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ABSTRACT

In this study, MO, (M = Fe, Co, Mn) type of spinel compounds were
synthesized by various methods (Hydrothermal, stafd-assisted hydrothermal,
oxidation-reduction, gel to crystalline, thermalcdmposition and co-precipitation).
Structural, morphological, spectroscopic and magredtaracterizations of all samples
were done using XRD, TEM, SEM, FTIR and VSM measwe®ts. Crystallite size of
the magnetic nanoparticles was determined by Zetan®al Particle Size Analyzer,
XRD (Scherrer equation and line profile fitting med), TEM micrographs. In addition
to TEM analysis, for the morphological investigatiof some samples, SEM was also
used.

PEG (polyethylene glycol) and egg white types ofamiants were used for the
first time in this study to synthesize the®} spinel nanopatrticles.

Superparamagnetic iron oxide §Pg magnetite) nanoparticles were
synthesized successfully by four different methlogsising NaOH or NElas alkalizing
agent. The average crystallite size was determinetthe range of 11-25 nm for all
magnetite nanopatrticles.

Magnetic CgO, nanoparticles were synthesized by three differaethods.
These methods are simple and cost effective. Bygudiffraction profile fitting method,

the average crystallite size was calculated in ithege of 28-30 nm. Different



morphology was observed because of the effectsudadants and experimental
conditions.

Mn3O4, nanoparticles were successfully prepared by aelnaxidation-
precipitation method based on oxidation of mangarsedfate to manganese salts and
hydrolyzing with NaOH and conc. NHBecause of the oxidant agents, morphology and
size of the two samples differ from each other. X&talysis confirmed the tetragonal
haussmanite structure with average crystallite site-14 nm and ~11 nm; TEM
analysis showed crystallite size of 14+5 and 12&8faor NaOH and Nkl hydrolyzed

samples respectively.

Keywords: Magnetic Nanoparticles, Spinel Compounds, Hydnotizé Synthesis,
XRD, TEM.



M 30,4 (M= Fe, Co, MNn) MANYET iK NANOPARCACIKLARININ SENTEZ 1
VE KARAKTER iZASYONU

Tevhide O. AHMADOV
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Agustos 2008

Tez yoneticisi: Assist. Prof. Dr. Abdulhadi BAYKAL

0z

Bu calsmada MO, (M = Fe,Co, Mn) tipi spinel bikgkler dezisik metodlar
kullanilarak sentezlenstir (hidrothermal, surfaktant (CTAB, PEG,
pyrrolidone,yumurta aki,) yardimiyla hidrotermalikgeltgenme-indirgenme, jel-
kristal dongumi, birlikte c¢oktirme ve vyiksek sicalikta bozunmaetotlar).
Sentezlenen maddelerin  yapisal, morfolojik, spekiopik ve magnetik
karakterizasyonu XRD, TEM, SEM, FTIR ve VSM metatlkullanilarak analiz
edilmistir. Manyetik nanoparcaciklarin kristal boyutu ZePatansiyel, XRD, TEM
kullanilarak olculmgtir. Ek olarak, maddelerin morfolojik 6zelliklermiargtiriimasi
icin SEM kullaniimstir.

PEG (polietilen glikol) ve yumruta aki gibi surfaot malzemeler ilk kez bu
calismada MO, spinel nano malzemelerin sentezinde kullarytmi

Fe;04 nanoparcaciklar NaOH veya NKullanilarak dért farkli metodla karili
bir sekilde sentezlennglir. Bitiin manyetik nanoparcaciklarin ortalama tati9oyutu
ise 11-25 nm olarak belirlengtir.

Magnetik C@O, nanoparcaciklar ¢ ¢@sik metotla sentezlenstir. Bu
metotlar basit ve diilk maliyetlidirler. XRD metodu kullanilarak ortalama kristal
boyutu 28-30 nm olarak hesaplagtmt Deneyde farkli morfoloji elde edilmesinde ise

surfaktant ve deney kollarinin etkisinin oldugu gozlenrstir.
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Mn3O4, nanoparcaciklart yikseltgenme-indirgenme methladuitk defa
basariyla sentezlenngir. Bu metod da mangan sulfat mangan tuzuna ytdesalr ve
NaOH ve konsantre NHkullanilarak hidrolizi sglanmstir. XRD analizi sonucunda
ortalama kristal boyutu ~14 nm ve ~11 nm @duwsaptanmtir; daha sonra yapilan

TEM analizi sonucu kristal boyutu 14+5 and 12+3 olisrak belirlenmistir.

Anahtar Kelimeler: Manyetik Nanoparcgaciklar, Spinel Biikler, Hidrotermal Sentez,
XRD, TEM.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Nanotechnology [1] is enabling technology that dealth nano-meter sized
objects and will be developed at several levelstenas, devices and systems.
Nanotechnology is interdisciplinary and relies amestists who come from a broad
range of backgrounds, such as materials sciend®jicc@nd interface and science,
biological and medical science as well as manyefengineering disciplines [2].

The prefix ‘nano’ is derived from the Greek word fbwarf. Nanoparticles are
often determined as particles of less than 100 mrdiameter. A nanometer (nm) is
extremely small, equal to one billionth of a metéor comparison, a human hair is
approximately 80,000 nm wide, a red blood cell mast 7,000 nm wide , a DNA
double- helix is around 2 nm wide, and a typicaboa-carbon bond length in the range
0.12- 0.15 nm [3]. Fig.1.1 illustrates the nanomete context. Atoms are below a
nanometer size, whereas many molecules, includomgesproteins, range from a

nanometer upwards [4].

Nanoparticles, major class of nanomaterials, are-demensional, possessing
nanometric dimensions in all the three dimensiohsd their diameters can vary
between one and a few hundreds of nanometers. diogty, the electronic and atomic
structures of such small nanoparticles have unugaalires, obviously different from
those of the bulk materials. On the other handelaranoparticles which are bigger than
20-50 nm, would have properties similar to those¢hef bulk [5]. The size-dependent
properties of nanoparticles comprise electronicficah magnetic, and chemical
characteristics. In other words, changing the sizeanoscale materials produces new

materials [6].
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Figure 1.1.Nanometer in context [4].



For instance, in transition metal nanoparticlesinanease in surface area results
in a corresponding increase in chemical reactivitgking them potentially useful as
catalysts. In addition, quantum effects of nanaglas become more important and can
change a patrticle’s optical, magnetic, or eleckqcaperties [7].

Nanoparticles can be amorphous or crystalline. i@@lyse nanopatrticles, being
small in size, can be of single domain. Nanopasiaf metals, chalcogenides, nitrides,
and oxides are often single crystalline. Crystellinanoparticles are named as
nanocrystals [8].

Nanoparticles are not novel and their history cartrbced back to the Roman
period. Colloidal metals were used to dye glasslastand fabrics and as a therapeutic
aid in the treatment of arthritis. The Purple o€las, formed on reacting stannic acid
with chloroauric acid, was a popular purple dy¢hia olden days. It is actually made up
of tin oxide and Au nanocrystals [9The Romans were skillful at impregnating glass
with metal particles to achieve dramatic color efffe The Lycurgus cup, a glass cup of
4th century AD, appears red in transmitted lighd green in reflected light (Figure 1.2).
This effect, which can be seen in the cup preseivéide British museum in London, is
due to Au and Ag nanocrystals present in the wa@lihe cup. Maya blue, a blue dye
employed by the Mayas around 7th century AD has ls®wn recently to consist of

metal and oxide nanocrystals in addition to incagad silica [10].

Figure 1.2.Lycurgus Cup (British Museum; AD fourth centuryp]1



Nanoparticles have a range of potential applicationareas as diverse as drug
delivery, catalyst and catalytic carrier, infornoatiand communication technologies,
water decontamination, and the production of steonfighter materials. For example,
titanium dioxide and zinc oxide particles beconastucent at nanoscale size and are
able to absorb UV light while allowing visible ligto pass through, so they are used in
sunscreens. In the last couple of decades, tltedfatanoparticles has witnessed a rapid
growth. The research efforts are expected to pmduoonodisperse nanoparticles, to
provide a fundamental understanding of ‘nano-sipadicles’ general and surface
properties, and to use their properties to creatécds and systems with new functions.
All scientific activities are driven by the excitemt of understanding nanoscience and
potential applications in numerous fields, assistbg the development of
characterization techniques for measuring and ebsenanoparticles such as electron

beam techniques and scanning probe techniques3jl1-1

Classification of Nanomaterials

In the nanostructured materials field, many namnmeslabels have been used. It
is significant that some terms are explained inntieoscale materials
Cluster — A collection of units (atoms or reactive molecule§up to about 50 units.
Clustercompoundsre such moieties surrounded by a ligand shellataws isolation
of a molecular species (stable, isolable, soluble).
Colloid — A stable liquid phase containing particlestle 1-1000 nm range. A
colloidal particle is one such 1-1000 nm sizediplart
Nanoparticle —» A solid particle in the 1-1000 nm range that cdudnanocrystalline,

an aggregarate (Fig.1.3) of crystallites, or alsimgystalline;



Agglomerate
Intercrystalline Pore

Crystallite

Interagglomerate Pore

Figure 1.3.Schematic diagram of the inter- and intro aggl@ateeporosity in the

agglomerate powder [14].

Nanocrystal — A solid particle that is a single crystal irethanometer size range.
Nanostructured or nanoscale material — Any solid material that has a nanometer

dimension (Fig.1.4);

Three _
dimension particles
One thin
dimension wire
Two thin
Dimension films

Figure 1.4.Materials with nanometer dimensions.

Nanophase material = The same as nanostructured materials.
Quantum dot — A particle that reveals a size quantizagffect in at least one
dimension [15] (Fig. 1.5 exhibits an example of mpuan dots [16]).



Figure 1.5.CdSe, CdSe/ZnS and water soluble quantum dots [16]

1.1 Properties of Nanopatrticles

Nanocrystals of materials are commonly obtainalslesals. Sols containing
nanocrystals behave like the classical colloids. &@mple, the stability of dispersion
depends on the ionic strength of the medium. Namstalline sols have exceptional
optical clarity. A key factor that lends stability nanocrystal sols is the presence of a
ligand shell, a layer of molecular species adsorbedthe surface of the particles.
Without the ligand shell, the particles tend to regate to form bulk species that
flocculate or settle down in the medium. Dependamgthe dispersion medium, the
ligands lend stability to particles in two diffetemays. Thus, in an aqueous medium,
coulomb interactions between charged ligand spepreside a repulsive force to
counter the attractive van der Waals force betw#entiny grains, by forming an
electrical double layer. In an organic medium,ltes of conformational freedom of the
ligands and the apparent increase in solute coratent provide the necessary repulsive
force. Nanocrystals dispersed in liquids are eitbbarge-stabilized or sterically
stabilized (Fig.1.6) [8].



Figure 1.6.Schematic illustrations of the factors lending 8iigtto a colloidal
dispersiona) an electric double layer anh)(loss of conformational

freedom of chain- like ligandj. [

It is practical to categorize sizes of nanocrysitais different regimes specific to
the different properties, beyond which size dependewould not be related. The
schematic in Figure 1.7 shows this aspect. Allrtdggmes begin essentially with small

clusters £1 nm), but the upper limits are different [8].

fMagnetic

Electronic {semiconductors]

Reactivity

Electronic (metals)

Atomic and Molecular Species

Thermodynamic

] ] L] I I
1 10 102 10% 104
Nanemeters
Figure 1.7. Schematic illustration of the size-dependence afifoll

nanocrystal properties. The property specific reggirare indicated

[8].



1.1.1 Geometric Structure

The dimensions of nanocrystals are so close toiatdimensions that an unusually
high fraction of the total atoms would be presenttbeir surfaces. For example, a
particle consisting of 13 atoms, would have 12 atamn the surface, regardless of the
packing scheme followed. Such a particle has aseanmore populated than the bulk. It
is possible to estimate the fraction of atoms oe #urface of the particlePs,

percentage) using the simple relation,

Ps = N ¥ x 100 (1.1)

whereN is the total number of atoms in the particle [IIf)e variation of the surface
fraction of atoms with the number of atoms is shawrFigure 1.8. We see that the
fraction of surface atoms becomes less than 1%whgn the total number of atoms is
of the order of 1§ which for a typical metal would correspond toaatjzle diameter of
150 nm [8].

100

Atoms on surface %
3
LI L L L LI AL LA L L |

IRRRTTT| T - |1.|u.|.1.ll J_llmullk L LI i
10’ 10° 10° 10° 10° 10° 10°
Number of atoms

Figure 1.8. Plot of the number of atoms vs. the percentageéamhs located on
the surface of a particle. The calculation of teecpntage of atoms

is made on the basis of (1riJ & valid for metal particles [8].

Nanoparticles are generally assumed to be sphetimabever, an interesting
interplay exists between the morphology and thekipgcarrangement, specially in
small nanocrystals. If one were to assume thah#mecrystals strictly follow the bulk

crystalline order, the most stable structure isved at by simply constraining the



number of surface atoms. It is reasonable to asshatethe overall polyhedral shape
has some of the symmetry elements of the constitiagtice. Polyhedra such as the
tetrahedron, the octahedron, and the cuboctahechorbe constructed following the

packing scheme of a fcc lattice [18, 19]. Figurg dhows how a cuboctahedral cluster

of 146 constituent atoms follows from a fcc tygimabclayer stacking.

_géfl_‘"_ 20
@:{\. 1—),‘}-) o (a)
G55

Al /
S (o)

Figure 1.9.Schematic illustration of how a cuboctahedral 1#macluster,
composed of seven close-packed layers can be nuaaé & stacking

sequence reminiscent of a fdicka{8].

Determination of the structures of nanocrystalgusth ideally follow from X-
ray diffraction, but small particles do not difftagell owing to their limited size. The
peaks in the diffraction pattern are less intensg are broad. Structural studies are
therefore based on high resolution transmissiorctrgle microscopy (HRTEM),
extended X-ray absorption fine structure (EXAFS)arsing tunneling microscopy
(STM) and atomic force microscopy (AFM). X-ray ddttion patterns provide
estimates of the diameten3)(of nanocrystals from the width of the diffractiprofiles,

by the use of the Scherrer formula [20].

D=0.91 / fcos) (1.2)

Here,p is the full-width at half-maximum of the broadenedaay peak corrected for the

instrumental width,
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S = p2observed p2instrumental (1.3)

Estimates based on the Scherrer relation are umddely. It is desirable to
carry out a Reitveld analysis of the broad profdésanoparticles to obtain estimates of
D.

HRTEM with its ability to image atomic distributienn real space, is a popular
and powerful method. High resolution imaging pr@ddcompelling evidence for the
presence of multiply twinned crystallites specially the case of Au and Ag
nanoparticles [21]. Characterization by electrorroscopy also has certain problems.
For example, the ligands are stripped from thetetgsunder the electron beam; the
beam could also induce phase transitions and olyreamic events like quasi-melting
and lattice reconstruction [22]. The fact that tiga desorb from clusters has made it
impossible to follow the influence of the ligandefton cluster packing.

