmol precursor
concentration (S6) revealed that the [Fe]: [Mn] is 7: 1 which is higher than their
initial ratio in the precursor (2:1). The ratio obtained from the EPMA results
(2.78:0.22) is consistent with the ICP results. Also the p-XRD pattern
(Mng 43Fe25704) shows that Mn is depleted. The Fe Lz, XAS spectrum of the
Mng 43Fe, 5704 particles again has a peak on the low energy side of the L3 edge
suggesting that, as with the Co-ferrites, there is a less Fe(ll) in the structure
compared to stoichiometric magnetite and giving an indication of the placement of
the Mn cations (Fig. 3.17(a)). Calculation of the site occupancies from the XMCD
spectrum (Table 3.2; Fig. 3.17(a)) shows Fe depleted in both the Fe?*Oy, and Fe** T4
sites and a large excess of Fe**O,. The Mn Ls XAS data (Fig. 3.17(b)) shows
spectral characteristics®® of Mn?* Tg, and there is no evidence of Mn**. If Mn*" is
displacing the Fe* T4 then charge balance requirements require additional Fe**. The
evidence here is that this is achieved by ‘oxidation’ of Fe?*O, resulting in a much

larger Fe**Oy, contribution.
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Fig. 3.17 (a) Fe L3, XAS and XMCD of the Mng 43Fe;s;0, nanoparticles (S6), showing a
depletion in Fe(Il) compared to stoichiometric magnetite and a large quantity of the Fe**O,
component in the XMCD spectra (XMCD x5), (b) Mn L3 XAS spectra of the Mng 4sFe; 5,0,
nanoparticles (S6), characteristic of Mn*T4* (S6 correspond to MngasFe;s704

nanoparticles obtained from (3) at 0.50 mmol)
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Table 3.2 Fe site occupancies in Co and Mn nanoparticles determined using Fe+Co cation

ratios, XMCD spectra and crystal field atomic multiplet calculations.

Precursor conc.(mmol)|Phase Fe+Co = 3 (EPMA) Ratios |Fe site occupancies \Sample
CUBIC Fe Co Fe®'/Fe™ [T 0, |Fe’* OFe* T4Fe** O
[Fe,CoO(0,C'Bu)s(HO,C'Bu);] (1) 0.25|Fe,Co0, 2.34 0.66 0.24| 0.56| 0.46| 0.84| 1.04/S1
[Fe,CoO(0,C'Bu)(HO,C'Bu),] (1) 0.5|Fe,Co0, 2.03 0.97 0.11| 0.73] 0.2| 086 097|s2
[Co,Fe,0,(0,C'Bu)sq] (2) 0.25|Fe,Co0, 1.96 1.04 0.14| 048] 0.24] 0.63] 1.08/S3
[Co,Fe,0,(0,C'Bu)y] (2) 0.5|Fe,Co0, 1.99 1.01 0.19| 0.72| 0.32| 0.83| 0.84|S4
Fe Mn
[Fe;,MnO(0,C'Bu)s(HO,C'Bu);] (3) 0.5|Mng 45Fe; 5704 2.78 0.22 0.32| 04| 068 0.79] 1.32/S6
3 0 05| 05 1 1 1|Magnetite

3.4.3 Zinc and nickel ferrite nanoparticles

The ferrite nanoparticles obtained from zinc iron precursor (4) and nickel iron
precursor (5) were analysed by powder X-ray diffraction (p-XRD), TEM, ICP,
EPMA, XMCD and SQUID.

3.4.3.1 Zinc and nickel ferrite nanoparticles obtained at different reaction

times

The p-XRD pattern obtained from (4) showed that the intensity and crystallinity of
the peaks increases with time (Fig. 3.18(a)). No product was formed at 5 minutes
whilst the pattern obtained at 15 minutes was broad. The peaks begin to appear
distinct at 30 minutes and were predominantly of hexagonal iron oxide (ICDD Card
No: 04-013-3305). The peaks obtained at 1 hour were predominantly zinc iron
oxide with traces of iron oxide whilst at 2 hours, all the peaks were corresponding
to zinc iron oxide (ZnggsFe,0,) (ICDD Card No: 04-006-1956). The diameter and
crystallinity of the particles increases over time as observed in the images taken at
30 minutes (3.6 £ 0.4 nm, image at 1 hour which looks like an assembly (4.2 + 0.8
nm) and at 2 hours (5.1 £ 0.7 nm) (Fig. 3.18(b)-(d)).
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Fig. 3.18 (a) A series of p-XRD pattern for Zn osFe,0, nanoparticles from (4) at different
times. * corresponds to the Fe,O3 peaks. (b)- (d): TEM images of Zn,¢3Fe,0, obtained from
(4) at 30 minutes, 1 hour and 2 hours respectively.
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The p-XRD of the nanoparticles obtained from (5) at different times exhibit the
same behaviour as those from (4). No product was obtained at 5 minutes. Products
obtained at 15 minutes and 30 minutes contain hexagonal iron oxide peaks (ICDD
card No: 04-013-3305) whilst the peaks obtained at 1 hour and two hours were of
cubic nickel ferrite (ICDD Card No: 00-054-0964) (Fig. 3.19(a)).
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Fig. 3.19 (a) A series of p-XRD pattern for NiFe,O, nanoparticles from (5) at different
times.* corresponds to the Fe,O3 peaks. (b)- (d): TEM images of NiFe,O, obtained from (5)

at 30 minutes, 1 hour and 2 hours respectively.

The average diameters calculated from the TEM images taken for samples are 3.1 +
0.7 nm at 30 minutes, 3.6 £ 0.6 nm at 1 hour and 4.4 = 0.6 nm at 2 hours (Fig.3.19
(b)-(d)). The diameters of the nanoparticles obtained from (4) and (5) tend to
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increase over time. This same trend was observed for the cobalt and manganese

ferrite nanoparticles prepared from (1), (2) and (3).

3.4.3.2 Zinc and nickel ferrite nanoparticles obtained at different injection

temperatures

The p-XRD pattern for nanoparticles obtained from the thermolysis of (4) at 260
and 300 °C correspond to cubic ZnggsFe,O4 (ICDD card No: 04-006-1956) (Fig.
3.20(a)). The average particle size estimated by Scherrer equation are 4 nm for
particles obtained at 260 °C and 5 nm for those obtained at 300 °C.

The thermolysis of (5) at 260 and 300 °C resulted in cubic nickel ferrite (ICDD
Card No: 00-054-0964) (Fig 3.20 (b)). Using Scherrer equation, the average
crystallite sizes were found to be 3.8 nm and 5 nm for nanoparticles obtained at 260
°C and 300 °C respectively.
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Fig. 3.20 The p-XRD pattern for nanoparticles obtained in different boiling point solvents
of diphenyl ether (260 °C) or benzyl ether (300 °C). (a) cubic ZngsFe;O4 from (4) and (b)
cubic NiFe,O,4 from (5).

The TEM images for ZnggsFe,O, and NiFe,O, revealed that an increase in
diameters was observed for nanoparticles obtained at higher temperature with
diameters 5.1 + 0.7 nm at 260 °C and 5.6 £ 0.5 nm at 300 °C for Zng 93Fe,0,4 whilst
the corresponding NiFe,O, are of diameters 4.4 £ 0.6 nm at 260 °C and 5+ 0.6 nm
at 300 °C (Fig. 3.21). This is also evident in their p-XRD peaks as broader peaks
were obtained with the nanoparticles having smaller diameter (Fig. 3.20). The same
trend was observed for the cobalt and manganese ferrites prepared from precursors

(2) and (3) respectively.
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Fig. 3.21 (a) - (b) TEM images of Zng gsFe,04from (4) at 260 °C and 300 °C. (c) - (d) TEM
of NiFe,O, from (5) at 260 and 300 °C respectively.

Table 3.3 Size of the ferrite nanoparticles obtained by thermolysis of (4) and (5) at
different temperatures.