STM, with its ability to resolve atoms, providesciig opportunities to study
the size and morphology of individual nanoparticlesthe case of ligated nanocrystals,
the diameters obtained by STM include the thicknafsthe ligand shell. Ultra high
vacuum STM facilitates in situ studies of clustéeposited on a substrate. Furthermore,
it is possible to manipulate individual nanoscaetiples using STM. However, it is not
possible to probe the internal structure of a neystal, especially if it is covered with a
ligand shell. AFM supplements STM and providesesoftays of imaging nanocrystals.
EXAFS has advantages over the other techniqueinding an ensemble average, and

is complimentary to HRTEM [8].

1.1.2 Melting Point

“Does the melting temperature of a small partadépend on its size?” asked
Lord Kelvin as early as in 1871 [23]. The majoritythose days seemed to be that it
would not be the case. An initial attempt was m@&dexamine this issue by Pawlow in
1909 [24]. The first demonstration that the meltpgnt was indeed different in small
particles is due to Takagi [25], who establishedniBans of electron microscopy that
nanoscale particles of Pb, Sn, and Bi with sizesha range of a few nanometers

exhibited lower melting temperatures. Buffat et[26] carried out extensive studies on
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the melting points of Au nanocrystals by means cdnsing electron diffraction

technique and compared their results with previmdings. The change in the melting
point can be quite dramatic, with lowering of ascimas 600 K in Au nanocrystals. It is
supposed that the surface atoms are more suseeptibthermal displacement and
initiate the melting process due to the lower cowtion. Such a surface melting
process is thought to be the major cause for theriog of melting points. Lately, an

entirely different melting behavior has been obedrfor much smaller particles of
nuclearities less than 500.

1.2.3 Electronic Properties

Electronic properties of nanocrystals criticallypdad on size. This aspect is
properly put forth in the quest “How many atoms makmetal?” It is clear that as the
size of metal nanocrystals is reduced, the accownpgnchanges in the electronic
structure render them insulating. This transiticalled the size-induced metal—insulator
transition (SIMIT), has evoked much interest frolremists and physicists alike. A
SIMIT is manifested in experiments that measure dleetronic band structure and
atomistic properties such as ionization energy.

In small metal particles containing up to a fewndied atoms, the electronic
properties are entwined with changes in the stracand bonding. The closure of
electronic and geometric shells also plays a padetermining the electronic structure
of small metal particles. A large part of the ursti@nding of bare metal clusters follows
from the measurement of ionization energy [8]. zation energy is generally measured
by means of photo ionization. A cluster beam isized by photons from a
monochromatized UV source or a tunable laser amd niass distribution of the
produced ions are analyzed after considering facsoich as the temperature of the
clusters and their cross-sections. Such measursrhamé been carried out on several s,

p, and transition metal clusters [27, 28].
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1.2.3.1Catalysis and Reactivity

Metal nanocrystals have been used as catalystsmmercial processes. The use
of fine particles is attractive in view of theirghi surface areas per unit volume. The
catalytic activity of nanocrystals is affected kther factors as well. A brief illustration
is provided by the findings on Au catalysis. Despis reputation as a noble metal, Au
is found to be catalytically active at the nanosc@ln early study by Haruta et al.[29]
found that Au nanocrystals embedded in oxide suppgrch asi-Fe,03, Co;04, and
NiO were highly active for CO oxidation even at fmmture as low as 200 K. Au
nanocrystals with diameters in the range of 5-18opported ony-Al,O3; were capable
of catalyzing CO oxidation [30]. Larger Au nanodals were not catalytically active.
Goodman and coworkers [31] have observed that Awargstals supported on titania
exhibit a marked size effect in their catalytic lipifor CO oxidation, with Au
nanocrystals in the range of 3.5 nm exhibiting mmaxn chemical reactivity. Tunneling
spectroscopic measurements reveal that accompamamgnum catalytic activity is a

metal to nonmetal transition, as the cluster sizteicreased below 3.5 Am

1.2.4 Optical Properties

Optical properties of nanocrystals have been efr@st for centuries.Optical
properties of nanocrystals of metals such as Aossca large size range reflect the
changes in the electronic properties that occun Wié variation in size. While it is ideal
to study the optical properties using nanocrygiedpared by a single method, no single

method, chemical or physical, yields nanocrystélsidhe required size ranges.

Metal nanocrystals of various sizes exhiliaracteristic colors depending on
their diameters and the dielectric constant of gheounding medium. Typical size-

dependent changes in the optical spectra arerdhest in Fig.1.10 [32].
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Figure 1.10.Optical absorption spectra of gold nanoparticle @iameters of
22,48,and 99 nm [32].

In addition to properties associated with opticdsa@ption, semiconductor
nanocrystals exhibit interesting luminescent betravifrhe luminescence generally
dependent on the size of the nanocrystals andsuhiace structure. A photograph
showing changes in the emission wavelength as etiumof size of semiconductor
guantum dots is illustrated in Fig.1.11.

Figure 1.11.Emission from ZnS coated CdSe nanocrystals of rdiffiesizes,
dispersed irhexane [33].
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1.2.4 Magnetic Properties

Magnetic properties at the nanoscale strongly depenthe interplay involving
the surface atoms and the energetics of spin ralvéhen particles of a wide range of
sizes are investigated, their coercivity tendsditov a trend. Changes in coercivity
with size can often be complicated. In the nanonegiit is possible that shape
anisotropy has a higher value than the magnetadlipgt anisotropy, specially in
elongated particles and nanorods’ properties.

Magnetic properties such as the saturation magietiz also exhibit size-
dependent changes at the nanoscale. The satunagigmetization of nanocrystals is less
than that of the corresponding bulk, because ofdiwd layer on the surface. Figure
1.12 shows the variation of saturation magnetipatiwith size for MnFg0,
nanoparticles. A linear correlation is obtainedhwthe inverse of diameters and can be
useful to estimate the thickness of the magneyigadictive surface layer [34].

2 2 =
I I T

Saturation Magnetization, o (emw/g)

L
=
I
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Figure 1.12.Plot showing the variation of saturation magnetmawith the

inverse of mean diameter forfd0, nanoparticles at 20K [34].

Much of our understanding of magnetic propertiediné particles is derived
from studies on magnetic oxide systems, especgipels. Spinel ferrites with the
formula MFeO, (M= Mn, Mg, Zn, Co, Ni, Fe) with a face-centeredbi unit cell
contain eight formula units (see Figure 1.13). Tsites, the tetrahedral A site and the
octahedral B site, are available for cation ocdopatA variety of size-dependent

changes are observed with spinel ferrite nanodsydtar example, a blocking behavior
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has been observed in CoPg[35] and MnFgO, [36]. The expected fall in coercivity
with size occurs in most spinel ferrite nanopaescl Depending on the method of
preparation, the nanoparticles exhibit differerparties due to differences in the cation
occupancy. Locations of the trivalent and bivaleations affect the magnetic exchange
interaction markedly, leading to differences in thegnetic properties. Coka,
nanoparticles exhibit a blocking temperature 150Khér than the Mn ferrite
nanoparticles [37]. Tetragonal Cob@y nanocrystals (5—12nm diameter) prepared by
the decomposition of Co—Mn acetylacetonate in aleyhe are ferromagnetic at low
temperature and paramagnetic at room temperatitte avblocking temperature of 30—
40 K. Magnetic properties such as the saturatiognetzation also exhibit size-
dependent changes at the nanoscale. The satunagigmetization of nanocrystals is less
than that of the corresponding bulk, because otidaal layer on the surface [38].

Figure 1.13. Unit cell of spinel ferrites .In certain cases, shweface layer makes

nanoparticle behave like a spin glass [39].

1.3 Preparation of Nanoparticles

The various approaches to synthesizing nanomatexdal be roughly categorized
into “top-down” methods or “bottom-up” methods [Fidl4] [40]. Top-down methods
include mechanical attrition of a bulk material, bgll-milling for instance, until the
dimensions of the material are sufficiently sméhile this method can produce large
guantities of material, there are impurity probleasswell as size polydispersity and

other control issues. Bottom-up, however, approscheolve the creation of material
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from precursor chemicals or materials via chemitta¢érmal or other reactions. The
general technique involves the nucleation and drosita new phase from a liquid,
solid or gas phase. Some examples include vaposepbaposition methods, phase
transformation in mixtures and a wide variety ofufon based chemical approaches
both in aqueous and organic solvents. These bamf@napproaches make use of
thermodynamic and kinetic controls to create plsiof controlled size and shape and
composition. Additionally, impurities are less ot@ancern, composite materials such as
core-shell nanoparticles can be synthesized andasstmbly of particles can be
induced, all of which are difficult with top-downethods. Many of the solution based
techniques are also scalable to make large quemifimaterial, either in batch mode or

continuous flow.

lans ?
Fle et

= Top down | | | |
Film 3
Substrate

Solution

Bottom up

Template

Subsfrate

Figure 1.14.Preparation methods of nanoscale materials. (@)dp-down process,
materialis removed from a midha entity resulting in the nanostructure.
(b) In a bottom-up process)ding-blocks self-organize to form the

nanostructure [40].

The top-down and bottom-up approaches can alsoobsidered as physical and

chemical methods, respectively [8]. Figure 1.1&siltates both approaches [41].
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Figure 1.15.Two approaches to the synthesis of nanopartiéleamparision of

nanochemistry and nanophygits

1.3.1 Physical Methods

Many of the physical methods involve the evaporatid a solid material to
form a supersaturated vapor from which homogenaudeation of nanoparticles
occurs. In these methods, the size of the partidesontrolled by temporarily
inactivating the source of evaporation, or by sluyvithe rate by introducing gas
molecules to collide with the particles. The growgbnerally occurs rapidly, from
milliseconds to seconds, requiring a precise corir@r experimental parameters.
Several specialized techniques have been develnpbd last few decades and they can
be classified on the basis of the energy sourcevdrether they make use of solid or
liquid (vapor) precursors [42]. Figure 1.16 prowda summary of nanoparticles

synthesized by physical methods.
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Figure 1.16.Schematically illustration of physical methods whthesizing

nanoparticles.

1.3.2 Chemical Methods

Chemical methods have emerged to be indispensatie synthesizing
nanocrystals of various types of materials. Thesthods are generally carried out
under mild conditions and are relatively simplenbidmensional materials in the form
of embedded solids, liquids, and foams have also Ipeepared by chemical means and
such materials have been in use for some time.

There are several reviews in the literature foauson the synthesis of
nanocrystals [43, 44]. Any chemical reaction resglin a sol consists of three steps -
seeding, particle growth, and growth terminationchpping. An important process that
occurs during the growth of a colloid is Ostwalgening (Figure 1.17). Ostwald
ripening is a growth mechanism whereby smallerigiag dissolve releasing monomers
or ions for consumption by larger particles, thizidg force being the lower solubility

of larger particles [45].
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Figure 1.17.0stwald ripening [45].

Ostwald ripening limits the ultimate size distrilaut obtainable to about 15% of
the particle diameter when the growth occurs uredgilibrium conditions. However,
by employing high concentrations of the monomeis epping agents, growth can be
forced to occur in a transient regime. The seedingleation, and termination steps are
often not separable and one, therefore, starts witmixture of the nanocrystal
constituents, capping agents, and the solvent. rélaive rates of the steps can be
altered by changing parameters such as concemisatiod temperature. This is the
common trick employed to obtain nanocrystals ofedént dimensions from the same
reaction mixture. One of the important factors tiietermine the quality of a synthetic
procedure is the monodispersity of the nanocrysthksined. It is desirable to have
nanoparticles of nearly the same size, in ordebdoable to relate the size and the
property under study. Hence, narrower the sizeriigton, more attractive is the
synthetic procedure. The best synthetic schemeaytgidoduce nanocrystals with
diameter distribution of around 5%. The other imt@ot issues are the choice of the
capping agent and control over the shape.

Sols produced by chemical means can either beuaas media (hydrosols) or
in organic solvents (organosols). Organosols agcslly stabilized, while hydrosols
can either be sterically or electrostatically diabd. Steric stabilization of hydrosols
can be brought about by the use of polymers asligta) agents. Natural polymers

such as starch and cellulose, synthetic polymeish as polyvinyl pyrrolidone (PVP),
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polyvinyl alcohol (PVA), and polymethyl vinyletheare used as stabilizing agents.
Unlike text-book colloids such as India ink and tdusriver beds, sterically stabilized
sols are redispersible. The nanoparticulate mattehe sols can be precipitated by
various means, filtered and dissolved again inhgest. Redispersibility of the particles
is an important characteristic of great utility. rtiermore, metal nanocrystals in a
sterically stabilized sol can be dispersed in higimcentrations. As a general rule,

organic solvents provide better control over tlze sif the nanocrystals [8].

1.3.2.1 Metal Nanocrystals by Reduction

A variety of reducing agents are used to reducgbd®imetal salts to obtain then
corresponding metals. By concluding the growth wititable surfactants or ions, metal
nanoparticles are produced. Some representativeirggdagents are shown below
(Fig.1.18):

Borohydrate

. Reduction
... . Alcohpl
\ Nanocrystals Reduction

> Citratle

] Reduction

Figure 1.18.Some Reducing Agents to synthesize nanocrystals.

1.3.2.1.1 Borohydrate Reduction

Nanocrystals of a variety of metals have been nigdborohydride reduction.
Thus, Pt nanocrystals with mean diameter 2.8 nnevpeepared by the reduction of

chloroplatinic acid with sodium borohydride [46].nd there is a study about the
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synthesis of metal nanoparticles within dendrimemplates. The composites are
prepared by mixing of the dendrimer and metal & subsequent chemical reduction.
These materials can be immobilized on electroddases where they serve as
electrocatalysts or dissolved in essentially anlvesda (after appropriate end-group

functionalization) as homogeneous catalysts (Fi§)[47].

Schiffrin and coworkers [48] developed a two-phasethod to reduce noble
metals. This method, popularly known as the Brusthwod, has been widely used to
prepare organosols. In this method, aqueous nwetalare transferred to a toluene layer
by the use of tetraoctylammonium bromide, a phaaester catalyst which is also
capable of acting as a stabilizing agent. The Ampdex transferred to toluene is
reacted with alkanethiols to form polymeric thielat Aqueous borohydride is added to
this mixture to bring about the reduction that isdulated by the interface of toluene
and water. The thiol molecules also serve as cappgents. The capping action of the
thiols is related to the formation of a crystallmenolayer on the metal particle surface.
The length of the alkane chain and the concentratioborohydride affect the size of

the nanocrystals obtained by the Brust method.

Sun and coworkers [49] have used lithium triethytthydride (LIBEgH, also
called superhydride) to reduce Co chloride in aesatl mixture consisting of oleic acid
and an alkylphosphine. The alkylphosphine serves @spping agent as well. The size
of the nanocrystals could be tuned by varying terclength of the alkylphosphine.
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Figure 1.19.Schematic of theynthesis of metal nanoparticles within dendrimer

templates [47].

1.3.2.1.2 Alcohol Reduction

The ability of small metal particles in catalyzitige oxidation of alcohols to
aldehydes or acids has long been known in orgdr@mcstry. The fine metal particles
that catalyse these reactions get reduced durengdtirse of the reaction and are
deposited as spongy precipitates. This reactifuriber catalyzed by a base and
requires the presence @hydrogen in the alcohol [8]. By making use of pobric
capping agents such as PVP, the growth of met#tles can be arrested. Palladium
acetate refluxed with ethanol in the presence d? §¥lds Pd nanocrystals of 6.0nm
diameter [50].

1.3.2.1.3 Citrate Reduction

Synthesis by the citrate method involves the aaldibf chloroauric acid to a
boiling solution of sodium citrate. A wine red colandicates the beginning of

reduction. The average diameter of the nanopasticé® be varied over a range of 10—
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100 nm by varying the concentration ratio betweldioroauric acid and sodium citrate

[8].
1.3.2.2 Solvothermal Synthesis

The solvothermal method provides a means of usihgests at temperatures
well above their boiling points, by carrying outetineaction in a sealed vessel. The
pressure generated in the vessel due to the sokagotrs elevates the boiling point of
the solvent. Typically, solvothermal methods malse wf solvents such as ethanol,
toluene, and water, and are widely used to syrthegeolites, inorganic open-
framework structures, and other solid materialsthia past few years, solvothermal
synthesis has emerged to become the chosen meathegnthesize nanocrystals of
inorganic materials. Numerous solvothermal scheha® been employed to produce
nanocrystalline powders as well as nanocrystajsedsible in a liquid [51].

A surfactant-assisted solvothermal procedhai been employed to prepare PbS
nanocrystals at 8%. Other nanostructures are also obtained by tieisgpation [52]. A
solvothermal reaction in the presence of octadewuyla yields monodisperse PbSe
nanocrystals of controllable size [53].

By using surfactants such as cetyltrimethyteamium bromide (CTAB), the
size of the nanocrystals could be controlled. C@Qoparticles with diameters in 4.5—
18 nm range have been prepared by the decompositicobalt cupferronate in decalin
at 270°C under solvothermal conditions. Cubic and hexag@u nanocrystals have

also been obtained starting from Co(ag#s}].
1.3.2.3 Photochemical Synthesis

Photochemical synthesis of nanoparticles is caraet by the light-induced
decomposition of a metal complex or the reductiba metal salt by photo generated
reducing agents such as solvated electrons. Theefas called photolysis and the latter
radiolysis. PVP-covered Au nanocrystals are produmethe reduction of HAuUCI4 in

formamide by UV-irradiation [55].
1.3.2.4 Electrochemical Synthesis

Reetz et al. [56] has pioneered the electrochemsmalthesis of metal

nanocrystals. Their method represents a refinensénthe classical electrorefining
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process and consists of six elementary steps tteyxdative dissolution of anode,
migration of metal ions to the cathodes, reductibions to zero-valent state, formation
of particles by nucleation and growth, arrest obvgh by capping agents, and
precipitation of particles. The steps are scherabiyidllustrated in Figure 1.20. The
capping agents are typically quaternary ammoniuits santaining long-chain alkanes
such as tetraoctylammonium bromide. The size ofndm@ocrystals could be tuned by
altering the current density, the distance betwbenelectrodes, the reaction time, the
temperature, and the polarity of the solvent. Thussng tetraoctylammonium bromide
as stabilizer, Pd nanocrystals in the size rangd&-&nhm have been obtained. Low
current densities yield larger particles (~ 4.8 natjile large current densities yield
smaller particles (~ 1.4 nm). Larger Pd nanopasicktabilized by the solvent
(propylene carbonate) have also been obtained.niéikod has been used to synthesize

Ni, Co, Fe, Ti, Ag, and Au nanoparticles [8].
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Figure 1.20.Schematic illustration of the steps involved ia #lectrochemical
reduction of metalnanocrystals by the Reetz mef&pd



25

1.3.2.5 Thermolysis Routes

Thermolysis routes are related to chemicgbovadeposition (CVD)-based
methods to prepare thin films. By carrying out thelysis reactions in high boiling
solvents in the presence of capping agents, nastatsyof various materials are
obtained. Thermal decomposition provides remarka&loletrol over size and is well
suited for scale up to gram quantities. Variousaieanoparticles have been prepared
by the method. By using capping agents such a®xgib acids and alkyl amines the

size of the nanoparticles can be tuned to be imahge of 3—20nm [57].

Nanocrystals of metal oxides are prepared by cbetrooxidation of the
corresponding metal particles. Alivisatos and cdeos [58] prepared metal oxide
nanoparticles by the decomposition of cupferron glexes in trioctylamine solution
containing octylamine. CupferromN{nitrosophenylhydroxylamine) is a versatile ligand
that forms complexes with several transition matals. By using this method,
nanoparticles of gD, [58], F&0, [59] and CgO, [59] have been made.

1.3.2.6 Sonochemical Routes

Various methods have been discussed in the literafr the sonochemical
synthesis of nanosized patrticles. In order to cattysonochemical reactions, a mix of
reagents dissolved in a solvent is subjected tasdund radiation (20 kHz—10 MHz).
Acoustic cavitation leads to the creation, grovahg collapse of bubbles in the liquid
medium. The creation of bubbles is due to the sudged particulate matter and
impurities in the solvent. The growth of a bubbjeexpansion leads to the creation of a
vacuum that induces the diffusion of volatile rastganto the bubble. The growth step
is followed by the collapse of the bubble whichetalplaces rapidly accompanied by a
temperature change of 5,000-25,000K in about asemomd. Collapse of the bubble
triggers the decomposition of the matter within thubble. The rapid cooling rate often
hinders crystallization, and amorphous productsusgally obtained. The collapse of
the bubble does not signal the end of the reactidme collapse is frequently
accompanied by the formation of free radicals taatse further reactions. A few of the

sonochemical reactions are, in fact, mediated &y fadicals [8].
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The introduction of alcohols in the reducingxture, enhances the rate of
formation of the Au patrticles [60]. At high alcohmncentrations, smaller nanopatrticles
are formed. A mechanism based on the ability aftadts to scavenge the H and the OH
radicals has been proposed to account for thesenai®ns. Increasing the
hydrophobicity of alcohols reduces the size of mla@oparticles due to the increasing

ability of the hydrophobic alcohols to cap the proeld nanoparticles [8].

1.3.2.7 Michelles and Microemulsions

Reverse or inverted micelles formed by the disparsif water in oil, stabilized
by surfactants are useful templates to synthesiaeostale particles of metals,
semiconductors, and oxides [61]. This method raedieshe ability of surfactants in the
shape of truncated cones (like cork stopper),ap spherical droplets of water in the oil
medium, and thereby forming micelles. A micelledssignated inverse or reverses
when the hydrophilic end of the surfactant poim&ard rather than outward as in a
normal micelle. The dimensions of the water dropéat be suitably altered by changing
the concentration of the surfactant and water. Aveited micelle is also called a
microemulsion if larger water droplets are preddm. mechanism associated with the
formation of nanoparticles by the microemulsionhtéque is schematically described
in Fig.1.21. Conceptually, one makes two react@tand B in the aqueous phases
(droplets) of two different W/O microemulsions (FAig21a). When mixed (Fig 1.21b),
because of collision and coalescence of the dgpteaictants A and B are exchanged
between the water droplets. This interchange ofd¢hetants is very fast, so that for the
most commonly used microemulsions it occurs justnduthe mixing process. As the
reactants come in contact with each other, thegtraad form precipitate AB (Figure
1.21c) [14].
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Figure 1.21.Schematic diagram showing the mechanism of foonaif

nanoparticles withmicroemulsion technology [14].

Moumen and coworkers [62] have pioneered the fg& m water micelles to
prepare particles of Cop@s, y-FeOs and FgO,. The basic reaction involving
hydrolysis is now templated by a micellar droplEhe reactants are introduced in the
form of a salt of a surfactant such as SDS. Thysadding CHNH3;OH to a micelle
made of calculated quantities of Fe(Sp&)d Co(SDS) nanoparticles of CoR@, are
obtained. By increasing the concentration of me#dis, the size of the nanoparticles

can be increased [63].

1.3.2.8 The Liquid- liquid Interface

Rao and coworkers [64] have used reactidaadalace at the interface of two
liquids such as toluene and water to produce ngstais and films of metals,
semiconductors, and oxides. In this method, a Isigitarganic derivative of the metal
taken in the organic layer reacts at the interfaite the appropriate reagent present in
the aqueous layer to yield the desired product.example, by reacting Au(PpEI in
toluene with THPC in water, nanocrystals of Au tanobtained at the interface of two
liquids. This method has been extended to prepamearnystals of Ag and Pd, Au—Ag
alloys, semiconducting sulphides such as CdS, Zn&,CoS, and oxides such as®£

and CuO (Figure 1.22) [64b-64e]. By varying pararetsuch as the reaction
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temperature, and the reactant concentrations, itee f the nanocrystals and the
coverage of the films can be modified. Thus, a gkan the reaction temperature from
298 to 348 K, increases the size of Au nanocrystai 7 to 16nm [64e].

_"I=_F

Figure 1.22.Nanocrystals of:d) Au, (b) CdS, andd) y—FeOs; formed at the toluene

water interface [64].

1.3.3 Size Tuning

In the case of crystalline nanopatrticles waithize in the range of 3 to 10 nm and
consisting of ~10to 10 atoms, nearly continuous size tunability is pdssilas an
addition or removal of a unit cell requires onlgraall variation of the nanocrystal free
energy. The method used to control the size dependseculiarities of the concrete
synthesis. For instance, Mnf&a nanoparticles with a rather narrow size distrituiti
can be synthesized inside water-in-toluene revemngzelles playing in the role of
nanoreactors. The size of micelles depends on titerwo-toluene volume ratio and
determines the size of spinel ferrite nanopartig&s]. Any synthesis of colloidal
particles employing soluble precursors involves t@asecutive stages: nucleation and
growth [66]. The narrow size distribution of thesuéting nanocrystals can be achieved
only if the nucleation stage is temporally sepatdtem the further growth. The nuclei
grow by consuming dissolved molecular species (mmrs) from the surrounding
solution. When all molecular precursors are conghntige reaction mixture has two
scenarios for further evolution. If the addition @fmonomer to a nanocrystal is a
reversible process (i.e., a nanocrystal can botiswme and release the monomer), the

nanocrystals grow via the so-called [67].
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A typical colloidal organometallic synthesis istad out as shown in Figure

1.23 on an example of Cafianocrystals [68].

Ar=—"_—

Co.(CO),
dichlorobenzene

”" nucleation  growth

~
-

145-225°C / pt(acac)z, ACA, HDA,

1. growth at 145 - 225°C
diphenyl ether

2.annealing at 270 - 290 °C

Figure 1.23.0rganometallic synthesis of CgPtanocrystals [68].

Ostwald ripening, when smaller particles evolve omers and dissolve,
whereas larger particles consume monomers and gtowhe transformation of
molecular precursors to nanopatrticles is irrevégsino changes of the particle size via
Ostwald ripening is possible and the reaction cotaesaturation. If the first scenario is
realized, the Ostwald ripening provides a poss$ibdf a slow and controllable increase
of the mean particle size in the course of heatMgreover, Ostwald ripening of
nanometer-sized particles results in much narrogiee distributions than those
observed for micrometer-sized particles. If theviadd ripening in a given system is
impossible or very slow, the tuning of the nanotalysize can be achieved only by
control over nucleation and growth rates, as itatsd in Figure 1.24. Fast nucleation
provides a high concentration of nuclei, finalleling smaller nanocrystals, whereas
slow nucleation provides a low concentration ofdseeonsuming the same amount of

monomer, resulting in larger particles [67].
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Figure 1.24.Synthesis of nanoparticles in the absence of Odtwadning [67].

1.3.3.1Effect of Heating Time

The influence of the reaction time e size of magnetic nanocrystals is
studiedseveral works. For practically important tFethd CoP4 magnetic alloy
nanocrystals, no pronounced influence of the readime on size was found (Figure
1.25).FePt and CoRtnanocrystals were prepared via organometalliterouOA—oleyl
amine and ACA-HDA coordinating mixtures, respectively. @ontrast, prolonged
heating resulted in progressive decomposition efdtabilizing agent molecules rather

than in nanocrystal growth [67].
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Figure 1.25. Dependence of FePt (a) and GpRi) nanocrystal size on duration of

heating during the synthesis [67].
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1.3.3.2Effect of Reaction Temperature

The reaction temperature affects both the nucleaa the growth rates in any
colloidal synthesis of nanocrystals. In the absesfo®stwald ripening, the variation of
the reaction temperature was used for tuning thee &l Co nanocrystals. An increase of
the nanocrystal size, with an increase in the i@ademperature from 170 to 200°C,
was observed for Co nanocrystals [69]. The oppdsiteavior was reported for Co
nanocrystals prepared via thermal decompositiddaafCO)s[70].

A detailed study on the dependence of nanocrysizé on the reaction
temperature was performed for Cgftagnetic alloy nanocrystals (Figure 1.26 and
Figure 1.27). An increase of temperature from 143220 °C led to a decrease of
average final particle size from ~10 to 3 nm. Tban be explained by taking into
account the temperature dependencies of the nastatrnucleation and growth rates.
The activation energy for the nucleation processsisally much higher than that for the
particle growth, which makes the nucleation raterengensitive to changes in
temperature than the growth rate. The reaction ¢eatpre can thus be used to adjust
the balance between nucleation and growth ratesigkter temperatures, more nuclei
are formed and the final particle size is smakeg.(l.26).
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Figure 1.26.Dependence of Cofmhanocrystal size on the reaction
temperat[6¢€].
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Figure 1.27.TEM and HRTEM images showing effect of the reactemperature on
the mean size and size distidm of CoP{nanocrystals: 3.7-, 4.9-, 6.3-,
and 9.3 nm larparticles were prepared at 220, 200, 170 and 145°C,
respectively [67].

1.1.4 Shape Control of Nanoparticles

The ability to grow nanocrystals of controlled sbspadds an significant
dimension to the tuning of nanoscalar properties. alldition to size-dependent
properties, nanomaterials have shape-dependergniesp

Synthetic schemes make use of templates or seedsluence the growth
process. The seed-mediated method has been adfptpdbduce nanorods [71],
nanowires [72], and other shapes. The method iegdiwo steps. In the first step, small
citrate capped Au or Ag nanocrystals are produgebddrsohydride reduction for use as
seeds. In the second step, the particles are inteatlinto a solution containing the
metal salt, CTAB (a structure directing agent), ananild reducing agent such as
ascorbic acid. The use of a mild reducing agerthéskey to achieve seed-mediated
growth. Under the reaction conditions, ascorbiadasi not sufficiently powerful to
reduce the salt on its own. In the presence ofsseredluction mediated by the seed

occures producing nanorods [71] and nanowires [A2J.EM image of Au nanorods
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produced by this method is revealed in Figure 1.PBe nanorod and nanowire
structures are directed by the micellar structackspted by CTAB. The chain length of
the structure-directing agent plays an importatd o determining the aspect ratio of
the rod-shaped particles [72b]. The presence ahallsquantity of organic solvents

leads to the formation of needle shaped crystallji#2c]. Addition of NaOH to the

reaction mixture before reduction brings about draen changes in the product
morphology. Hexagons, cubes, and branched strgchaee been produced by using
NaOH and varying the experimental parameters (Eidu29) [73]. In the experiment,

the concentration of CTAB increases from %80 °M (A) to 9.5x10>M (B, C, D).

[Au®] decreases from (B) to (C), whereas the seed oorat®n increases from C to D.