Precursor  Temp. (°C) TEM (nm) p-XRD(nm)
4) 260 51+0.7 4.0
4) 300 56+0.5 5.0
(5) 260 44 +0.6 3.8
(5) 300 5006 5.0
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3.4.3.3 Zinc ferrite nanoparticles obtained from (4) at different concentrations

The p-XRD pattern for particles obtained from (4) with 0.25 mmol concentration
were matched with cubic Zngg3Fe,O4 (ICDD card No: 04-006-1956) whilst those
obtained with 0.50 mmol concentration were of Franklinite, ZnFe,O4 (ICDD card
No: 01-070-6393) (Fig. 3.22) The average crystallite size calculated by the Scherrer
equation are 3 and 4 nm for nanoparticles obtained from 0.50 and 0.25 mmol

precursor concentrations respectively.

TEM images revealed that the particles obtained at 0.50 mmol precursor
concentration are more monodispersed with an average diameter of 3.2 + 0.2 nm
whilst those obtained at 0.25 mmol precursor concentration have an average
diameter of 5.1 £ 0.7 nm (Fig. 3.22(a)). These results showed that the TEM analysis
is in good agreement with the calculated value obtained by the Scherrer’s equation.
The synthesised nanoparticles are crystalline as seen in the lattice fringes with a d-
spacing of 2.98 A which is very close to the (220) reflection of zinc iron oxide
(ICDD Card No: 01-070-6393) (Fig. 3.22(a)).
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Fig. 3.22 (a) TEM and HRTEM images of ZnFe,O, obtained from precursor (4) at different
concentrations. Znl and Zn2 correspond to nanoparticles obtained from 0.50 mmol and
0.25 mmol precursor concentrations respectively, (b) The p-XRD patterns of cubic spinel
ZnFe,0O,4 nanoparticles obtained from (4) at different precursor concentrations.

Magnetic measurements of ZnFe,O, obtained from (4) revealed that the
nanoparticles display superparamagnetic behaviour at room temperature. An
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estimate for the blocking temperature (Tg) of the samples were done and the data
showed that Tg increases with increasing particle diameter, ranging from 10 K for
zinc ferrite nanoparticles obtained from (4) at 0.50 mmol with an average diameter
of 3.2 nm (Znl1) to 20 K for particles produced at 0.25 mmol with an average
diameter of 5.1 nm (Zn2) (Fig. 3.23(a)).

Field dependent magnetisation studies performed at temperatures of 5 and 300 K on
zinc ferrite nanoparticles obtained from (1) showed that the saturation
magnetisation (M) increases with the average particle diameter at both
temperatures (Fig. 3.23(b)). Zinc ferrite nanoparticles of average diameter 3.2 nm
are characterised by M; values of 59 (5 K) and 22 emu.g™* (300 K) whilst those with
average diameter of 5.3 nm exhibit Ms values of 87 (5 K) and 37 emu.g™ (300 K).

The magnetisation versus field measurements at 5 K for zinc ferrite nanoparticles
showed some hysteresis loop and coercivity (Hc) of ca. 0.14 kOe and 11.5 emu.g™
for nanoparticles of average diameter 5.1 nm whilst the remanence and coercivity
of zinc ferrite nanoparticles of average diameter 3 nm are negligible (inset of Fig.
3.23(b)).

Bulk zinc ferrite has a normal spinel structure with the absence of Fe** ions in the
tetrahedral sites thus making zinc ferrite antiferromagnetic below 10 k. However, in
our zinc ferrite nanoparticles, the saturation magnetisation values and corecivity are
enhanced. This can be explained by the cation redistribution, involving migration
of some Fe* ions to the tetrahedral sites thereby creating a stronger ferrimagnetic

interaction between the Fe** ions in tetrahedral and octahedral sites. >*>>'%
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Fig. 3.23 (a) ZFC and FC magnetisation curves for Znl and Zn2 (ZnFe,O,) nanoparticles
obtained from (4) of average diameter 3.2 + 0.2 nm and 5.1 + 0.7 nm respectively. (b) The

hysteresis loops measured at 5 and 300 K for Znl and Zn2 nanoparticles.
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3.4.3.4 Nickel ferrite nanoparticles obtained from (5) at different

concentrations

The p-XRD pattern for particles obtained from (5) at both (0.25 and 0.50 mmol)
concentrations were matched with cubic NiFe,O, (ICDD card No: 00-054-0964)
(Fig. 3.24). The average nanoparticles’s sizes calculated by the Scherrer equation
are: 3.3 and 3.8 nm respectively for nanoparticles obtained from 0.50 and 0.25

mmol precursor concentrations.

TEM images showed monodispersed nanoparticles were obtained from both
precursor concentrations but with smaller sizes at higher concentration. The average
diameter estimated from the TEM are 3.3 £ 0.2 nm and 4.4 £ 0.5 nm at 0.50 and
0.25 mmol precursor concentration respectively (Fig. 3.24(a)). The lattice fringes of
the nanoparticles are distinct, indicating the highly crystallinity of the nickel ferrite
nanoparticles. A d-spacing value of 2.512 A was obtained which is the same as the
(311) reflection of nickel iron oxide (ICDD Card No: 00-054-0964) (Fig. 3.24(a)).

Magnetic measurements were performed on NiFe,O, nanoparticles obtained from
(5) with average diameters 3.3 + 0.2 nm (Nil) and 4.4 £ 0.5 nm (Ni2). The
blocking temperature of both Nil and Ni2 nanoparticles is about 11 K, both are

well defined indicating a narrow distribution of particle diameters (Fig. 3.25(a)).
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Fig. 3.24 (a) TEM and HRTEM images of NiFe,O, obtained from precursor (5) at different
concentrations. Nil and Ni2 correspond to nanoparticles obtained from 0.50 mmol and 0.25
mmol precursor concentrations respectively, (b) The p-XRD patterns of cubic spinel
NiFe,O4 nanoparticles obtained from (5) at different precursor concentrations.

The saturation magnetisation values were measured for these nanoparticles at 5 K
and 300 K, for Nil (average diameter 3.3 nm) 34 and 26.5 emu.g™ were recorded,
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whilst for Ni2, (average diameter 4.4 nm) 42 and 29.3 emu.g™ values were obtained

(Fig. 3.25(b)).
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Fig. 3.25 (a) ZFC and FC magnetisation curves forNil and Ni2 (NiFe,O4) nanoparticles

obtained from (5) of average diameters 3.3 = 0.2 nm and 4.4 = 0.5 respectively.((b) The

hysteresis loops measured at 5 and 300 K for Nil and Ni2 nanoparticles.

The coercivity and remanence of these nanoparticles are negligible at both

temperatures. Bulk nickel ferrite nanoparticles have a saturation magnetisation
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100

value of about 56 emu/g—" which is higher than the values obtained for our

nanoparticles.

3.4.35 ICP, EPMA and XMCD analysis of zinc ferrite and nickel ferrite

nanoparticles.

ICP-OES analysis showed that the [Fe]: [Zn] is approximately 2.0: 1.0 for ZnFe,O,
particles obtained at 0.50 mmol precursor concentrations (Znl). In addition, the
cation (Fe, Zn) ratios of the nanoparticles were determined using EPMA, and this
were found to be 2.2: 0.7 for Zn1, slightly less than was found from ICP-OES (2.0:
1.0).

ICP-OES analysis showed that the [Fe] : [Ni] is approximately 2: 1 for NiFe,O4
particles obtained at 0.50 mmol precursor concentration (Nil) whilst EPMA
revealed 2.12 : 0.88, a value slightly less than that obtained from ICP-OES.

Examination of the XMCD spectra (Fig. 3.26b) shows three peaks in the Fe Ls-edge
characteristic of the three Fe environments within magnetite. These can be fitted
using multiplet calculations for the three iron environments to give the quantitative
data shown in Table 3.4. These data indicate that the magnetite is deficient in both
Fe?*O, and Fe**Ty, but has excess Fe**Oy. This suggests that there is partial
oxidation of Fe®* to Fe** within the structure but the amount of excess Fe** in Oy
sites cannot account for all the ‘missing’ Fe?* in Oy, geometry. It can therefore be
assumed that at least some of the sites that would normally be occupied by Fe®*
contain Zn as is supported by the magnetometry measurements.

Table 3.4 Fe site occupancies determined using Fe+cation ratios, XMCD spectra and

atomic multiplet calculations.

Sample Fe(;rr((l)\lrlnoErPZI\:L—) 8 Fe occupancies (normalised) Fe2+/Fe3+ Td/Qh

Fe Niorzn | Fez O, | Fe¥*Ty | Fe3* Oy ratio ratio
Znl 2.2 0.7 0.38 0.66 1.17 0.21 0.43
Nil 2.12 0.88 0.37 1.03 1.07 0.18 0.72
Ni2 0.41 0.69 1.17 0.22 0.44
Magnetite 1.00 1.00 1.00 0.50 0.50
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Fig. 3.26 Fe L,3-edge (a) isotropic XAS and corresponding (b) XMCD for samples Zn1,
Nil and Ni2, data (black) and XMCD calculated fits (red). (c) Ni L,z-edge XAS and
XMCD for Nil (black) and Ni2 (red). (Zn1 corresponds to zinc ferrite nanoparticles from
(4) at 0.50 mmol; Nil and Ni2 correspond to nickel ferrite nanoparticles from (5) at 0.50
and 0.25 mmol respectively).

In addition, since Zn has a strong affinity for Ty sites'®*

it is unsurprising that there
is a deficit of Fe** in this site most likely due to Zn substitution. It should be noted
that there is only space for 0.34 cations of Zn and there is double this quantity
indicated by EPMA; this gives a second suggestion that some of the Zn resides in

On geometry.

From integration of the area under the Fe L3 and Ni Lz XAS spectra the relative
quantities of these two cations can be calculated in the samples (Table 3.4). Nil has
18% Ni compared to Fe and Ni2 has 24% Ni compared to Fe.
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The Ni L, 3-edge XAS spectra (Fig. 3.26(c)) are indicative of Ni?* in an octahedral

environment as it is similar to the spectral shape in Coker et al.*®

which agrees with
calculations for this Ni environment in van der Laan and Kirkman.® Both samples
are similar and the presence of XMCD at the Ni L, 3-edge and therefore magnetic
Ni shows that the Ni has been incorporated into the spinel structure in the expected
coordination and geometry. This result is confirmed by quantitative fitting of the
respective Fe L,3-edge XMCD spectra for each of the samples (Fig. 3.26b; Table
3.4), which show a deficit in Fe** in Oy geometry within the spinel, suggesting
substitution by the Ni cation. The Fe Ls-edge XAS (Fig. 3.26a) has a shoulder
feature on the low energy side as seen above in the Zn samples, with Ni2 having a
more pronounced feature. Again this shows that the sample is oxidised compared to
stoichiometric magnetite, which would be expected if Ni?* is substituting for Fe?* in

the spinel structure.

3.4.4 Chromium cobalt ferrite nanoparticles

The ferrite nanoparticles obtained from the iron cobalt chromium precursor
[CrCoFeO(0,C'Bu)s(HO,C'Bu)3] (6) were analysed by p-XRD, TEM, ICP, EPMA,
EDX, XMCD and SQUID. The physicochemical parameters (such as reaction time,
temperature and concentration) affecting the morphology and phase of the

nanoparticles are described as follows.

3.4.4.1 Chromium cobalt ferrite nanoparticles obtained at different reaction

times

The p-XRD pattern obtained from (6) showed that the intensity and crystallinity of
the peaks increases with time (Fig. 3.27(a)). No product was formed at 5 minutes
whilst the pattern obtained at 15 minutes and 30 minutes and were predominantly of
cubic magnetite (FesO,) (ICDD Card No: 01-079-0416) and iron oxide (Fezg7 Os)
(ICDD Card No: 04-014-1682).

The peaks obtained at 1 hour were mostly chromium iron cobalt iron oxide with
traces of iron oxide whilst at 2 hours, all the peaks were corresponding to
chromium iron cobalt oxide (CrFeCoO,) (ICDD Card No: 04-015-5178). The
diameter and crystallinity of the particles increases over time as observed in the
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images taken at 30 minutes (4.6 £ 0.6 nm), 1 hour (5.0 £ 0.4 nm) and at 2 hours (5.7
+ 0.5 nm) (Fig. 3.27(b)-(d)).
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Fig. 3.27 (a) the p-XRD pattern for CrCoFeO, nanoparticles from (6) at different times.*
corresponds to the iron oxide peaks. (b)- (d) are TEM images of CrCoFeO, obtained from

(6) at 30 minutes, 1 hour and 2 hours respectively.

3.4.4.2 Chromium cobalt ferrite nanoparticles prepared in different solvent
systems

The thermolysis of [CrCoFeO(0,C'Bu)s(HO,C'Bu)s] (6) was carried out in three
different solvents : diphenylether (260 °C), dibenzylether (300 °C) and octadecene
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(300 °C). No product was obtained for the thermolysis in dibenzyl ether even after
several hours of reaction time. The p-XRD pattern of the nanoparticles obtained
with diphenyl ether as solvent correspond to CrFeCoO, (ICDD Card No: 04-015-
5178) whilst the thermolysis in octadecene produced a mixture of CrFeCoQO, (ICDD
Card No: 04-015-5178), wurtsite (ICDD card No: 01-073-2144) and maghemite
(ICDD card No: 00-039-1346) (Fig. 3.28).

Their average crystallite sizes estimated by the Scherrer formula were found to be
5.2 nm and 11.5 nm for nanoparticles at 260 °C and 300 °C respectively.
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Fig. 3.28 The p-XRD pattern for CrCoFeO, nanoparticles obtained from (6) in different
solvents of diphenyl ether (260 °C) or octadecene (300 °C). *corresponds to wustite and #

was assigned to maghemite.

TEM images showed larger nanoparticles at higher temperature (300 °C) with
average diameter 13.71 = 1.08 nm whilst smaller particles of average diameter 5.7
+ 0.5 nm were obtained at 260 °C (Fig. 3.29). These results follow the same pattern

observed for nanoparticles prepared from precursors (1), (3), (4) and (5).
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Fig. 3.29 TEM images of chromium cobalt ferrite from (6) at (a) 260 °C with diphenyl
ether and (b) at 300 °C with octadecene.

3.4.4.3 Chromium cobalt ferrite nanoparticles obtained from (6) at different

concentrations

The p-XRD patterns of nanoparticles obtained from (6) at 0.50 and 0.25 precursor
concentrations correspond to cubic CrFeCoO,4 (ICDD card No: 04-015-5178) (Fig.
3.30). Their average crystallite sizes was estimated by Scherrer formula and were
found to be 4.0 nm and 5.2 nm with 0.50 and 0.25 mmol precursor concentrations
respectively. TEM images showed that smaller particles of average diameter 4.0 £
0.4 nm (C1) were obtained using 0.50 mmol precursor concentrations whilst larger
particles of diameter 5.7 £ 0.5 nm (C2) were produced with 0.25 mmol precursor
concentration (Fig. 3.30(a)). The crystallinity of these nanoparticles is evident in

their lattice fringes with a d-spacing value of 2.53 A,
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Fig. 3.30 (a) TEM and HRTEM images of chromium cobalt ferrite obtained from precursor
(6) at different concentrations. C1 and C2 correspond to nanoparticles obtained from 0.50
mmol and 0.25 mmol precursor concentrations respectively, (b) The p-XRD patterns of
cubic spinel chromium cobalt ferrite nanoparticles obtained from (6) at different precursor

concentrations.
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Magnetic measurements were performed on chromium cobalt ferrite nanoparticles
obtained from (6) with average diameters 4.0 + 0.4 nm (C1) and 5.7 £ 0.5 nm (C2).
An estimate for the blocking temperature (Tg) of the samples were done and the
data showed that Tg increases with increasing particle diameter, ranging from 130
K for chromium cobalt ferrite nanoparticles with an average diameter of 4.0 nm
(C1) to 153K for particles with an average diameter 5.7 nm (C2) (Fig. 3.31(a)).