1llﬂ_rlrn

Figure 1.28.TEM image of Au nanorods prepared by the seed rtestigrowth
method [73].

Figure 1.29. TEM images showing cubic to rod-shaped gold pasigroduced with
low concentrations of aseomcid in the presence of a small quantity of
silver nitrate, by seedehaged growth method [73].
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1.4 Magnetic Nanoparticles (MNPSs)

Magnetic nanoparticles (MNPs) have been the foé@noncreasing amount of
the recent literature, which was chronicled redeardo both the fabrication and
applications of MNPs. The explosion of researckhia area is driven by the extensive
technological applications of MNPs which includ@sgte-bit elements in high-density
magnetic data storage arrays, magneto-optical s@astcand novel photoluminescent
materials. In biomedicine, MNPs serve as contrasiaecement agents for Magnetic
Resonance Imaging, selective probes for biomoleauk&ractions, and cell sorters.
Nanoparticles of magnetic metals are also findipgliaations as catalysts, nucleators
for the growth of high-aspect- ratio nanomateriadsd toxic waste remediation.
Methodologies for the synthesis of MNPs are beiegetbped by scientists working in
the fields spanning Biology, Chemistry, and Matertacience. In the last decade, these
efforts have provided access to nanoscale magnedterials ranging from inorganic
metal clusters to custom-built Single Molecule Meign74].

1.4.1 Synthesis of MNPs

An ideal synthesis of nanocrystals has to provite achievement of desired
particle sizes over the largest possible rangerowarsize distributions, high
crystallinity, control of shape, and desired suef@coperties. For potential application
of nanocrystals, a relatively low cost of the finmloduct becomes an additional
requirement. Numerous methods such as vacuum dieposichniques, chemical vapor
deposition, normal incidence pulsed laser depasitiolloidal syntheses utilizing
thermal or sonochemical, decomposition of organaittiefprecursors, high-temperature
reduction of metal salts, and chemical reactiorsdm reverse micelles have been

applied for preparation of magnetic metal nanopkadi[Fig.1.30].



35

Sonochemical

Decompositiol
Laser of
Deposition rganometalli
Precursors

High-
temperature
reduction of
metal salts

hemical Vapo
Deposition
(cvD)

N f M eth o d S Of R;:::tri':)i:: Iin

Magl'l etic / everse micel
| Nanoparticles /j

Vacum
deposition
techniques

“ g/ Synthesis

Figure 1.30.Schematically illustration of synthesizing methad$/NPs.

1.4.1.1 Synthesis of Single Metal MNPs

Solution phase synthesis of transition metal narimpes is accomplished via
two generic pathways: the reduction of metal sattexomposition of an organometallic
complex. Two of the largest concerns regarding MiyRthesis are the ability to both
tune the size of the nanoparticle and control plarsize dispersity. In the case of metal
ion reduction, successful strategies include cotwlgicthe reaction in a confined
environment or in the presence of of a suitableprap ligand. For the case of
organometallic decomposition, size control and @lispy is usually attained by
conducting the reactions at high temperature, whitdures a high rate of nanoparticle
nucleation and growth. Capping ligands, which farself-assembled monolayer of the

nanoparticle, can also be used to mediate pagroleth.

Water-in-oil microemulsion (w/o microemulsion) amyerse micelles are often
employed as nanoconfined reactors in the syntlufsisany varieties of nanoparticles
[75]. For both , the size of the confined space lmanlefined by varying the amounts of
both surfactant and solvent, which allows for diregntrol over the size of resulting
MNPs. Typically, MNP preparation in w/o microemuolss is achieved by mixing an

emulsion containing metal salts with an emulsiontaming a suitable reducing agent
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(NaBH; or N;H,4 ). This produces surfactant capped metal nanapestivith diameters
of less than 10 nm ( Figure 1.31 ). Similarly, amuge solutions of reducing agents can
be added to inverse micellar solutions of metaissal nonpolar solvents. Using these
methodologies, MNPs of Fe [76], Co [77], and Ni][A8ve been prepared.

a0l Ml
H.lk. ‘w-l‘_.

7T

Br
ﬁ: , etc

Figure 1.31.Example of the production of Ni MNPs byRINH, reduction of

NiCl,in a w/o microemulsion system [74].

Thermal decomposition of organometallic complexegfigreat interest as many
of the synthetic procedures produce highly monadisp nanoparticles. Metal carbonyl
complexes represent the most common organomefakicursor for this reaction Fe
MNPs, for example, are produced by the thermal uhposition of Fe(CQ) in
trioctylphosphine oxide (TOPO) solutions contaghoieic acid, which acts to passivate
the product nanoparticles (Figure 1.32a) [79]. Raycoated Fe MNPs have also been
prepared by thermal decomposition of Fe(£@) the presence of poly (styrene)
functionalized with tetraethylenepentamine [80].efrhal decomposition of GECO)s
in hot toluene solutions containing TOPO produc€o MNPs [52]. Similar reactions
carried out ino-dichlorobenzene in the presence of various ligaalttsvs for MNPs
morphological control (Fig.1.32b) [81].
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Fe(CO)s oleic acid, TOPO
340°C
(b) Co2(CO)g
oleic acid, alkyjamtne,
TOPO, 182°C 182°C
15 seconds
oleic acid,
TOPO, 182°C
1800 seconds
\J
= bor
@
rods spheres disks

Figure 1.32. (a) Thermal decomposition of Fe(GOn the presence of oleic
acid and TOPO to produce Fe MNPs and [79] (b)aisearying
ligands to produce Co MNPs with  spherical , rodskd

morphologies from C4CO)g [81].

1.4.1.2 Synthesis of Alloyed Metal Nanoparticles

MNPs of alloyed transition metals can be prepangddactions in which two
metal precursors are decomposed in tandem, praglsald solution nanoparticles, or
sequentially to give core-shell nanopatrticles. st heavily studied alloy MNPs are
FePt and CoPt, both of which are interest for appilbns in data storage. FePt MNPs
are prepared by simultaneous thermal decomposdiofre(CO} to Fe and polyol
reduction of Pt(acaghy 1,2-dodecanediol to Pt at 2%D in solutions containing oleic
acid and oleyl amine (Fig.1.33) [82]. This procgsdds monodisperse, solid solution
FePt MNPs coated by a monolayer of oleyl amineaeait acid that can be exchanged
for shorter or longer acids or amines after synghd$he composition of the MNP core
can be controlled by varying the relative concedirns of the iron and platinum
precursors. Further, the diameter of these MNP$eaadjusted between 3-10 nm.
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Pt(acac), oleic acid, oleyl amine
" 250°C .
Fe(CO)s then 1,2-dodecanediol

Figure 1.33.Synthesis of solid solution FePt MNPs [82].

1.4.1.3 Synthesis of Metal Oxide Nanopatrticles

Ferrofluids, aqueous suspensions of iron oxide paricles, are well known
members of this class of MNPs. The iron oxide namtiges that comprise ferrofluids,
typicallay FgO, are prepared by either coprecipitation of mixtwese&* and F&" ions
in the presence of base or the precipitation/oiddadf F&* ions by the action of base
and oxidant (Figure 1.34) [74]. Recent advanceth@se techniques include the use of
iron precursors which form micelles or synthesishimi w/o microemulsions. These
reactions produce MNPs resistant to agglomeratinohadlow for the synthesis of small
(<10 nm diameter) nanoparticles with controllabke s

Fe2+
% base

Fed+

base, oxident .2+

Figure 1.34.Aqueous preparative methods for synthesis ofaade MNPs [74].

1.4.1.4 Preparation of Bioconjugates MNPs

Many biomedical applications involve the conjugatmf biomacromolecules to
iron oxide MNPs. Amino crosslinked iron oxide (CLKIH,) nanoparticles, iron oxide

MNPs coated with crosslinked dextran and functizeal with amino groups, are the
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most common strating material for the productiorbmiconjugated MNPs. The amine
functionality is reached with heterobiofunctionakosslinking agents such as
succinimidyl iodoacetate (Figure 1.35a) or N-sueoididyl 3-(pyridyldithiol)
propionate (Figure 1.35b), which then allows fag #itachment of biomacromolecules.
Amine functionality can also be introduced by sel-goating of MNPs with 3-
aminopropyltrimethoxysilane, which can then be &ny derivitized [83]. Other
methods for the production of bioconjugated or bmpatible MNPs include
magnetoliposomes bearing functional groups in ipa llayer,direct adsorption of
proteins onto the nanoparticle surface, and theirngpahe MNPs with nonionic

surfactants.

Figure 1.35. Reaction of CLIO-NH with heterobifunctional crosslinkers, producing
nanoparticles that are stgrpoints for the creation of bioconjugated

MNPs [83].
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1.4.1.5 Biosynthetic Routes to MNPs

MNPs, typically iron oxide, are also common produof Nature’s synthetic
labotatories. For example, several bacteria aravknim produce F£, nanoparticles
encapsulated in a phoshpholipid bilayer (magnetsiynes) Synthetic
magnetoliposomes can be formed by coating ironexidnoparticle core. Here, ¥e
and F&" are first coprecipitated with base and stabilibgdauric acid. These particles
are then coated with dimyristoylphosphateidylch®lifDMPC), producing the
magnetoliposome (Fig.1.36a). Alternatively, prefedrliposomes can be employed as
microreactors in which Béis first sequestered inside of the liposome foédvby the
addition of base to produce iron oxide MNPs (Figgb) [74].

DMPC
bilayer vesicle

Magnetoliposome

Figure 1.36.Synthesis of magnetoliposomes (a) by employirigid bilayer as

reactor and (b) lipid coating of §&& MNPs [74].
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1.4.2 Physical Properties of MNPs
1.4.2.1 Spinel Crystal Structure

Several of the commercially important magnetic esithave the spinel structure
(AB20O4) (Fig.1.37). The parent spinel is MgQl, It has an essentially cubic closed
packed array of oxide ions with Mig AI*" in tetrahedral and octahedral interstices,
respectively. There are well over a hundred comgdsuwwith the spinel structure such as
oxides, sulphides and tellurides. The other divalestion can be many different
transition metal species including®£eCc**, Ni** and zZri* among others. The structure
as illustrated in Fig.1.37 can be thought of asee fcentered cubic lattice of oxygen
anions with metal cations distributed on the tef¢thhl and octahedral sites, sometimes
denoted as the A and B sites respectively.

Figure 1.37.Crystal structures of magnetite ¢Br). (a) Face-centered cubic inverse
spinel structure of magnetite. (b) Magnificationooie tetrahedron and one
adjacent octahedron sharing an oxygen atorf, Feg* occupy A site
(red) which is a tetrahedral site with four neamstgen atoms and Fe
occupy B site yellow) which is a octahedral sitéhvdix nearest oxygen
atoms (green) [84a].
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Normal spinel:  (Me)[Fe*,]0, (Me*" = F&*, zr**, Mn**, Ni**, C&*, etc.)
Inversespinel:  (FE€")[Me**xFe*]04 (Some examples are shown in Fig.1.38)
General formula: (Me**1Fe*)[Me* ,Fe**,,]04

(x — degree of inversion - proportion of dent cation (F&) at tetrahedral lattice

sites)

Figure 1.38 a) CoFgO,. The green atoms are Co, pink atoms are Fe, amdabbms
are O. b) LiM0O,. The green atoms are Lithium, the pink atoms are

Manganese, and the red ammm®xygen [84Db].

1.4.3 Characterization Techniques of MNPs

Transmission electron microscopy (TEM) and higlehétson transmission
electron microscopy (HRTEM) are among the most irtgrt tools used to image the
particle size, distribution, and the internal stane of nanoparticles. It works by passing
electrons that are accelerated to 100 KeV or higtleough the sample and using
condenser lens system to focus the image of thetate. The samples used for TEM
must be very thin (usually less than 100 nm), sb ¢hectrons can be transmitted across

the specimen (Fig.1.39).
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Figure 1.39Highly simplified view of structure of TEM [85].

Scanning electron microscopy (SEM) is a useful negle to provide images of
surface features of magnetic nanoparticles. A beamlectrons is concentrated on a
spot of approximately 5 nm in diameter on the gpeai surface and scanned back and
forth across the surface. As the electrons striick @enetrate the surface, a number of
interactions occur that result in the emission tdcteons and photons from the
specimen, and the surface topography is revealedolgcting the emitted electrons
[Fig.1.40] [85].
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Figure 1.40.Highly simplified view of structure of SEM [85].

X-ray diffraction (XRD) has been widely employed determine the crystal
structure, crystallinity and lattice constants ahacrystals. In XRD, a collimated beam
of X-rays is incident on a specimen and is diffeacby the crystalline phases in the
specimen according to Bragg’'s law. The crystallppleases of the specimen are
identified by the diffraction pattern.

Scanning probe microscopy (SPM) is a relatively neharacterization
technique, which uses the interaction between gsiya and a surface, to produce a
three-dimentional topographic image with atomioheon. The two major members of
the SPM family are scanning tunneling microscopYM$ for electrically conductive
materials and atomic force microscopy (AFM) for ldatrics. STM monitors the
tunneling current between the electrically condigctisurface of the sample and
conductive tip, whereas AFM measures a varietype$ample interactions.

Magnetic measurements on magnetic nanoparticlepaafermed with use of a
superconducting quantum interference device (SQUEQUID technique allows the
most detailed study of the magnetization reverdananoparticles. The magnetic
nanoparticle is placed on the SQUID loop. The SQUé&iects the flux through its loop
produced by the specimen magnetization.The villyegample magnetometer (VSM) is
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another standard equipment for the magnetic cheniaation of thin magnetic films and
structures. After a calibration it is an absoluteasure of the sample magnetization as a
function of applied magnetic field and temperatwith a sensitivity of 1§ Am?
(corresponds to I0emu or the magnetic moment of a iron monolayeh \&it area of
25 mnf).

Fourier transform-infrared (FTIR) spectroscopy,rautolet-visible (UV-Vis)
spectroscopy, nuclear magnetic resonance (NMR), masls spectrometry (MS) are
particularly informative about the structure and ttontent of magnetic nanoparticles’
protective ligands.

Thermogravimetric analysis (TGA) and elemental gsial are methods that
allow determination of the composition of the paets, the C/Fe ratio. TGA provides
the valuable information about the binding stapitit capping ligands at the surface of
nanoparticles.

Sometimes thought of as a ‘charge’ measurementsumexaent of zeta potential
is used to assess the charge stability of a disprstem, and assist in the formulation
of stable products. Zeta potential may be relatedhe surface charge in a simple
system, but equally well may not. The zeta potéota even be of opposite charge sign
to the surface charge. (Fig.1.41). One of the nmopbrtant lessons is that it is the zeta
potential that controls charge interactions, netdharge at the surface. Zeta potential is
one of the main forces that mediate interpartinteractions. Particles with a high zeta
potential of the same charge sign, either posttiveegative, will repel each other. Zeta
potential is measured by applying an electric fexddoss the dispersion. Particles within
the dispersion with a zeta potential will migrasevard the electrode of opposite charge
with a velocity proportional to the magnitude oé theta potential [86].
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Figure 1.41.Schematic representation of zeta potential [86].