Field dependent magnetisation studies were performed at temperatures of 5 and 300
K. for C1 of average diameter 4.0 nm are characterised by Ms values of 53 (5 K)
and 43 emu.g” (300 K) whilst C2 with average diameter of 5.7 nm exhibit Ms
values of 51 emu.g™ (5 K) and 40 emu.g™*(300 K) (Fig. 3.31(b)). The magnetisation
versus field measurements at 5 K for CrFeCoO,4 nanoparticles showed a high
coercivity and remanence of about 9.8 kOe and 30.0 emu.g™* for C1 whilst 10.0
kOe and 32 emu.g™* were obtained for C2. Compared with Fe,CoO, nanoparticles
of about the same diameter, the Ms and Mg values of chromium cobalt ferrite
nanoparticles of average diameter 5.7 nm (Ms = 53 emu.g™ at 5K, Mg= 32 emu.g™)
are higher than their corresponding Fe,CoO, nanoparticles (Ms = 48 emu.g™ at 5 K,
Mg = 28.4 emu.g™). This is justified by the higher cobalt content of the Fe,CoOQ,,
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Fig. 3.31 (a) ZFC and FC magnetisation curves for C1 and C2 (CrCoFeO4) nanoparticles
obtained from (6) of average diameters 4.0 £ 0.4 nm and 5.7 £ 0.5 nm respectively. (b) The

hysteresis loops measured at 5 and 300 K for C1 and C2 nanoparticles.
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3.4.4.4 ICP-OES, EPMA, EDX and XMCD analysis of chromium cobalt ferrite
nanoparticles

The stoichiometry of the chromium cobalt ferrite nanoparticles was determined by
ICP-OES and EPMA analysis and was found to be Crg0,C0gg7F€21104 within
measurement errors. EDX analysis also confirms the presence of Cr, Co and Fe in
the sample (Fig. 3.32)

cps/eV

1.04 cﬁsé' Cr: co

| _JLLL

Fig. 3.32 EDX spectrum showing the elements present in the chromium cobalt ferrite

10
kev

nanoparticles.

The calculated lattice parameter for C1 (Crg2C0o.s7Fe21104) is 8.418 A, a value
intermediate between that of CrCoFeQ, (8.374 A), CoFe,04 (8.40 A) and Fe30,
(8.396 A). The observed increased in lattice cell for our sample (8.418 A) compared
with CrCoFeO, (8.374 A) can be explained by the fact that smaller Cr is being
replaced by Fe and Co.

Using X-ray absorption spectroscopy only the Fe and Co L,3-edge spectra were
discernable, and no edge was measured over the energy region corresponding to Cr.
This could be due to either the low concentration of Cr (from EPMA), or the Cr is
buried in the nanoparticle beneath the detection depth of the TEY signal. The % of
Co compared to Fe calculated from the relative peak areas of the Fe and Co L3 XAS

are 26 and 28% for samples C1 and C2 respectively.

Samples C1 and C2 show very similar characteristics in both the Fe and Co L;3-
edge XAS and XMCD (Fig. 3.33).
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Fig. 3.33 Fe and Co L,z-edge X-ray absorption (XAS) and X-ray magnetic circular
Dichroism (XMCD) spectra for chromium cobalt ferrite samples C1 and C2. (C1 and C2
correspond to chromium cobalt ferrite nanoparticles obtained from (6) at 0.50 mmol and

0.25 mmol respectively).

Both samples have a small shoulder feature on the low energy side of the Fe Ls-
edge, this is similar to that seen in the XAS of oxidised Fe minerals such as goethite
and ferrihydrite and as such indicates the presence of more Fe** than is present in
stoichiometric magnetite. This could be due to either oxidation of the sample due
to air exposure or due to the presence of a cation (such as Co) replacing some of the
Fe?* within the spinel structure, thus altering the ratio of Fe®* :Fe®" and giving a
spectral shape dominated by oxidised Fe. Examination of the Fe Lz-edge XMCD
spectra (Fig. 3.33) shows three peaks characteristic of the three Fe environments
within magnetite. These can be fitted using multiplet calculations for the three Fe
environments to give the quantitative data shown in Table 3.5. These data indicate
that the magnetite is deficient in both Fe*O,, and Fe** Ty, but has excess Fe**Oy,
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Table 3.5 Fe site occupancies determined using Fe+Co ratios from XAS data, XMCD

spectra and atomic multiplet calculations.

Fe+Co=3 (from XAS Fe occupancies Fe2*/Fe3* | T4/Op
Sample peak integration) (normalised) ratio ratio
Fe Co Fe2* Oy, | Fe3* Ty | Fe3* Oy
C2 2.22 0.78 0.23 0.87 1.12 0.12 0.65
C1l 2.16 0.84 0.30 0.75 1.12 0.16 0.53
Magnetite 1.00 1.00 1.00 0.50 0.50

This suggests that there is partial oxidation of Fe’* to Fe** within the structure
compared to stoichiometric magnetite, but the amount of excess Fe** in O, sites
cannot account for all the ‘missing’ Fe?* in Oy geometry. Therefore it can be
assumed that at least some of the sites that would otherwise be occupied by Fe®*
most likely contain Co. An examination of the Co L,3-edge XAS and XMCD
confirms the presence of Co within a magnetic structure, due to the presence of the
magnetic Co signal. From a comparison with calculated data in Coker et al.,?® the XAS
spectra for both samples suggests that not all the Co is Co* in O, geometry, which would
be the most likely situation for the Co cations The lack of a strong doublet feature on the
peak of the Co Ls-edge XAS suggests either Co®*, or perhaps Co*, in T4 geometry is also
present within the mineral, however the majority of the Co is Co®* in Oy, geometry and this
is also reflected in the Co L, ; edge XMCD.
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Table 3.6 Summary of the results obtained from precursors (1), (2) and (3) at different reaction conditions.

Fe+Co=3
Precursor conc Phase p-XRD (nm) TEM (hm) Ms(5K) Tg Hc(5K)kOe (EPMA) Ratios Fe site occupancies Sample
CUBIC Fe Co  Fe*/Fe®  T4On Fe* O, Fe*Tqy Fe* Oy
[Fe2Co0(0,C'Bu)s(HO,C'BU)] (1)  0.25 Fe,Co04 5 53+1 48 90 10 2.34 0.66 0.24 0.56 0.46 0.84 1.04 S1
[Fe2Co0(0,C'Bu)s(HO,C'Bu)3] (1) 0.5 Fe,Co04 3 3.6+0.2 47 67 113 2.03 0.97 0.11 0.73 0.2 0.86 0.97 S2
[Co4Fe202(0,C'Bu)1o] (2) 0.25 Fe,Co04 6 6.7 +1 1.96 1.04 0.14 0.48 0.24 0.63 1.08 S3
[Co4Fe202(0,C'Bu)1o] (2) 0.5 Fe,Co04 6 70 1 614 180 9.8 1.99 1.01 0.19 0.72 0.32 0.83 0.84 S4
Fe Mn
[FezMnO(0,C'Bu)s(HO,C'Bu)3] (3) 05 Mng.43F€25704 3 35+02 54 9 0.02 2.78 0.22 0.32 0.4 0.68 0.79 1.32 S6
3 0 0.5 0.5 1 1 1 Magnetite
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Table 3.7 Summary of the results obtained from precursors (4), (5) and (6) at different reaction conditions.

Fe+Co=3
Precursor conc Phase p-XRD (nm) TEM (hm) Ms(5K) Tg Hc(5K)kOe (EPMA) Ratios Fe site occupancies Sample
CUBIC Fe Zn Fe?'lFe®  TyOn Fe*On, Fe¥Ty Fe* Oy
[Zn4Fe;0,(02C'Bu)1q] (4) 0.50 Zno.g3Fe;04 3 3202 59 10 22 0.7 0.21 0.43 0.38 0.66 1.17 Znl
[Zn4Fe;0,(02C'Bu)1q] (4) 0.25 ZnFe;,0, 4 5107 87 20 0.14 Zn2
Fe Ni
[Fe;NiO(02C'Bu)s(HO,C'Bu)3] (5)  0.50 NiFe;0, 33 33 £02 34 11 212 088 0.18 0.72 0.37 1.03 1.07 Nil
[FesNiO(0,C'Bu)s(HO,.C'BU)3] (5)  0.25 NiFe,04 338 44 £05 42 1 0.22 0.44 0.41 0.69 1.17 Ni2
Fe Co
[CrCoFeO(0,C'Bu)s(HO.C'Bu)s]
(6) 05 CrFeCoO, 4 40+04 53 130 9.8 222 078 0.12 0.65 0.23 0.87 1.12 C1
[CrCoFeO(0,C'Bu)s(HOC'Bu)s]
(6) 0.25 CrFeCo0, 5.2 57+05 51 153 10 216 084 0.16 0.53 0.30 0.75 1.12 c2
3 0 0.5 0.5 1 1 1 Magnetite
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3.5 Conclusions