1.5 Magnetism of MNPs

Magnetism is a group of phenomena associated wdigetic fields which exist
around a magnetic body or a current-carrying cotatudVhenever an electric current
flows a magnetic field is produced. As the orbitabtion and the spin of atomic
electrons are equivalent to tiny current loopsjviidial atoms create magnetic fields
around them. The magnetic moment of an atom isvdwor sum of the magnetic
moments of the orbital motions and the spins oftlad electrons in the atom. This
vector sum of magnetic moments can be either stangeak depending on their

alignment which is dominated by the magnetic inteoas.



47

1.5.1 Type of Magnetism

The magnetic behavior of materials can be classiido the following five
major groups which are Diamagnetism, Paramagnetiskerromagnetism,
Ferrimagnetism, and Antiferromagnetism. Diamagnetand paramagnetism are the
two most common types of magnetism which accounttie magnetic properties of
most of the periodic table of elements at room temajure as shown in Figure 1.42.
These elements are usually referred to as weakowmagnetic because they exhibit

no collective magnetic interactions and they artenmagnetically ordered.

i [JFerromagnetic [JAntiferromagnetic E
L| B—‘-E CJFParamagnetic [ Diamagnetic E C N D F rﬁe
Na Mg allsi| P s |ci|ar
K |Cal Sc | Ti| v [Cr [Mn|Fe|co|Ni [cu|zn|Ga|ce|As|Se|Br | Kkr
Rb| S| ¥ | Z¢[Nb [Mo|Tc |Ru|Rh|Pd|Ag|ca| inSn|sh|Te| T [xe
Cs|BalLa| | if |Ta | wRe|os| ir | Pt |au[Hg| T1 |Pb] Bi[Po| At [Rr
Fr|Ra|Ac
l

Ce| Pr|Nd [Pm{Sm|Eu|Gd| Tb [Dy|Ha | Er [Tm| ¥b|Lu

Figure 1.42.A periodic table showing the type of magnetic hébraof each element at

room temperature [87].

1.5.1.1 Diamagnetism and paramagnetism

Diamagnetic materials and paramagnetic madeaae weakly magnetic or non
magnetic because their induced magnetization ikwaed can be ignored compared to
ferromagnetic and ferrimagnetic materials. Thespmnses to an applied field differ in

the direction of the induced magnetization as shiowkig.1.43.
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ﬁH l M Diamagnetism

Figure 1.43. Field dependence of magnetization in paramagaeticdiamagnetic
materials.Local moments ia flaramagnetic materials align slightly to

the direction of magnetic di¢88].

A diamagnetic induction is opposed to the applietd and has a negative
component in that direction. On the other handarmmagnetic induction is in the same
direction as the applied field and has a positieengonent in that direction. The
induced magnetizations in both diamagnetic andrpagaetic materials are normally
more than six orders of magnitude less than thearnomagnetic materials.

In a diamagnetic material, the atoms have no ngnetic moment when there is

no applied field. Under the influence of an applfeeld (H) the spinning electrons
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process and this motion, which is a type of eleattrrent, produces a magnetization
(M) in the opposite direction to that of the apgligeld. Diamagnetism is not a matter
of aligning preexisting atomic moments due to thpliad field, but rather an electronic

response to the field which creates a new atominaecular magnetic moment.

In paramagnetism the atoms or molecules of thetanbs have net orbital or
spin magnetic moments that are capable of beiggedi in the direction of the applied
field. When the magnetic field is applied, thera endency for each atomic moment to
turn toward the direction of the applied field. Btlte thermal agitation of the atoms
opposes this tendency and tends to keep the atomiments pointed at random
directions. The result is only partial alignmenttbé moment in the field direction as
shown in Fig.1.43, and therefore a small positiusceptibility. The effect of an
increase in temperature is to increase the randogniffect of thermal agitation and

therefore to decrease the susceptibility.

1.5.1.2 Ferromagnetism

There are three types of magnetic ordering inclgidiferromagnetic,
antiferromagnetic, and ferrimagnetic orderings \whare illustrated schematically in
Fig.1.44 and many magnetic structures are so conipé it is better to describe them

explicitly rather than using one of the above thrategories [89].
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Figure 1.44.Linear arrays of spins illustrating possible @ydémagnetic,

(b)antiferromagnetic, and (c) ferrimagnetic ordgs [89].

In ferromagnetic substances, within a certain teatpee range, there are net
atomic magnetic moments, which line up in such @ that magnetization persists after
the removal of the applied field. Below a certaamperature called the “Curie point”
(or “Curie temperature”, Tc), an increasing magnéeld applied to a ferromagnetic
substance will cause increasing magnetization thigher value, called saturation
magnetization. Magnetization curves of iron, cobaiftd nickel are shown in Fig.1.45
and the experimental values of the saturation ntag®n (Ms) are given for each
metal without a field value on the x-axis [90].



51

2000 |—

1500

1000 |

M (emu/cm?)

500

0 —H

Figure 1.45.Magnetization curve of iron, cobalt, and nicket@m temperature [90].

Three distinct characteristics of ferromagnetic eniats are their ; 1)

Spontaneous Magnetization, 2) Curie Temperaturely8jeresis

Spontaneous Magnetization

The spontaneous magnetization is the net magnetiz#that exists inside a
uniformly magnetized microscopic volume in the afzseof a field. The magnitude of
this magnetization, at 0 K, is dependent on tha spgnetic moments of electrons. A
related term is the saturation magnetization wiuah be measured in the laboratory.
The saturation magnetization is the maximum indutedjnetic moment that can be
obtained in a magnetic field ¢{k; beyond this field no further increase in
magnetization occurs.The difference between speotsm magnetization and the
saturation magnetization has to do with magnetmalos. Saturation magnetization is

an intrinsic property, independent of particle siz¢ dependent on temperature.
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Curie Temperature

Even though electronic exchange forces in ferroratgyare very large, thermal
energy eventually overcomes the exchange and pesdacrandomizing effect. This
occurs at a particular temperature called the Cueneperature (). Below the Curie
temperature, the ferromagnet is ordered and abyvelisordered. The saturation
magnetization goes to zero at the Curie temperafutgpical plot of magnetization vs

temperature for magnetite is shown below (Fig.1.46)
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Figure 1.46.Magnetization vs Temperature plot [91].
The Curie temperature is also an intrinsic propand is a diagnostic parameter
that can be used for mineral identification. Howewé is not foolproof because
different magnetic minerals, in principle, can h#ve same Curie temperature.

Hysteresis

In addition to the Curie temperature and saturati@agnetization, ferromagnets

can retain a memory of an applied field once itesoved. This behavior is called
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hysteresis and a plot of the variation of magn&bmawith magnetic field is called a
hysteresis loop.

A hysteresis loop shows the relationship betwden ihduced magnetic flux
densityB and the magnetizing fordd. It is often referred to as the B-H loop. An

example hysteresis loop is given (Fig.1.47).

Flux density Saturation

Retentivity

hoff

Coercivity / [

{ /
i
-H c f H

o
Magnetizing force / Magnetizing force
/

2

opposite direction

N

-B

Flux density in opposite
direction

Saturation i opposite
direction

Figure 1.4KAysteresis loop [92].

The loop is generated by measuring the magnetic Bluof a ferromagnetic
material while the magnetizing foré¢ is changed. A ferromagnetic material that has
never been previously magnetized or has been tgbhhlpalemagnetized will follow the
dashed line a#i is increased. As the line demonstrates, the grehte amount of
current appliedH+), the stronger the magnetic field in the compor{&). At point
"a" almost all of the magnetic domains are aligaed an additional increase in the

magnetizing force will produce very little increasemagnetic flux. The material has
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reached the point of magnetic saturation. Wheers reduced back down to zero, the
curve will move from point "a" to point "b." At thipoint, it can be seen that some
magnetic flux remains in the material even thodghrhagnetizing force is zero. This is
referred to as the point of retentivity on the ¢ramd indicates the remanence or level
of residual magnetism in the material (Some of tfegnetic domains remain aligned
but some have lost there alignment). As the magnetiforce is reversed, the curve
moves to point "c", where the flux has been reduoerkro. This is called the point of
coercivity on the curve (The reversed magnetiziogd has flipped enough of the
domains so that the net flux within the materiat@so). The force required to remove
the residual magnetism from the material, is catlesl coercive force or coercivity of
the material.

As the magnetizing force is increased in the nggatirection, the material will
again become magnetically saturated but in the siggodirection (point "d"). Reducing
H to zero brings the curve to point "e.” It will e level of residual magnetism equal
to that achieved in the other direction. Increasihack in the positive direction will
returnB to zero. The curve do not return to the originhaf graph because some force is
required to remove the residual magnetism. TheecwM take a different path from
point "f" back the saturation point where it witbneplete the loop [92].

Hysteresis parameters are not solely intrinsic @riigs but are dependent on
grain size, domain state, stresses, and temperd&ecause hysteresis parameters are
dependent on grain size, they are useful for mégmeain sizing of natural samples
[91].

1.5.1.3 Antiferromagnetism

In an antiferromagnet, the spins are ordered iardaiparallel arrangement with
zero net moment at temperatures below the ordenindéel temperature. Temperature
dependence of the magnetic susceptibility in amtfeagnets is shown in Fig.1.48 in
comparison with those in paramagnets and ferrontagBelow the Néel temperature of
an antiferromagnet, the spins have antiparall@nvations and the susceptibility attains
its maximum value at TN where there is a well-dedirkink in the curve of versus T.
The transition is also marked by peaks in the lkbapacity and the thermal expansion

coefficient.



55

Paramagnetism Ferromagnetism Antiferromagnetism
Susceptibility y X
| %\ |
I N
|\ |
N
| \
| |
| I
| I
U Ii & _H 0 Fl'-‘, Jl’.
B (_ o C ¢
Y LA YT B
Curie law Curie-Weiss law (T>Ty)

(T =T,

Figure 1.48. Temperature dependence of the magnetic suscéptibiparamagnets,

ferromagnets, and antiferromagnets [93].

1.5.1.4 Ferrimagnetism

In ferrimagnets, the spins are ordered in an ardifgh arrangement like
antiferromagnets, but their net moments are nai.Zeo, ferrimagnetism is the special
form of antiferromagnetism and is exhibited by tlegrites which have a spinel
structure. In these materials the magnetic momanésljacent ions are antiparallel and
of unequal strength, or the number of magnetic masi& one direction is greater than

those in the opposite direction.

1.6 Applications of MNPs

High-density magnetic data storage arrays provid@gr technological driving
force for the exploration of MNPs. MNPs have algef demonstrated to be functional
elements in magneto- optical switches, sensorsdbaseGiant Magnetoresistance, and
magnetically controllable Single Electron Transistevices or photonic crystals. Three

dimensional nanoparticle assemblies with complexctires can also be fabricated by
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the slow evaporation technigque in the presence ppiied magnetic field. These
technological applications are all in addition te thumerous known and developed
applications of aqueous suspensions of MNPs (fleirds).

Doping magnetic ions into semiconductors to produgidute Magnetic
Semiconductors (DMS) has long been used to aleeeldctronic and optical properties
of the parent materials. DMS nanopatrticles havdiegipns in the fabrication of novel
optical materials. For example both Ni: ZnS and 2&aS DMS nanoparticles display
strong photoluminescent emission of green light.

MNPs are also finding a multitude of biomedical leggiions, the most
prevalent of which is Magnetic Resonance ImagingR(Mcontrast agents. Recent work
has involved the development of bioconjugated MNR&jch facilitate specific
targeting of these MRI probes to brain tumors, anabled real-time monitoring of both
gene expression and T-cell or progenitor cell atign. Bioconjugate MNPs are also
useful as probes fdn vitro detection of biomoleculainteractions using a variety of
techniques, including the detection of DNA hybration by NMR [74].

MNPs are also used as highly active catalysts whiglve long been
demonstrated bye the use of finely divided metalseiveral reactions. Recent synthetic
advances have resulted in the preparation of cdtalyased on smaller particles or
matrix supported nanoparticle catalysts. Appliaagicof MNPs are summarized in
Fig.1.49.
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Figure 1.49Schematic illustration acdfome applications of MNPs.

1.7 Purpose of the Thesis

The purpose of this study is to synthesize andadherize MO, (M= Fe, Co,

and Mn) type of magnetic spinel nanoparticles byous methods using surfactant and
without surfactant. By using these methods, theatenals will be synthesized for the

first time in this study.



CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation

2.1.1 X-ray Powder Diffraction (XRD)

X-ray powder diffraction analysis (XRD), was usexnt the characterization of
the crystalline product. Philips diffractometetiwPW 3020 goniometer (Cu,K

2.1.2 Electron Microscopy
2.1.2.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) analysis wasfgoered, in order to
investigate the microstructure of the sample, udhity XL40 Sirion FEG Digital
Scanning Microscope. Samples were coated with giold mA for 2 min prior to SEM

analysis.

2.1.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM), analysissvperformed using a FEI
Tecnai G2 Sphera Microscope. A drop of diluted denp ethanol was deposited on a
TEM grid and alcohol was evaporated. Particle sligribution was obtained from

several micrographs, counting a minimum of 150iplad.

60
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2.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

For FTIR measurements, Mattson Satellite Infr&@pdctrometer FTIR was used
in the region 400-4000 cm-1. Spectra of solid sasmplere obtained from KBr pellets

using KBr / sample weight ratio of 100/3 mg.

2.1.4 Vibrating Sample Magnetometer (VSM)

Magnetic measurements were carried out wghQuantum Design Model 6000
Vibrating Sample Magnetometer (VSM) option for fPlysical Property Measurement
System (PPMS) and parameters like specific saturatiagnetization (Ms), coercive
force (Hc) and remanence Mr) were deduced. In daletiminate the interaction of the
particles in the samples, the powder was disperspdraffin for measurement.

2.1.5 Zeta Potential

Zeta potential measurements were performed usidgtasizer Nano (Malvern
Instruments) in folded capillary zeta potentiallg&eand pH titrations were performed
using 0.25 M NaOH and 0.25 M HCI solutions in theoatitrator unit.

2.2 Procedure
2.2.1Fe30,4 Nanoparticles

All chemicals were obtained from Sigma-Aldrich,aamlytical grade and used

without any further purification.

2.2.1.1 Cost- effective gel-to-crystalline Metho(Tev13)

A 0.2 M aqueous solution of ferrous chloride (Fe@,O) was prepared in
deionized water. A 2M aqueous solution of JHH is added dropwise to precipitate
metals as hydroxide gel. The hydrated iron gdiasdughly washed and transferred to a
flask fitted with a water condenser. It is to beteubthat the presence of anion
contaminants, such as CNOs, might impede the reaction by forming soluble salt

with F€*. The gel was stirred under reflux for 4h at 100Wi@ler N flow to ensure
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inert atmosphere (Fig.2.1). The continuous influxtlee solvent during the reflux
process breaks the gel network into more enerdigti@avorable small crystalline iron-
oxide regions [94]. The solid product after refluxiwas filtered and oven-dried.

Figure 2.1.Scheme of synthesizing #&, nanoparticles by reflux method.

2.2.1.2 Co-precipitation (Tev 9) and Hydrothermal Synthesis(Tev19)

In a typical procedure for preparation of;Bg nanoparticles, ferric chloride
hexahydrate (FegbH,O) and FeCGl4H,O are used as iron sources, and4,8H (5
mL) is used as the precipitator. Distilled wateuged as the solvent. The solution of
FeCk and FeCl was mixed with certain molar ratio. The correspoggphase NEOH
was slowly injected into the mixture of FgG@Gind FeCl under vigorous stirring under
N, gas. The mixture was heated to @D for 1/2 hour. After black precipitation, the
supernatant was removed by applying a permanenhehaghen F¢D, particles were
repeatedly washed with ethanol and dried undeyds (Tev9).

For experiment Tevl9, 1 g of cationic surfactantyleemethylammonium
bromide (CTAB) was dissolved in 35 mL deionized evafThe 1 g of ferric chloride
hexahydrate (Fe@bH,O) was added to solution. After 15 min stirringgishiometric
amount of ferrous chloride tetrahydrate (Fe@H#,0) was introduced into the mix
solution while vigorous stirring. Deionized wateasvadded to make the solution for a
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total volume of 40 mL , and the pH of the solutiwsas adjusted to 11.0. Before being
transferred to a Teflon-lined autoclave of 50 mlpagity, the solution mixture was
pretreated under an ultrasonic water bath for 48. rilydrothermal synthesis was
carried out at 1360C for 12h in an electric oven. Afterwards, the ald#we was allowed
to cool to room temperature gradually. The bladgcypitate was collected and washed

with water several times. Then product was dried.

2.2.1.3. Oxidation-Reduction MethodTevl4a & Tev25)

Iron sulfate heptahydrate, sodium nitrate and Na@éte dissolved in de-
ionized HO to prepare Fé NaNQ; and NaOH solutions that were 0.8 (2.224 g/10mL),
0.8 (0.68 g/ 10mL) and 3.2 mol/L respectively. Tleepredetermined volume of NaOH
that was pre-treated with ;N0 remove oxygen under 10 min heating. When the
temperature of the sodium hydroxide went up°@0 a stoichiometric volume of iron
sulphate solution was added dropwise at 10 mL/ai@ into the three-neck flask while
stirring. After exhausting the volume of sodium faté solution in 5 min, a pre
determined sodium nitrate solution was dropped iiéoflask and the reaction was kept
over night and then it was decant and dried (Tek1Har experiment Tev25, the same
procedure was used except that hydrolyzing agest ehanged from NaOH to NH

(saturated agueous ammonia solution).

2.2.1.4 PEG-asisted RoutéTe2 & Te3)

In a typical experiment, 2.79 g of Fg®H,O and 1 g of FeGKUH,O were
added dropwise into a 50 mL Teflon-lined stainlassoclave, then 30 mL PEG-400,
heated and melted, was injected to the autoclaslgwied by a certain amount of
NaOH. After continuous stirring, a homogeneous tsaiu could be obtained. The
autoclave was kept at certain temperatures for,1thdn cooled to room temperature
naturally. The products were filtered and washectise times with distilled water and
absolute ethanol, and finally dried in a vacuumrosae 25°C for 12 h. For Te2, pH is
11.4. On the other hand, for Te3, The conditiores approximately same, except NH
gas was used instead of NaOH (pH = 10.4).
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2.2.2 Ca04 Nanoparticles
2.2.2.1. Reflux methodTev37)

A 4.74 g of CoCGl.4H,0 is dissolved in deinozed,8 to form 0.2M solution. A
2M NaOH is added to that dropwise to precipitateatseas a blue hydroxide gel. The
hydrated cobalt gel is throughly washed free obasiand transferred to a flask fitted
with a water condenser. The gel was continuoslyresti for 2h maintaining the
temperature at 106C. The color changed from blue to pink. Then pirdd was
continuosly stirred for 1h. Experiments were perfed under B gas until the
formation of a crystalline solid product. Then IKacrystalline powder formed was

filtered and oven-dried.

2.2.2.2. Oxidation-Reduction Method Tev11b)

Cobalt sulfate heptahydrate, sodium nitrate and Mla@re dissolved in de-
ionized HO to prepare C8, NaNQ; and NaOH solutions that were 0.8, 0.8 and 3.2
mol/L respectively. Then a predetermined volumeNdOH that was pre-treated with
N, to remove oxygen under 10 min heating. When tmepé&zature of the sodium
hydroxide went up to approximately 90, a stoichiometric volume of cobalt sulphate
solution was added dropwise at 10 mL/min rate theothree-neck flask while stirring.
After exhausting the volume of sodium sulfate solutin 5 min, a pre determined

sodium nitrate solution was dropped into the flask the reaction was kept overnight.

2.2.2.3 Simple Route Using Egg Whitelr€19)

Co(ac).4H,0 and Co(acag¥H,O and freshly extracted egg white (ovalbumin)
were used as the starting materials. 40 mL of eggewvas first mixed with 40 mL
deionized water with vigorous stirring at 300 K iura homogeneous solution was
obtained. Subsequently, 0.5 g of Cotahi,O and 0.72 g of Co(acaddH,O (a mole
ratio corresponding to the nominal composition of ‘'C Co** ratio of 1:2) were added
slowly to the egg white solution with vigorous sgtig at 300 K for 2 h to obtain a well-

dissolved solution. Throughout the whole processcidleed above, no pH adjustment
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was made. Then, the mixed solution was evaporageaehting in a high temperature
oven at 353 K for 3h until a dried precursor wasaoied. The dried precursor was
crushed into powder using a mortar and pestle.

2.2.3 Mn304 Nanoparticles

2.2.3.1Thermal Decomposition Method(Tev 29)

In a typical procedure for the preparation of #pnnanoparticles, in a 20 mL
portion of 2-pyrrolidone containing 2 mmol (0.50682 Mn(acac) was heated with
vigorous stirring at 250C. After being refluxed for 12 h, the reaction systwas
cooled to room temperature. Addition of methantd iB-pyrrolidone solution resulted
in a dark-brown precipitate which was washed withtane for several times and then

dried. The final brown powder was proven to be Bigun water and 2-pyrrolidone.

2.2.3.20xidation-Reduction Method (Tevl2a & Tev2l)

The concentration of MnQGH,O, NaNGQ and NaOH solutions were 0.8, 0.8
and 3.2 mol/L. A predetermined volume of NaOH wked into three-neck flask and
was heated for 10 min. When the temperature of Na®athed to 100C, a
stoichiometric volume of MNnS£bH,O solution was added dropwise at 10mL/min into
the three-neck flask under continuous stirring (E®). After exhausting the sodium
sulfate solution in 6 min, a predetermined sodiutrate solution (as an oxidant) was
added at a rate of 10 ml/min into the flask and réection was kept overnight under
stirring (Tevl2a). For experiment Tev2l, the samec@dure was used except that
hydrolyzing agent was changed from NaOH to sNaturated aqueous ammonia
solution). Thus formed two dark brown crystallimegucts were washed with distilled
water and acetone respectively, filtered and theamalried overnight at 11%T.



64

Figure 2.2.Scheme of synthesizing M, nanoparticles by oxidation-reduction

method.

2.2.3.3 PEG- assisted Rout€Teb)

In a typical experiment, 1 g of Mn(acaw)as added dropwise into three neckled
bottom flask , then 16.7 mL PEG-400, heated andedgwas injected to the flask
under NH gas (pH=11). After continuous stirring , a homogms solution could be
obtained. Then it was put in the autoclave and kegs at certain temperatures for 12 h,
then cooled to room temperature naturally. The pectxd were filtered and washed
several times with distilled water and absolutearth, and finally dried in a vacuum
oven at 25C for 12 h.



CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 FgO4 analysis

3.1.1 Fe;0,4 nanoparticles by cost-effective gel-to-crystallinenethod (Tev13)*

Alkalization reaction of ferrous ions has been egieely studied by Refait and
Olowe [95, 96] and they proposed the following teaxs for the mechanism of

formation of FgO,.

FE"+ 20H — Fe (OH) [1]
3Fe (OH) + 1/2Q, — Fe(OH) + 2FeOOH + KO [2]
Fe(OH) + 2FeOOH— F&04 + 2H,0 [3]

Thus, in the synthesis with ferrous ions alonenasur case, H©, is formed as
a result of the dehydration reaction of ferrous royxdle and ferric oxyhydroxide
(reaction 3) in which the latter compound is praetliby the partial oxidation of ferrous
hydroxide by Q dissolved in air (reaction 2). This is the meckanicontrolling the

transformation of iron hydroxide phases to thelfpfase of magnetite.

' T. Ozkaya, M.S. Toprak, A. Baykal, H. Kavas, Y. K&8u, B. Aktas, "Synthesis of FeO,
nanoparticles at 100C and Its Magnetic Characterization", doi:10.1016/j.jallcom.2008.04.101.

68
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3.1.1.1. XRD Analysis

Phase investigation of the crystallized product wagormed by XRD and the
pattern is shown in Figure 3.1. The XRD patterridatés that the product is iron oxide,
Fe;04, and the diffraction peaks are broadened owingnall crystallite size. All the
observed diffraction peaks could be indexed byctitdc structure of R©, (JCPDS no
19-629) indicating a high phase purity of iron axifhe lattice parameter “a” for the
synthesized iron oxide nanoparticles was refinadguREOR 90 program [100] and
“a” was obtained as 8.388.002 A. This value is between the lattice paranseté
magnetite, F#, (8.393 A, JCPDS file no: 19-629), and maghenyiteg,0; (8.3515 A,
JCPDS file no: 39-1346), both of which have spstalicture. Maghemite has basically

the same crystal as magnetite, however it can ladsoonsidered as an #eleficient

magnetite with formula (FE)a[Fel;o,]s0s2, Where o represents a vacancy, A
3 3

indicates tetrahedral positioning and B octahedithe obtained phase has an
intermediate lattice parameter which could be defias non-stoichiometric magnetite,
showing that a partial oxidation probably occurs d@in. Indeed, F& cations in
nanoparticles are not thermodynamically stablaiinBecause of the high reactivity of
nanoparticles, they are easily oxidized intd*Fe air. The cell parameter decreases
linearly as the deviationp, from stoichiometry (in Fg0O,) increases [97-100].
Calculations of 6 purely based on the lattice parameter for our gaddeds as 0.15
(Fexs04). Although the crystalline phase has lattice pat@mvery close to magnetite,
this deviation in stoichiometry may be attributecatsurface oxidation of approximately
30% of F&* ions. On the basis of the Scherrer equation [104ihg the width of most
intense diffraction line, the average crystalliteesfor FeO, was found as ~11 nm,
however it is found as unreliable at estimatingipkar size, because the assumption of
an underlying crystal structure (translational syeiny) is often invalid. [102].
Therefore, in order to test the reliability of esdited crystallite size from Scherrer
equation, we use the difraction profile fitting éstimate the size using Equation 1 in
Wejrzanowski et.al. [103,104]. The line profile,o8in in Figure 3.1, is fitted for 5
peaks (220, 311, 400, 511 and 440) and the averggtllite sizeD * ¢, is obtained as
11+ 6 nm.
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Figure 3.1 X-ray powder diffraction pattern and theoreticedfpe fit of as-synthesized

FO, nanoparticles.

3.1.1.2. FTIR Analysis

FTIR spectra of commercial #@, powder and as synthesized ;B¢
nanoparticles are shown in Fig.3.2. As prepareddeovpresents characteristic peaks
that are exhibited by the commercial magnetite pawohetal-oxygen band, observed at
v1 (590 cm' ) corresponds to intrinsic stretching vibratioristtee metal at tetrahedral
site Feers—0), Whereas metal-oxygen band observes, 45 cm®, is assigned to
octahedral-metal stretchingé,«+>0) [105-107]. Characteristic peaks for maghemite
are not observed probably due to the overlap wittevabsorption peaks of dominant

magnetite phase.
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Figure 3.2. FTIR spectrum of iron oxide nanoparticles and c@noal magnetite

powder.

3.1.1.3. TEM Analysis
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Figure 3.3. TEM micrograph(a), calculated histogranfb), and Electron diffraction

pattern,(c) for as-synthesized iron oxide nanopatrticles.

TEM micrograph of as-synthesized iron oxide nantgas is shown in
Fig.3.3(a) and their particle size distribution skown in Fig.3.3(b). Particles have
approximately spherical shapes and their size (gliars) changes in the range of 7-21
nm. In order to analyze the size distribution qitatively, the particle size distribution

was fitted using a log-normal function [108].

-__A 1 e B
P(D) = DaDmexp{ 207 In (Do)j (2)

where g, is the standard deviation of the diameter agdsDthe mean diameter. A

mean diameteD, , of 11.4+0.22 nm was obtained using Eq. (1), shgwa good
agreement with the crystallite size obtained froRD{peak broadening. Selected area
electron diffraction (SAED) pattern of nanopartgkexhibits spots and rings indicating
that nanoparticles are well crystallized (Fig. 8)8( Observed diffraction rings are
indexed for the magnetite system using the caledlktttice parameter, “a”.
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3.1.1.4. Magnetization

Magnetization measurements of iron oxide nanopestiwere performed using
VSM technique and results at 10K and 300 K are showFig.3.4. The saturation
magnetization Nls calculatedfrom a plot of M vs 1/H M at 1/H> 0)) value of the
sample is measured as 390 emd/@nroom temperature and 440 emuf@n 10 K,
respectively. These values are comparatively |lawan that of bulk magnetite with an
Ms of 480-500 emu/ct[109, 110-112]. The magnetization of ;88 nanoparticles
increases with external magnetic field strengthwdacer, it did not reach the saturation
state yet under a high magnetic field of 5 kOeplaserved in earlier works [113-116].
The reduction of th&ls in FeO,4 with a particle size of 11 nm can be attributedIpdo
the presence of non-magnetic (dead) surface lgyerhaps due to compositional
variations, super-paramagnetic relaxation and spinting because of antiferromagnetic
interactions among the Fe spins in the nanostredtumaterial [116,117]. As the
temperature is decreased down to 10 K, the magtietiz of the sample increases,
exhibiting a symmetric hysteresis loop, and the @anexperiences a phase transition
from superparamagnetic to ferromagnetic-like statbe hysteresis curve has an
immeasurable coercivity at room temperature whikxhibits a coercivity of 274 Oe at
10 K.

Below the transition temperature, the sample shHewsnagnetic behavior with
an increase in remnant magnetizatidfy)(and coercivity ;). An external field is
required to bring the total sample moment to zeroesthe thermal energy of the system
(kgT) is less than the energy barrier and there is theranechanism other than the
external field to rotate the particle/domain orains to randomize the system. In the
paramagnetic phasegkis greater than the energy barrier, and thusritakenergy can
“randomize” the system and bring the average mioine zero. It is naturally expected
thatH. andM; are greater than zero for ferrimagnetic and zercsfiperparamagnetic
systems [118]M, also changes with the temperature: the area uviddrcurve, which
is the work done by the magnetic field, also chande the superparamagnetic case,
given the fact thakgT is greater than the energy barrier, only thermalgy is required
to reorient the domains/particles and thus diminigimysteresis is observed as expected

in the superparamagnetic behavior. At room tempegatthe absence of hysteresis,
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immesurableM; and H., and the no saturation at a high field of 5 kOeidate the

presence of superparamagnetic behavior at tenypesai= 300 K.
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Figure 3.4.Magnetization versus magnetic field curves for ioxide nanoparticles at
(a) 300 K and (b) 10 K. The inset shows experimgstalid rectangle) and
calculated (solid line) data representing the be&ir the Langevin function

(Egn.1) for iron oxide nanopatrticles at 300 K.