The single source  precursors-  [Fe,CoO(O.C'Bu)s(HO,C'Bu)s] (1),
[Co4Fe,0,(0,C'BU)10 (2), [FezMNnO(O,C'Bu)s(HO,C'Bu)g] 3),
[Zn4Fe;0,(0,C'BU)1o (4) and [Fe;NiO(O,C'Bu)s(HO,C'Bu)s] (5) were used for the
direct synthesis of cobalt, manganese, zinc and nickel ferrite nanoparticles. Highly
monodispersed ferrite nanoparticles were obtained from precursors (1), (3), (4) and
(5) (0.50 mmol precursor) whilst cobalt ferrite nanoparticles from (2) were nearly
monodispersed. The effect of decomposition temperature studied for the five
precursors (0.25 mmol) revealed that larger nanoparticles of cobalt, manganese,
zinc and nickel ferrites were obtained at 300 °C of (1), (3), (4) and (5) respectively.
Different results were obtained for cobalt ferrite from (2) with smaller particles at
the higher temperature. We have established that shorter reaction times (less than 1
hour) at 0.25 mmol precursor concentration in all cases gave a mixture of iron oxide
and bimetallic oxide whilst only the corresponding bimetallic oxide was obtained
after 1 hour. The intensity of the p-XRD peaks increases as the time of reaction
increases indicating the higher crystallinity of the nanoparticles. The ICP and the
EPMA results are consistent and revealed that the stoichiometry of the cobalt ferrite
depends upon the concentration of the precursor; only 0.50 mmol precursor
concentration gave stoichiometric cobalt ferrite (Fe,CoO,4). The stoichiometry of
manganese ferrite however was independent of the concentration of precursor as
manganese depleted ferrite was obtained using both 0.25 and 0.50 mmol
concentration. XMCD analysis established that the majority of Co®" is in octahedral
sites in the cobalt ferrite nanoparticles, and this fact was supported by magnetic
measurements, all the cobalt ferrite samples showed a large hysteresis. Both cobalt
ferrite and manganese ferrite nanoparticles are superparamagnetic at room

temperature with high saturation magnetisation values.

The EPMA and XMCD analysis of zinc ferrite nanoparticles obtained from (4)
showed that despite the strong affinity of zinc ferrite for the tetrahedral sites, some
of the zinc ferrite resides in the Oy geometry; this is further confirmed by the
hysteresis observed in the magnetic measurements. They also exhibit a high

saturation magnetisation values and are superparamagnetic at room temperature.
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Nickel ferrite nanoparticles obtained from (5) showed a high preference for
octahedral geometry as expected. They were also characterised by medium

saturation magnetisation values and negligible coercivity at room temperature.

Quaternary oxide of the stoichiometry Crg2C0pg7F€21104 Was obtained from the
thermolysis of the single source precursor- [CrCoFeO(O,C'Bu)s(HO,C'Bu); (6).
Concentration dependence studied for (6) revealed that smaller nanoparticles were
obtained with higher precursor concentration (0.50 mmol) as compared with those
produced from 0.25 mmol precursor. The thermolysis of (6) (0.25 mmol) in
different boiling point solvents showed that larger nanoparticles were produced in
higher boiling solvent (octadecene at 300 °C) whilst no products were obtained
using dibenzyl ether. The effect of reaction time investigated using 0.25 mmol of
(6) showed that traces of iron oxide was present for nanoparticles withdrawn at less
than 1 hour whilst pure quaternary oxide of chromium cobalt ferrite was obtained

after 1 hour.

XAS measurements carried out on the chromium cobalt ferrite nanoparticles
showed only Fe and Co edge whilst the chromium edge was not discernable
probably due to its low concentration. XMCD analysis suggests that most of the

cobalt resides in the octahedral geometry.
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Chapter 4

Water-Dispersible Ferrite Nanoparticles

4.1 Summary

This chapter describes the synthesis of water-dispersible magnetite (Fe3O,) and
ferrite (MFe,O4 where M = Co, Ni, Zn, Mn) nanoparticles by a one pot synthesis.
The magnetite nanoparticles were synthesised by both co-precipitation method
(dual-source) and by hot injection thermal decomposition of iron pivalate clusters
(single source). The ferrite nanoparticles were synthesised by hot injection
thermolysis of heterometallic pivalate clusters in a mixture of polyvinylpyrrolidone
(PVP) (capping agent) and triethylene glycol (TREG) (solvent). The magnetite
nanoparticles produced from the thermolysis of the single source precursor were
more monodispersed (4.1 + 0.3 nm) compared to those obtained from co-
precipitation (7.0 £ 1.0 nm). All the ternary ferrites nanoparticles produced are
monodispersed without a further size selection process. The nanoparticles are
directly dispersible in water without any further post synthesis procedure. The
nanoparticles were characterised by powder X-ray diffraction (p-XRD),
transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), energy dispersive spectroscopy (EDS) and selected area
electron diffraction (SAED).
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4.2. Introduction

Ferrite nanoparticles have attracted a lot of attention recently due to their wide
range of applications including drug delivery,™* magnetic resonance imaging,**®
hyperthermia  treatment,"*® data  storage,” ferrofluids,® environmental

remediation®° 11,12

and catalysis. Ferrite nanoparticles are well suited for
biomedical applications because their sizes can be manipulated and also their
surface can be functionalised with appropriate molecules to make them highly
selective towards their targets.**'* In addition, their superparamagnetic properties
make it possible for controlling their movement under the influence of an external

magnetic field.

Various synthetic and functionalisation methods have been employed to synthesise
ferrite nanoparticles suitable for such applications. The co-precipitation method is
commonly used for the synthesis of magnetite and other ferrite nanoparticles
because it is easy to use and scalable.>***>?° However, nanoparticles obtained from
this method tend to have a broad size distribution and poor crystallinity. As such,
other non-hydrolytic methods have been employed to synthesise these nanoparticles
including solvothermal methods and thermal decomposition of iron- based

complexes.

The biological methods have been used to synthesise water soluble ferrite

3040 41-43 |42,43 and zinc 43,44

nanoparticles including iron, cobalt, manganese,*® nicke
Although this approach could be exploited for industrial scale, the success of
getting monodispersed nanoparticles depends on environmental parameters such as

temperature, redox potential and pH.*

Thermal decomposition methods have been proven to produce monodispersed
crystalline nanoparticles*®* but the shortcoming of this method is that the capping
agents usually employed are hydrophobic and thus not dispersible in agueous
medium. This in turn has hampered its applications in producing nanoparticles for
biomedical and environmental applications. In view of this, there has been ongoing
research into preparing water dispersible ferrite nanoparticles with desirable
properties. Methods proposed to achieve this goal are either direct synthesis or post

synthesis by ligand exchange to obtain the desired surface modification.
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To disperse the highly crystalline nanoparticles obtained from thermolysis in
aqueous medium, various post synthesis surface modification/ ligand exchange
techniques have been employed including surface exchange of amine modified
poly(acrylic acid),*® glucosaminic acid,*® o-cyclodextrin,®® dimercaptosuccinic
acid®™® silesquioxane ligands®® modified polyethylene glycol,**** modified

56,57

polymaleic anhydride,*®*’ citrate,”® hydroxamic acid> and tetramethylammonium

11-aminoundecanoate.®

A major shortcoming of post-synthesis surface modification is incomplete
replacements of ligand that reduces stability in aqueous solution; also often the
ligand exchange procedures are often tedious, requiring prolonged reaction times
and excess of the new ligand to disrupt the established surface coat and as such may
require further purification after ligand exchange. Consequently, the direct
synthesis of highly-crystalline ferrite nanoparticles that can be dispersed in water is
a preferable alternative.