The magnetic domain size can be calculated froreethmeagnetization curves

using the following formula [119]:

[ 18k:T .
D[TM—] @

d
where, x, is the initial magnetic susceptibility; = (d_HJ and p is the density

H-0
of FeO, (5.18 g/cnl). The initial slope near the origin was determirfesm the

hysteresis plots by curve-fitting the linear pantigi~0) of the magnetization data. The
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saturation magnetizatiovs is 390 emu/crhat 300 K, shown in Fig. 3.4. Using thi&

value, a magnetic domain sibg, of 9.7 nm is obtained at 300 K for the sample.

For superparamagnetic particles, the true magnetienent at a particular

temperature can be calculated using the Langewictitan [120]:

M = Ms[coth(fH—T) —‘;fH—Tj

)

where (u=M 7D®/6) is the true (total) magnetic moment of each plartks is the

Boltzmann constant,T is the absolute temperature amds is the saturation
magnetization. The simulated data obtained by utiegLangevin function in Eq. (2)

are also given in inset in Fig. 3.4. There is armpeafect fit between experimental and

theoretical values. The mean-magnetic moment peicleais found to be 193005

from this simulation.

The M of bulk FeO, is reported to be 500 emu/Erat room temperature
[112,113], however, our sample showsMgnof ~70 % of its theoretical bulk value.
Moreover, the domain size of the sample determinaa the magnetization curve by
using Eqg. 2 is 12% smaller than the physical sigeerhined from XRD and TEM
techniques. Two possibilities could explain thesfeiences: First possibility is related
to the stoichiometry, that is, chemical compositdbmanoparticles varies from &, to

v-Fe0;. Maghemite §-Fe,03) has a magnetic moment of Z/3 per unit molecule

while that of magnetite is 4 per unit molecule [111]. Therefore transformatain

magnetite to maghemite might cause the decreasehén average saturation
magnetization. The second possibility is the fingize effects on the magnetic
properties of nanoparticles of magnetite and otéeites [110, 121-124]. In this case,
the decrease of §value in nanoparticles can be attributed to th&ezhspins in the

surface layers due to a decrease in the exchangdirog which is caused by the lack of
oxygen mediating super exchange mechanism betweanmest iron ions at the surface.
Thus magnetically dead surface layers can app@4ar125]. Since 30% of the magnetic
ions lie within the outer shell of thickness abfur atomic layers (around 6.5 A), this
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dead layer can account for the decrease of saioratagnetization down to 70% of that
of the bulk samples. This means that as the peasticecome smaller (or magnetically
disordered) the dead layer shell could entirely dhate over the magnetic property of
the single domain nano-patrticles.
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Figure 3.5M-T curves for as-synthesized iron oxide nanopkesirecorded in the
presence of 200 Oe field.

The temperature dependence of magnetization (Fi§) 8f nanoparticles
exhibits a cusp that corresponds to the blockimgperature,Tg around 134 K. There
are variousTg values reported for magnetite nanoparticles pexpdry different
techniques. Shufeng et. al. [126] reported momedse magnetite nanoparticles with
an average diameter of 12.7 nm, synthesized viadhetion between Fe powder and
FeCk.6H,0O, exhibited alg of 95 K. Magnetite nanoparticles with an averaganeter
of 13 nm, synthesized via a facile room temperatwprecipitation route in the
presence of poly(vinyl pyrrolidone) (PVP), has meeported to have & of 140 K
[127]. Yanglong Hou et al. [128] reportels of 180 K and 225 K for magnetite
nanoparticles, synthesized by solvothermal redoctidgth average diameters of 8 and
11 nm respectively. The difference T is attributed to the size difference and the
existence of a broadened distribution of energyiéa: Furthermore, Kim et. al. [129]
reportedTg of 150 K for 6 nm F¢O, particles, synthesized by solution chemical

method. They studied the effect of surface coadimghe blocking temperature. Without
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coating, due to the increase in the surface areeliame ratio, the attractive force
between nanopatrticles will increase, and agglonueraif the nanoparticles will take
place. These agglomerated nanoparticles act assteclresulting in an increase of the
blocking temperature. Measur&gd of 134 K for iron oxide nanoparticles synthesized
this work is in agreement with literature values ftomparable sized magnetic

nanoparticles [129].

As it is well known, above g, superparamagnetic (giant) moment of particles
becomes thermally unstable and magnetizations expialy decrease aBly.H/ksT
become smaller than 1. The superparamagnetic learieflect uniquely to the strong
field side of the gradient magnet, but this effdetreases as a function of increasing
temperature. Above the blocking temperafligethe thermal fluctuation energh(l) is
larger than the uniaxial anisotropy energyV), because the critical volume for
nanoparticles behaving as a single domain is latger the studied magnetic particles
[130]. At high temperature regime, assuming an ldgiim state, the magnetic
susceptibility follows a Curie-Weiss law [131] with ferromagnetic transition
temperaturel.. H. and M, have shown superparamagnetic behaviors by incigdlsa
temperature above the blocking temperature. Belmvbiocking temperaturdg, the
uniaxial anisotropy energ¥y) is larger than the thermal fluctuation energyT) and
the magnetic moments of the particles are magnigtitazen along their anisotropy
axes. Consequently, the magnetization of the natioles has a hysteretic feature. The
decrease in magnetization below ghould be attributed to this spin frustration pins
glass like phase. A spin glass like ordering of n&ig moments may be thought of for
the random distribution of magnetic dipoles. Tlsisonsistent with spin-canting due to
the decrease in effective super exchange interactamong magnetic spins at the
surface regions, which reflects itself as 30% deseeof average magnetization of single

particle domain as mentioned above.

The inset in Fig. 3.5 shows the temperature depaaleof inverse
magnetization. The inverse magnetization variesoatninearly in the temperature
range of 200-300 K indicating super-paramagneticineaof iron oxide nanoparticles.
The straight line extrapolation to 0 K yields fmiintercept on the positive 1/M axis.
However, for an assembly of non-interacting singlemain particles in the

superparamagnetic regime the susceptibility is liswexpressed by the simplified
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Langevin functiony = u?ave/3keT, where Wy is the mean particle moment; akigds the
Boltzmann’s constant. These results indicate th&t@xce of interparticle interactions in

the thermomagnetic characteristics of@g£spinels at lower field strengths.

3.1.2 FgO,4 nanoparticles by hydrothermal synthesigTevd & Tev19)

3.1.2.1 XRD analysis
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Figure 3.6 XRD patterns of F£, nanoparticles with and without CTAB.

Iron oxide was identified from the XRD pattern a§ shown in Figure 3.6 and
3.7 with peak positions at 30.00 (2 2 0), 35.5 (B,143.1(400),53.4(422),57 (51
1), and 63 (4 4 0). These characteristic peaksespand very well to standard card of
magnetite (JCPDS card no 19-629). The patterns ethalwat the samples are pure
Fe;04 without impurity phases. However, the reflectioeaks become sharper and
narrower along with the increasing hydrothermal gemature, indicating the

improvement of crystallinity. The particle size wetalculated using Debye-Scherrer



76

formula from the reflection of (3 1 1). The avergumticle sizes of Tev9 and Tevl9

were 10.71 and 11.95 nm respectively.

3.1.2.2 FTIR analysis

The singlets at 962 cihfor pure CTAB and 1004 cthfor bond CTAB belong
to C-N' stretching bands, and the frequency shift is betieto be caused also bay
interactions between N-containing group and theamsurface. The change of ¢H
rocking mode from a doublet at 730 and 719'dor pure CTAB to a singlet at 717 ¢m
1 in the product also denotes a confinement effécC®AB in capping structure

(Fig.3.7). All these experimental observationsniloate that CTAB molecules cap

Fe;04 via their headgroups.
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Figure 3.7.FTIR spectra of F#, nanoparticles with (Tev19) and without CTAB
(Tev9).
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3.1.2.3 SEM & TEM analysis

TEM and SEM micrographs of the two products areegivn Fig.8-Fig.11.
According to TEM, the product which was obtainedheut CTAB (Tev9) has a
hexagonal shape and with CTAB (Tev19) somehow raghshape is true.
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Figure 3.8.SEM micrographs iron oxide nanoparticles withoutABT(Tev9).
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Figure 3.9.SEM micrographs iron oxide nanoparticles with CTARV19).
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Figure 3.10.TEM micrographs of iron oxide nanoparticles withQitAB (Tev9).
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Figure 3.11.TEM micrograph iron oxide nanoparticles with CTAB2{19).
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3.1.3 FgO,4 nanoparticles by oxidation-reduction method (Tev1d & Tev25)

3.1.3.1 XRD analysis

Phase investigation of the crystallized products parformed by XRD and the

patterns are shown in Fig. 3.12. The XRD pattentlicate that the products are iron

oxide, FgO4. All the observed diffraction peaks could be inglgby the cubic structure

of F&O,4 (JCPDS no 19-629) indicating a high phase puffityom oxide.The crystallite

size of the samples were calculated with the Seherrequation, and the average

diameters of nanoparticles by NaOH andsNire 37.96 and 33.13 nm respectively.
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Figure 3.12X-ray powder diffraction patterns of ¥& nanopatrticles.

For Tev25, we used NJ@H instead of NaOH. Ammonia is not a strong base,

where as sodium hydroxide is a strong base. Thease in the pH will increase the

crystallinity of the product [132].
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3.1.3.2 FTIR analysis

The FTIR spectra of as synthesizeg®genanocrystals are shown in Fig.3.13
(Tevlda & Tev25). As prepared powder presents chenatic peaks that are exhibited
by the commercial magnetite powder: metal-oxygendba;, observed at 590 c¢in
corresponds to intrinsic stretching vibrationstof tnetal at tetrahedral sitege«—0),
whereas metal-oxygen band observed at 44%, em is assigned to octahedral-metal
stretching Feycta—0) [105,133,134].
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Figure 3.13.FTIR spectra of F£, nanoparticles.
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3.1.4 FgO,4 nanoparticles by PEG-asisted route (Te2 & Te3)
3.1.4.1 XRD analysis

Phase investigation of the crystallized product wagormed by XRD and the
pattern is shown in Fig. 3.14. The XRD pattern ¢atles that the product is iron oxide,
Fe;04, and the diffraction peaks are broadened owingnall crystallite size. All the
observed diffraction peaks could be indexed byctitdc structure of R©, (JCPDS no
19-629) indicating a high phase purity of iron axi@ihe crystallite size of the samples
were calculated with the Scherrer’s equation, aedatverage diameters of nanopatrticles
by NaOH and NHare 8.71 and 10.68 nm respectively.
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Figure 3.14.X-ray powder diffraction patterns of PEGsBa nanopatrticles.
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3.1.4.2 FTIR analysis

FTIR spectra of commercial §®@, powder and as synthesized ;Bg
nanocrystals are shown in Fig.3.15. As prepareddeowwresents characteristic peaks
that are exhibited by the commercial magnetite pawahetal-oxygen band, observed at
vi (590 cm' ) corresponds to intrinsic stretching vibratioristtee metal at tetrahedral
site Faenz—0), Whereas metal-oxygen band observes, 845 cni) is assigned to
octahedral-metal stretchingé,..«0) [105,133,134]The presence of C-O (~1106 tm
1, -CH, (~2900 crit) and —CH (~2800 cil) peaks were strong evidence that PEG was
chemically bonded to the surface of nanopatrticles.
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Figure 3.15. FTIR spectra of PEG-E@®, nanopatrticles.
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3.2. Cg04 analysis

3.2.1. C@04 nanoparticles reflux and oxidation-reduction metha (Tev37 &
Tevllb)

Alkalization reaction of cobalt ions has been egiesly studied by Refait and
Olowe [95,96] and they proposed the following reatt for the mechanism of
formation of C@gQO,.

Co®"+ 2NaOH — Co(OH) + NaSO, [1]
3Co(OH) + NO; — Co(OH), + 2CoOOH + HO + NG, [2]
Co(OH), + 2C00O0H— C0;04 + 2H,0 [3]

Thus, in the synthesis with ferrous ions alonanasur case, Cf, is formed as
a result of the dehydration reaction of cobalt byite and cobalt oxyhydroxide
(reaction 3) in which the latter compound is prasthby the partial oxidation of cobalt
hydroxide by Q dissolved in air (reaction 2). This is the meckanicontrolling the

transformation of cobalt hydroxide phases to thalfphase of G®..

3.2.1.1. XRD Analysis

XRD analysis performed on the nanoparticles obthibg two different methods
revealed that the only phase observed waggspinel oxide nanoparticles with ICDD

card no of 42-1467. No secondary phases or impantiere observed.

We use the diffraction profile fitting to estimatihe size using eqn.l in
Wejrzanowski et.al. [103,104]. The line profileosm in Fig.3.16, is fitted for 9 peaks
(111, 220, 311, 400, 422, 511, 440, 620 and 538)tlam average crystallite side,and
o, Is estimated as 28+7 nm and 30+£6 nm, respectively
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Figure 3.16.XRD patterns of Cg¢D,nanoparticles with the line profiles fitting.

3.2.1.2. FTIR Analysis

The FTIR spectra of Tevllb and Tev37 are repredeim Fig.3.17. The IR
bands at 1384 ciican be assigned taq vibration of carbondioxide molecule [134]. The
IR spectrum displays two distinct and sharp barids €678 cni') andv; (662 cm),
which originate from the stretching vibrations betmetal-oxygen bond and confirm
the formation of C¢D, spinel oxide also. [135-137]. The band is characteristic of
Co®* vibration in the octahedral hole, ang bans is attributable &b vibration in
tetrahedral hole in the spinel lattice [138]. le tlange of 4000-1000 ¢hvibrations of
COs*, NO; and moisture were observed. The intensive broatlaaB450 cii and the
less intensive band at 1620 ¢iending are due to O—H stretching vibration irténg
through H bonds. Traces of adsorbed or atmospl@tic are evidenced by the very
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small absorption peak around 2340 tnThe v (C=0) stretching vibration of the
carboxylate group (C£) is observed around 1380 ¢m
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Figure 3.17.FTIR spectra of Cs,nanoparticles prepared by reflux method (Tev37)

and oxidation- reduction mett{dev1lb).
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3.2.1.3. SEM & TEM analysis

TEM and SEM micrographs of the two products areegivin Fig.18-Fig.21.
According to TEM, in Fig. 3.20 has a hexagonal ghajih reflux method (Tev11b).
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Figure 3.18.SEM micrographs of G®,nanopatrticles prepared by reflux method

(Tevllb).
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Figure 3.19.SEM micrographs of G®,nanopatrticles prepared by oxidation-reduction

method (Tev37).
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Figure 3.20.TEM micrographs of G, nanoparticles prepared by reflux method

(Tevllb).

100 rrm

Figure 3.21.TEM micrographs of Cf, nanoparticles prepared by oxidation-

reduction method (Tev37).
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3.2.1.4. Magnetization

Magnetic measurements performed onzg@onanoparticles prepared by (a)
reflux method (Tevllb), (b) oxidation-reduction hd (Tev37) are presented in Fig.
3.22 and 3.23. As it is seen from Fig.3.22, tharrdemperature M-H curves are linear
with the field and has no coercivity and remenarilee samples can’'t reach the
saturation even in the presence of 5 kOe magnietd: Comparatively large coercivity

and shifted hysteresis loops at 10 K are obserftedfeeld cooling (see Fig.3.23).