A direct synthesis of water dispersible ferrite nanoparticles has been investigated by
different synthetic routes. A hydrothermal / solvothermal method has been used to
produce a hydrophilic magnetite and cobalt ferrite nanoparticles using polyethylene
glycol as surfactant.®’ Using the same method, Guan et al produced amine
functionalised magnetite nanoparticles with a narrow size distribution which can
be dispersed in aqueous media.®? Single-crystal hollow spheres magnetite of
average diameter 200-300 nm were synthesised by Zhu and co-workers using
ethylenediamine as surfactant in the presence of ethylene glycol by the
solvothermal route.® Ferrite colloidal spheres of high saturation magnetisation and
dispersibility in water have been synthesised by hydrothermal treatments of

chloride salts, urea and polyacryl-amide (PAM) as stabilisers.®*

The thermal decomposition method has been further developed to produce water
dispersible ferrite nanoparticles by using strong polar capping agents. Li et al.
synthesised magnetite nanoparticles via the thermal decomposition of iron(l1l)
acetylacetonates [Fe(acac)s] in the presence of 2-pyrrolidone as the capping agents
and obtained a 5 nm diameter nanoparticles which were further used as seeds to
grow larger particles.®® Similarly, Li et al. produced magnetite nanoparticles using
the same precursor and capping agent and in addition to that carboxyl- terminated
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poly(ethylene glycol) were used to coat the nanoparticles.®®®"® The size of the
obtained magnetite nanoparticles could be varied by varying the ratio between
MPEG-COOH and [Fe(acac)s], as smaller particles were obtained when the ratio of
MPEG-COOH to [Fe(acac)s] was set to 3:1.°® This same group further developed
their method by using the same precursor but with N-vinyl-2-pyrrolidone (NVP) to

achieve PVP coated magnetite nanoparticles.®

Glycol and its derivatives have been used as capping agents for the direct synthesis
of water soluble ferrite nanoparticles. Yang et al. used tetraethylene glycol as a
stabiliser to produce water soluble manganese ferrite nanoparticles by the thermal
decomposition of manganese(I11)acetylacetonate and [Fe(acac)s].”® Caruntu and his
team employed the hydrothermal method to synthesise magnetite nanoparticles in
the presence of diethylene glycol and N-methyl ethanolamine as surfactants.”
Using iron pentacarbonyl as the precursor, magnetite nanoparticles have been
produced with 4-methylcatechol (4-MC) as the surfactant.”” The 4-MC coated
magnetite nanoparticles were then further functionalised with a peptide, making the

particles stable in a physiological environment.

In this chapter, we explore the use of pivalate clusters as single source precursors
for the synthesis of water soluble ferrite nanoparticles by a hot injection thermolysis
method. Co-precipitation has also been used to produce magnetite nanoparticles.

4.3 Experimental

4.3.1 Synthesis of Precursors:

Synthesis of [Fes0(0,C'Bu)s(H20)3](0.C'Bu).HO,C'Bu(1)
[Fe;MNnO(0,C'Bu)s(HO.C'Bu)s]  (2), [Fe,Co0(0,C'Bu)s(HO,C'BU)s]  (3),
[Zn4Fe,0,(0,C'Bu)1g] (4), and [Fe;NiO(0,C'Bu)s(HO,C'Bu)3] (5) was carried out
by the methods described in chapters 2 and 3.

4.3.2 Synthesis of nanoparticles
4.3.2.1 Magnetite nanoparticles

The magnetite nanoparticles were synthesised by two different methods: co-
precipitation and hot injection thermolysis.
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4.3.2.1.1 Co-precipitation method

In a typical reaction, a mixture of FeCl;.6H,0 (0.2703 g, 1 mmol) and FeCl,.4H,0
(0.099 g, 0.5 mmol) was added slowly into ammonium hydroxide (0.05 M, 50 mL)
at room temperature and stirred vigorously for 30 minutes under nitrogen. The
black precipitate was collected with a magnetic stirrer and washed with deionised
water. This was followed by the addition of polyallylamine hydrochloride (PAH)

and ultrasonication for 15 minutes.

PAH was prepared as follows: Polyallyl amine (M,, 17,000, 20% solution, 10 mg)
was diluted with 10 mL deionised and adjusted to pH 3 with Hydrochloric acid
(HCI). 1 mL of this solution was further diluted 5 times and added to 0.1 mL
suspension of the magnetite nanoparticles.

4.3.2.1.2 Thermal decomposition method

In a typical reaction, polyvinylpyrrolidone PVP (M, 40,000 0.25 g) and triethylene
glycol (TREG) (15 mL) was degassed at 100 °C under vacuum for 30 minutes and
then heated to the boiling point of the solvent (TREG) under nitrogen. The
precursor, [FesO(0,C'Bu)s(H20)3](0.C'Bu).HO,C'Bu (0.275 g, 0.25 mmol) was
dispersed in TREG (10 mL) and injected into the solution of the hot mixture. The
reaction was maintained at 230 °C for 2 hours. The dark mixture was allowed to
cool and acetone was added to precipitate the nanoparticles which were then
isolated by centrifugation. The residue was washed with acetone three times and

then re-dispersed in deionised water.

4.3.2.2 Manganese, cobalt, zinc and nickel ferrite nanoparticles

All the nanoparticles were synthesised by a hot injection thermolysis. Reactions
were carried out using 0.25 mmol of each precursor following the same method as

described for the synthesis of magnetite nanoparticles in section 4.3.2.1.2.
4.4 Results and discussion

4.4.1 Magnetite nanoparticles

Nanoparticles produced were analysed by p-XRD, TEM, HRTEM and SAED. The

p-XRD nanoparticles obtained from both methods were matched with cubic
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magnetite (Fe304) (ICDD Card No: 00-019-0629) (Fig. 4.1). Their average particle
diameters were estimated using the Scherrer equation and also from their TEM
images. Nanoparticles obtained from the thermal decomposition method have an
average diameter of 5 nm (XRD) and 4.1 + 0.3 nm (TEM) whilst 6.5 nm (XRD)
and 7.0 £ 1.0 nm (TEM) were obtained for nanoparticles synthesised by the co-
precipitation method. From these results, it was observed that the nanoparticles
synthesised from the thermal decomposition method have a narrow size distribution
compared with nanoparticles obtained from co-precipitation. Also the nanoparticles
obtained from thermal decomposition are spherical and highly crystalline as
observed in the lattice fringes and the diffraction pattern (Fig. 4.2(a) and (c)). The
d-spacing measured from the lattice fringes of the nanocrystallite correspond to a
value of 2.54 A which can be indexed to the (311) reflection plane of magnetite
(ICDD Card No: 00-019-0629). The SAED pattern (Fig. 4.2(c)) contains
information from a large number of magnetite nanoparticles and the observed

strong diffraction rings can be indexed to (220), (311) and (400) planes.

(311)

Intensity(a.u)

(@)

I T I T I T I T I T I T I

20 30 40 50 60 70 80
2-Theta (degree)

Fig. 4.1 The p-XRD pattern for magnetite (FesO,) nanoparticles obtained from (a) the
thermolysis of (1) in PVP and TREG, (b) co-precipitation of Fe** and Fe*" with PAH as

stabiliser.
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Fig. 4.2 (a) and (b) are TEM images obtained for magnetite (Fe;O,4) nanoparticles obtained
from thermal decomposition and co-precipitation respectively. (c) SAED of (a). (d) Line
profile obtained by drawing a perpendicular line across the fringes in (a) from which the d -

spacing is estimated.
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4.4.2 Manganese ferrite nanoparticles

The p-XRD patterns of the nanoparticles are broad indicating the nanocrystallinity of
the material obtained from (2) and correspond to cubic phase of manganese iron
oxide (Mng43Fe25704) (ICDD Card No: 01-089-2807) (Fig. 4.3(a)). The average
crystallite size estimated by the Scherrer equation is 6.0 nm whilst average diameters
calculated from the TEM images is 6.3 £ 0.7 nm. The size and shape of these

nanoparticles agrees with that described in previous reports .’%"

The HRTEM images showed that spherical nanoparticles were obtained and the
lattice fringes observed also supports the high crystallinity of the manganese ferrite
nanoparticles. The d- spacing value of 3.00 A (Fig. 4.3(c)) was calculated which can
be indexed to the (220) reflection plane of Mng 43Fe; 5704 within measurement errors.
It is worth mentioning that the average d-spacing of the nanoparticles were calculated
from a number of lattice fringes by drawing a perpendicular line across the fringes

which produced a line profile from which the spacing is estimated (Fig. 4.3 (d)).

The SAED of Mng3Fe, 5704 nanoparticles also confirms the formation of cubic

Mng 43Fe2 5704 with the strong diffraction rings matching the (220) and (311) planes
(Fig. 4.3 ().

The elemental composition of these nanoparticles was also confirmed by the EDX
analysis showed that both manganese and iron are present in the ratio Fe: Mn is 1.0:
0.1 (Fig. 4.3(f)). The EDX quantitative measurement is low as compared to the initial
precursor ratio (Fe: Mn = 2.0:1.0). The manganese deficient ferrite nanoparticles
obtained is also indicated in the p-XRD pattern phase corresponding to

Mng 43Fe2 5704,
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Fig. 4.3 (a) p-XRD pattern for cubic manganese iron oxide nanoparticles (Mng 43Fe;5;0,),
(b)-(c) TEM images, HRTEM obtained for these particles. (d) Line profile used for
calculating the d-spacing from (c). () The diffraction rings obtained from (b). (f) EDX
spectrum.

4.4.3 Cobalt ferrite nanoparticles

The p-XRD patterns of the nanoparticles obtained from (3) were of single phase with
no traces of impurities which correspond to cubic cobalt iron oxide (CoFe,O,4) (ICDD
Card No: 04-005-7078) (Fig. 4.4(a)).
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Scherrer analysis of the XRD peaks gave a crystallite size of 6.5 nm which is in
close proximity to with those estimated from the TEM images (6.7 £ 0.7 nm). The
spherical shape of the nanoparticles was clearly evident in the HRTEM images and
from the lattice fringes, a d-spacing value of 2.11 A was calculated (Fig. 4.4(c))
which correspond to the (400) plane of cubic cobalt iron oxide. The line profile was
used to estimate the d-spacing by counting ten spaces which correspond to the value
in A. Similar results have been reported with PVP as the capping agent using dual
source precursors.”*™ A good size distribution and uniform shape was attained with

this method compared to those obtained by Moon et al. using microbial method.*

SAED also confirmed the purity and crystallinity of the cobalt ferrite nanoparticles

with diffraction rings matching the (200) and (400) planes of the cubic phase.

EDX analysis was performed which confirmed the presence of both iron and cobalt in
the ratio of 1.0: 0.4 (Fig. 4.4 (f)).
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Fig. 4.4 (a) p-XRD pattern for cubic cobalt iron oxide nanoparticles (CoFe,0,). (b)-(c)
TEM images, HRTEM obtained for these particles. (d) The diffraction rings obtained from
(b). (e) Line profile used for calculating the d-spacing from (c). (f) EDX spectrum.
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4.4.4 Zinc ferrite nanoparticles

The p-XRD patterns of the nanoparticles obtained from (4) correspond to cubic zinc
iron oxide (ZnossFe26504) (ICDD Card No: 01-086-0510) (Fig. 4.5(a)). The average
particle size determined from the full width at the half maximum (FWHM) using the
well-known Scherrer equation was found to be 5.3 nm. The average diameter
calculated from the TEM images (5.5 = 0.6 nm) are in good agreement with the XRD.
As observed from the TEM images, spherical zinc ferrite nanoparticles produced
were of high crystallinity as is evident in their lattice fringes (Fig. 4.5(b)). This good
size distribution was obtained without any post synthesis size selectivity. A d-spacing
value of 2.54 A was calculated using the line profile by counting ten spaces (Fig.
4.5(d)), which correspond to the (311) reflection of the cubic zinc ferrite. Strong
lattice rings in SAED image can be indexed to (220) and (311) planes of the zinc
ferrite confirming the purity of the nanoparticles (Fig. 4.5(c)).

The zinc ferrite nanoparticles are well dispersed in water without traces of
aggregation and this has been attributed to the role played by PVP.”®"" Zinc ferrite
microspheres of average diameter 200 nm have been reported using ethylene glycol

by the solvothermal method.®*
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Fig. 4.5 (a) p-XRD pattern for cubic zinc iron oxide nanoparticles (Zno ssFe; 6s04). (b) TEM
images (c). The diffraction rings obtained from (b). (d) Line profile used for calculating the
d-spacing from (b).

4.4.5 Nickel ferrite nanoparticles

A mixture of nickel ferrite and iron oxide was obtained after 2 hours and the reaction
was left for an additional one hour to obtain a pure single phase. The p-XRD patterns
were matched with cubic trevorite- nickel iron oxide (NiFe;O4) (ICDD Card No: 00-
054-0964) (Fig. 4.6(a)). The average crystallite size calculated by the Scherrer
formula is 6.5 nm whilst 7 £ 0.7 nm was obtained from TEM images which show
they are in good agreement. The formation of monodispersed nickel ferrite
nanoparticles has been attributed to the stabilisation provided by the PVP which is

achieved by controlling the growth and preventing aggregation of nanoparticles.”®"
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Fig. 4.6 (a) p-XRD pattern for cubic nickel iron oxide nanoparticles (NiFe,O,). (b) TEM
images (c) HRTEM showing lattice fringes. (d) Diffraction rings obtained from (b). (e)
Line profile used for calculating the d-spacing from (c).

The crystallinity of the sample is evident in their lattice fringes with d-spacing value
of 4.81 A (Fig 4.6(c)) which corresponds to the (111) reflection plane. The
diffraction patterns also confirmed the purity of the trevorite nanoparticles with
strong diffraction rings matching the (220), (311) and (400) planes of the cubic phase
(Fig 4.6(d)).
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EDX analysis confirmed the presence of both nickel and iron in the ratio of 1: 0.5
(Fig. 4.7).

Ni

L— Ldlm e ]
: N 7 i 3
kev

B E e s S T
2 4 [

Fig. 4.7 EDX spectrum of nickel ferrite nanoparticles.

4.5 Conclusion

Water-dispersible ferrite nanoparticles of manganese, cobalt, zinc and nickel have
been synthesised by hot injection thermolysis of heterometallic pivalate clusters.
The magnetite nanoparticles obtained from the thermal decomposition method have
a better size distribution than those obtained from co-precipitation. A good size
distribution was obtained in all cases without any post synthesis size selective
precipitation. All the nanoparticles produced were of pure single phase as evident in
their p-XRD, SAED and HRTEM images. The nanoparticles dispersion was stable
for several months at room temperature. Hot injection thermolysis of pivalate
clusters in PVP and TREG have proven to be a good route for the synthesis of

water soluble ferrite nanoparticles.
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5.1 Chemicals

Oleylamine and octadecene were purchased from Acros Organics. Triethylene
glycol was purchased from Alfa Aesar. Oleic acid was purchased from Fisher
scientific. Diphenyl ether, dibenzyl ether, methanol, acetone, dioctyl ether,
dodecanol, hexadecanol, polyvinylpyrrolidone (PVP), toluene, iron(l1l) chloride,
iron(ll) chloride, ammonia, polyallyl amine, hexane, acetonitrile, potassium
hydroxide, pivalic acid, 4-phenylphenol, iron nitrate nonahydrate, cobalt(Il) nitrate
hexahydrate, petroleum ether, cobalt(ll) acetate tetrahydrate, manganese(ll) nitrate
tetrahydrate, zinc acetate dihydrate, nickel(Il) nitrate hexahydrate, pyridine, diethyl
ether, trichloroethylene, chromium nitrate nonahydrate, tetrahydrofuran and ethanol
were purchased from Sigma-Aldrich chemical company and used as received.

Solvents were distilled prior to use.

5.2 Powder X-Ray diffraction (p-XRD)

p-XRD studies were performed on a Bruker Discover 8 diffractometer using Co-
Ka radiation. The samples were mounted flat and scanned between 10 to 85° in a
step size of 0.02 and a count rate of 4 sec. The samples were prepared by dropping

dispersion of the nanoparticles on a glass slide until a thick film is formed.

5.3 Transmission electron microscopy (TEM), high resolution TEM (HRTEM)
and selected area electron diffraction (SAED)

TEM, HRTEM and SAED were performed using Tecnai F30 FEG TEM instrument
operating at 300 kV. TEM samples were prepared by placing 1 or 2 drops of the
nanoparticles dispersion (in toluene) on a lacey carbon-coated copper grid, after

which the grids were left to dry at room temperature.

5.4 Energy dispersive X-ray spectroscopy (EDAX)
EDAX was performed using a SEM Philips XL 30FEG and a DX4 instrument.
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5.5 Thermogravimetric analysis (TGA)

TGA were performed using a Mettler Toledo/DSC 1 STAR?® instrument with a
heating rate of 10 °C/ min under nitrogen. TGA was performed by the

microanalysis team of the School of Chemistry.

5.6 Elemental analysis

CHN analysis was carried out using Thermo Flash 2000 organic elemental
analyzers. A weighed sample is placed in a tin container and put in a furnace to
burn. The products of combustion typically carbon dioxide (C), water vapour (H)
and nitrogen (N) were analysed in a gas chromatography (GC) column to determine
the amount of each element present in the sample.

Metal analysis were performed on Thermo iCAP 6000 series ICP-OES by digesting
a weighed sample in acid and then made up with water to form a solution.
Elemental analysis was performed by the microanalysis section of the School of

Chemistry.

5.7 Magnetic measurements

Magnetic measurements were performed on polycrystalline samples restrained in
eicosane using a Quantum Design MPMS-XL SQUID magnetometer equipped with
a 7 T magnet. Zero-field cooled (ZFC) and Field-cooled (FC) magnetizations were
recorded over 5-300 K temperature range with an applied magnetic field of 100 Oe.
The diamagnetism of the sample holder and eicosane was measured and extracted
from the raw magnetic data. Magnetic measurements were performed by Dr.

Floriana Tuna.

5.8 X-ray Magnetic Circular Dichroism (XMCD) and Electron probe
Microanalysis (EPMA)

XMCD data were acquired at beamline 4.0.2 at the Advanced Light Source, LBNL,
Berkeley.! Ferrite nanoparticle samples were mounted on carbon tape attached to a
copper sample probe and X-ray absorption spectroscopy (XAS) was used to
measure the Fe, Co and Mn Ljedges in vacuum in total electron yield (TEY)
mode. XMCD spectra are obtained as the difference between two XAS spectra
recorded in two opposite applied magnetic fields of £+ 0.6 T (parallel and

antiparallel to the beam direction). At energies of 710 eV (the Fe L3 edge energy)
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the effective probing depth is ~3-4 nm. EPMA to determine Co, Fe and Mn ratios
was undertaken using a Cameca Camebax SX100 with a beam size of 2 um, a beam
current of 20 na and an accelerating voltage of 15 KeV, using pure metal standards.
Samples of the nanoparticles were pressed into carbon tape for analysis. XMCD
and EPMA were performed by Prof. Richard Patrick of the School of

environmental sciences.

5.9 Inductively coupled plasma optical electron microscopy (ICP-OES)

The ICP-OES was measured on a Perkin-Elmer Optima 5300 dual view ICP-OES.
The sample was prepared by digesting 1 mg nanoparticle in 2 % nitric acid solution
(10 ml). The measurements were performed by the analytical geochemistry unit in

the School of environmental sciences.

5.10 Reference

1. V. S. Coker, N. D. Telling, G. van der Laan, R. A. D. Pattrick, C. I. Pearce,
E. Arenholz, F. Tuna, R. E. P. Winpenny, and J. R. Lloyd, ACS Nano, 20009,
3,1922.
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6.1 Conclusion

Ferrite nanoparticles are important and interesting class of nanomaterials which
have found applications in drug delivery, contrast agents in MRI, hyperthermia
treatment, information storage, gas sensors, environmental remediation and
catalysis. The thermal decomposition method has been exploited as a major
synthetic route for ferrite nanoparticles with different shapes and sizes. The work
described in this thesis deals with the investigations of iron based pivalate clusters
as novel single source precursors for the synthesis of monodispersed ferrite

nanoparticles using hot injection thermolysis.

Iron pivalate clusters were used as single source precursors for the first time to
synthesise iron oxide nanoparticles by thermolysis in different solvent/capping
agent combinations. The diameter of the spherical nanoparticles can be controlled
by manipulating the ratios of capping agents, varying the injection temperature or
reaction time. The structure of the product (maghemite or magnetite) depended on
the time of reaction. Magnetic studies showed that blocking temperature and
saturation magnetisation values vary with size of the nanoparticles. All the

nanoparticles exhibit superparamagnetism at room temperature.

The heterometallic pivalate complexes were used to synthesise ternary ferrites of
cobalt, manganese, zinc, nickel and quaternary oxide of chromium cobalt ferrites.
These complexes were thermolysed in different solvents with different precursor
concentrations. The diameters of the nanoparticles obtained in all cases can be
controlled by manipulating the precursor concentration, injection temperature and
reaction time. The structure (iron oxide or the corresponding ferrite) was highly
depended on the reaction time and the stoichiometry of the ferrite in most cases
depends on the precursor concentration. The cobalt and nickel ferrite are found to
be inverse spinel structure as confirmed by the XMCD analysis with majority of Co
and Ni cations in the octahedral geometry. Zinc ferrite nanoparticles also exhibit

some form of cation inversion as some Zn cations occupied the octahedral
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geometry. This is evident in their magnetic studies and XMCD measurements. All
the ferrite nanoparticles are superparamagnetic at room temperature but at 5 K,

cobalt ferrite and chromium cobalt ferrite showed large hysteresis.

Water soluble ferrite nanoparticles were also synthesised from the thermolysis of
pivalate clusters in PVP with TREG as solvent. Monodispersed water dispersible
iron oxide, nickel, cobalt, zinc and manganese ferrites were obtained directly
without any further post synthesis procedure. SAED also confirmed the crystallinity
of the ferrites nanoparticles obtained with strong diffraction patterns observed in all
cases. The elemental compositions of the ferrites were confirmed by EDX analysis.

6.2 Future Work

Homo/ Heterometallic pivalate clusters could be explored further to synthesise one
and two dimensional nanocrystals including cubes, rods and wires using both hot

injection thermolysis and the heating up methods.

These clusters could also be used to deposit thin films by Aerosol Assisted
Chemical Vapour Deposition (AACVD) and Low Pressure Chemical Vapour
Deposition (LPCVD) methods as these precursors are volatile. These ferrite thin

films have potential applications in magnetic sensors and magnetic recording.

Heterometallic pivalate clusters could be used as single source precursors to
synthesise quaternary ferrite nanoparticles including FeCrCoO,4 FeCrNiO4 The
effect of different reaction parameters (temperature, time, solvent, concentration)

should be investigated with emphasis on getting good stoichiometry.

The water soluble ferrite nanoparticles could be functionalised with different
groups such as antibodies, proteins to make them target specific for use in

biomedical fields and environmental remediation.
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Table Al Crystal
[FeZCOO(OQCtBU)ﬁ(H OgCtBU)3]

(),

data and structural

Appendix

refinement parameters for compounds
[C04Fezog(02CtBU)10(MECN)z] (2),

[FezMNnO(O,C'Bu)s(HO.C'Bu)s] (3) and [Fes(OH)4(0>C'Bu)12(OCeHsCeHs)g] (4).

Compound 1 2 3 4

Formula C45COH84F62019 C54C04H96Fe2 C45H84F62M n C154H190F63037
NZOZZ 019

M, 1099.75 1472.75 1092.74 3198.07

Crystal Orthorhombic Monoclinic Orthorhombi  Tetragonal

system c

Space Cmc2; C2/c Cmc2; P4/n;

group

a[A] 18.4388(15) 14.1994(7) 18.3946(10)  20.1880(3)

b [A] 20.3317(14) 22.4866(6) 20.3034(16)  20.1880(3)

c [A] 17.1858(14) 22.0322(7) 17.1311(11) 21.5726(7)

VA7 6442.8(9) 7026.1(5) 6398.0(7) 8792.0(3)

Ry 0.0776, 0.2452 0.0895, 0.2424 0.0883, 0.0572, 0.1692

(obs),wR; 0.2835

(all)®

Goodness 1.011 1.026 1.030 1.096

of fit
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Appendix

Fig. Al (a) The structure of [Fe,CoO(0O,C'Bu)s(HO,C'Bu);] (1) and
[Fe;,MnO(0,C'BU)s(HO.CBuU)s] (3) in the crystal. (b) The structure of
[Co4Fe,0,(0,C'Bu)1o(MeCN),] (2) in the crystal. Colors: Co- blue, Fe- orange, O- red, C-
black. Hydrogens removed for clarity.

Fig. A2 The crystal structure of [Feg(OH)4(0,C'Bu);12(OCsH4CsHs)s] (4). Colours: Fe-

orange, O- red, C- black. Hydrogens removed for clarity.
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