The loops are broadened and shifted in oppositeeéacooling field direction;
with coercive fields of 295 and 102 Oe, respecyivelhe loops are open up to 8 kOe
and the magnetization is almost linear with th&dfi&or a system with an open loop up
to high field indicates the existence of high aoé anisotropy and a spin-glass-like

surface layer.
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Figure 3.22.Room temperature M-H Curves of sample Tev11 (27amd) Tev37
(29.730 nm).
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When a sample is cooled through the antiferromagiaf) Neel temperature

in the presence of an applied field, the ferromdgnéFM) layer displays a
unidirectional anisotropy resulting in a shift bethysteresis loop from zero on the field
axis by an amout of exchange fields. Hhis exchange field could be attributed to the
exchange coupling of the frozen moments associaittduncompansated surface spins
and the AF core [140]. The loops are open up to KO8 and the magnetization
increases almost linearly with applied field atHag fields up to 10 kOe. Also the
magnetization of both samples can not reach theaain even in the presence of 10

kOe magnetic field.
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Figure 3.23.M-H Curve of sample Tev11 (27 nm) and Tev37 (281) at 10 K. The

inset shows an expansiothefcentral portions.

Fig.3.24 shows central portions of th€ loops at 10 K. The loops are

broadened and shifted toward negative applied,figlidch exhibits the typical feature
of an exchange bias system with an exchange lelsHi_, = (H o+ HES)/Z around -

1223 Oe for Tev37 and -49 Oe for Tevll, respelgtivEhe exchange bias is an
interfacial effect by the exchange coupling betwA&W and FM layers which induces
a unidirectional anisotropy of the FM layer. Bolie toop shift and exchange bias field
are measures of the unidirectional exchange aonpptrThe observation of the loop

shift, enhanced coercivity, as well as the exchdrgs field indicates the existence of
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the AFM core and FM surface spin in ourzOg nanoparticles, which can be attributed
to the uncompansated surface spin due to the reduat the coordination number at

the surface of the AFM GO, nanoparticles.

As for the opening of the loop, a spin-glass-lgteface system with multiple
spin configurations is believed to be its origid]). According to Salaba et al. [141],
the surface spins can be separated into two p&@te part is the frozen-in
uncompensated spins which do not reverse duringdltecycling. The other part is the
free spins which can be aligned by an applied fidldus, in one cycle of loop
measurement, part of the magnetization (the frozespins) is lost, leading to the
opening of the loop. The existence of the spingylde surface phase can be further

confirmed by the training effect of the exchangasHield.
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Figure 3.24.Central portions of FC hysteresis loops at lowdf&howing an obvious

loop shift.
It is known that CgD, has normal spinel structure with antiferromagnetic
exchange between ions occupying tetrahedral A asibelsoctahedral B sites. From the
neutron diffraction experiments it is found that tBd" ions have no moment on B sites

and CG" ions on A sites have permanent moment of 3.25148]|

Temperature dependence of the magnetization gbleanm 200 Oe field-cooled

(FC) cases are shown in Fig. 3.25 and 3.26. As seeeach FC curve, the
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magnetization of the sample is slightly increasethle decrease of temperature down to
40 K and strongly increased at lower temperatufes.higher temperature region>T
40 K, the plots of 1/M vs. T are linear indicatitigat the magnetizations of Tevll and
Tev37 obey the Curie—Weiss law with a negattvealue about 17 K and 110 K,
respectively, while the Néel temperature o§Q.obulk crystal was known asyFE 33 K
[143]. This change of transition temperature mayaberibed to smaller particle size
indicating a finite size effect of phase transitafipresent system. Simply applying the
relation between anisotropy energy and thermaltdlateon KV = kgT to this case,
particle size near the transition temperatugey 40 K could be estimated as about 3.52

nm, assuming &105 J/ni though exact anisotropy constant is unknown [144].
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Figure 3.25.M-T curves of sample Tev11lb with 200 Oe appliettf
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Figure 3.26. M-T curves of sample Tev37 with 200 Oe appliedidfi

From the M-H and M-T curves, paramagnetic behavatmove 40 K,
superparamagnetic behavior near the transition eeatyre, Tt, and the ferromagnetic
behavior with slight hysteresis below Tt were oledr Thus These behaviors should
be due to the uncompensated surface spins on themety small particle systems.
From the inverse susceptibility, extremely largeaive magnetic moment per ion of
8.12 uB than expected as 4.14 uB was estimated fHsult could be due to the
exchange mechanism of €oion in complex octahedral symmetry of {q

nanoparticles.

3.2.2 C@04 Simple Route Using Egg WhitgTel9)

3.2.2.1 XRD analysis

A new simplified route to prepare nanocrystalline;@, powder is proposed. Egg
white proteins are well known for thier gellingafaing and emulsifying characteristics,

in addition to their high nutrition quality [145-I}4 Due to its solubility in water and its
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ability to associate with metal ions in solutioggevhite has been used with metal ions
in solution, egg white has been used as a bindar gel for shaping material,
particularly bulk and porous ceramics [148-150].9¥ecently, it was used as a matrix
for entrapment of aluminum ions to generate a dgtieecursor which resulted mn—
alumina particles with crystallite size of 15-80 nib1l]. The use of egg white
simplifies the process and would provide anotherahtive process for the simple and

economical synthesis of nanocrystalline ceramitigdas [152].

XRD analysis performed on the obtaineds;Gprevealed that the only phase
observed was GO, spinel oxide nanopartciles with ICDD card no of¥67. No
secondary phases or impurities were observed.3Rif). The sharpness of XRD peaks
reveal high crystallinity of the nanoparticles [15Bhe average crystallite diameter L,
was estimated by the Scherrer equation from tHendth at half maximum (FWHM)
of the most intense peak (3 1 1). Average partide, assuming spherical morphology,

was estimated to be 11.95 nm.
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Figure 3.27 XRD Powder pattern of GO, nanocrystals (Tel9).
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3.2.2.2 FTIR analysis
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Figure 3.28FTIR of CgO,4 nanocrystals (Tel9).

The formation of the spinel GO, structure was further supported by FT-IR
spectra (Fig. 3.28). The intensive broadband a4503m* and the less intensive band
at ~ 1620 cm are due to O—H stretching vibration interactingtiyh H bonds. Traces
of adsorbed or atmospheric €@re evidenced by the very small absorption pealrat
2340 cnt. In the range of 1000-100 &mtwo main metal—oxygen bands at ~ 662cm
(v)) and ~ 570 ci (v») were observed in the FT-IR spectra given in FRR3These
two bands are usually assigned to vibration of ionthe crystal lattices. The band at ~
662 cm' corresponds to intrinsic stretching vibrationghef metal at the tetrahedral site
(Co—0), whereas the band at ~ 397-¢ris assigned to octahedral-metal stretching
(Co~0) [154].

The gel formed by water - soluble egg white praeserves as a perfect matrix
for entrapment of metal ions that, upon the hesdtinent, give rise to nanocrystalline
Co304 powder.
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3.3. MnzO4 Analysis
3.3.1. MnsO,4 nanoparticles by thermal decomposition methodTev29)?

Reaction scheme is presented in Fig.3.29, whertylageetone complex of
Mn** and 2-pyrrolidone is refluxed at elevated tempees, resulting in capped MD,

particles.

Refluxing
Mn(acac} + o
A

N

Figure 3.29. Reaction scheme for the synthesis of 2-pyrrokdoapped MgO,

nanoparticles.

The presence of alcohol is very important to itgtithe particle formation. The
rate of addition of alcohol affects the distributiof particle size. A stepwise addition
results in a larger size and a wider size distrdntwhile a very fast addition results in
a larger number of nuclei formed simultaneouslysthyelding a narrower size
distribution and better control over size. Refluxitihe solution for extended periods
before the addition of alcohol is effective in aatiing the distribution of particle size.

3.3.1.1 XRD analysis

The X-ray powder diffraction pattern of the prodiggiven in Figure 3.30. The
XRD peaks attest to the formation of Mh as the major phase. All the experimental
XRD peaks are in agreement with those reportedhenliterature for MgO, (JCPDS
card no 24-0734). Crystallite size was calcularednf XRD peak broadening (i.e. full

2T. Ozkaya, A. Baykal,, M.S. Toprak2:pyrrolidone - Capped Mn304 Nanocrystals” ,CEJC,
(inprint, 2008)
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width at half maximum, FWHM) using the Scherrer &ipn as ~15 nm (basedon 21
1 peak).
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Figure 3.30.X-ray powder diffraction pattern of as-preparegpzd MnrO,

nanoparticles.

3.3.1.2 FTIR analysis

FTIR measurements were carried out on the purer@ipone and MgO,
nanoparticles capped with 2-pyrrolidone respecfivedsults are presented in Fig 3.31
and summarized in Table 1. A broad peak observethénregion 3000-3500 ¢
originates from the overlap of amine groups and dfnetching of the H bonded OH
groups [155]. Hydrogen bonding is due to the coajuwypn of C=0O group on 2-
pyrrolidone with the OH bearing nanoparticles. Bipét of the peak into two is due to
the N-H stretching vibrations of the unsubstitudedide groups on 2-pyrrolidone [156].
The broadness of the FTIR peak at around 3500 also proves the existence of H-
bonding among pyrrolidone molecul@he surfactant molecules in the adsorbed state
were subject to the field of solid state nanopbatsurface. As a result the characteristic
bands shifted to a lower frequency region and ggichat the surfactant surrounding
the MnsO4 nanoparticles are in a close-packed, crystalliageslt is worth noting that
the C=0 stretch band of pure 2-pyrrolidone whicpriesent at 1679 chshifts to 1629
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cm® for the current magnetic nanocrytals, which iatés the O that is coordinated in
C=0 presents a lower stretching frequency due & attachment to nanoparticles’
surface. The asymmetric Gldtretch (2952 cff) and symmetric Chistretch (2892 cin
1) shifted to 2922 and 2852 &mrespectively. In addition, FTIR spectra of thetiokes
exhibit characteristic peaks of Md, at aroundv; = 613 cm v, = 503 cnt
respectively. The band at 1384 ¢iran be assigned vibrations of C@molecules that

are present in the sample chamber [157].

Table 1.Infrared Transmission Frequencies of 2-Pyrrolidané the final

product.

Observed Bands (cih)

2-Pyrrolidone Product Band Assignment
3300-3250 3410, 3460 N-H strech
3570-3200 gyl_cllrsci[?é/tgrr]oup, H-bonded
2962 2921 asymmetric GHétretch
2892 2853 symmetric Ghétretch
1680 1637 C=0 strech
1457, 1427 1383 C-H deformation
1286 1294 C-C-N streching
1168, 1064 1111 C-N streching
991 860 ring breathing
684 N-H out of plane bending
628 611 C=0 out of plane bending

476 C-N-C bending
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Figure 3.31.FTIR spectra of (a) pure 2-pyrrolidone, and (lpy2rolidone capped

Mg0O, nanoparticles.

3.3 SEM & TEM analysis

SEM and TEM analysis of as-preparedfdnpsample was performed in order to
study the material’s microstructure and morpholagycrographs are presented in Fig.
3.32(a). SEM micrograph shows particles with sgfaénnorphology with a wide range
of sizes. Nanoparticles around 300 nm and as saml40 nm were measured.
Resolution of SEM micrographs did not allow us take a comprehensive particle size
evaluation. Therefore TEM analysis was performed particles were shown to be
spherical, and their distribution is representedabbystogram in Fig 3.32(c). In order to
analyze the size distribution quantitatively, tlaatjele size distribution was fitted using
a log-normal function [158].

A ed e B
P(D) = DO’D\/ZTeXF{ 205 In (DO)J (1)
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where g, is the standard deviation of the diameter agdsDthe mean diameter. A

mean diameter of £, as determined from Eq. (1), is about 14+0.4 nime $btained
from TEM analysis agrees well with the crystallisze obtained from XRD
measurements using the peak broadening. Featursveld in SEM are mainly
secondary particles, that are formed as a resatjgfegation/clustering of smaller ones.
This is most probably due to the magnetization withe nanoparticles causing them to
cluster. Detailed magnetic investigations are utatten and results are to be reported
elsewhere.

— D=142m
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Figure 3.32.a) SEM micrographp) TEM micrograph, anct) calculated histogram

of 2-pyrrolidone capped M@, nanoparticles.

The extent of surface coverage of nanoparticlet Ripyrrolidone molecules
were also analyzed using zeta potential mesauresm@htinges in the surface charge is
directly based on the chemistry at the nanopasiiderface. Figure 3.33 shows the
results of analysis performed on as prepared sadigpersed in DI water. Surface of
nanoparticles are positively charged at low pH eallAmide groups on 2-pyrrolidone
are difficult to protonate. Surface of nanopaeticis not covered very densely due to
the sterically bulky 2-pyrrolidone groups. So, naadicles’ surface have still some OH
groups exposed, which are protonated at low pHegthat render the surface charge
positive. The increase in pH removes the positivarge and negatively charges the
accessible OHgroups on nanoparticles’ surface, thus reverdngginitially observed
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charge. The transition from positive charge to tiggatakes place at pH 4.8, which
corresponds to the range where the isoelectrict gomMn3O, particles is expected.
Based on this analysis it is clear that #dpnanoparticles’ surface is not fully covered

and surface originating OH groups are accessiblleg¢@olution around.
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Figure 3.33.Surface potential measurement of a clear suspeo$id-pyrrolidone

capped M@, nanoparticles.
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3.3.2 Mn304 Nanoparticles by Oxidation-Reduction Method Tevl2a & Tev21)?

Mn3O, is formed as a result of three step reaction taat be described as
follows: i) formation of Mn(OH) as a results of the reaction between Mp&ad
NaOH,; ii) partial oxidation of managanese hydroxiyeNaNQ in solution, and finally
iii) dehydration reaction of manganese hydroxided ananganese oxyhydroxide.
Detailed reactions for the suggested mechanismrabng the transformation of
managnese sulfate to the final phase of;®mare given below with respect to the order
described above:

MnSO,+ 2NaOH  — Mn(OH), + NaSQO, [1]
3Mn(OH), + NO; — Mn(OH), + 2MnOOH + HO + NG [2]
Mn(OH), + 2MnOOH— MnzO4 + 2H,0 [3]

3.3.2.1. XRD Analysis

The X-ray diffraction (XRD) pattern of the as dyasized MgO, is shown in
Fig.3.34. All diffraction peaks were indexed to ttetragonal hausmannite crystal
structure model of My©O, (which are consistent bulk value (ICDD Card No:@44).

No characteristic peaks of impurities, indicatiriges forms of manganese oxides, were
detected. The intensities of the reflection peakgtie two samples are more or less the
same but the width of the reflection peaks areretiff due to the difference in size of
these two MpO, nanoparticle samples (Tev 12a and Tev 21). Usaige®er’'s formula,
the average crystallite size was estimated to loeitab4.4 nm for Tev 12a and 11 nm
for Tev 21.

3T. Ozkaya, A. Baykal, H. Kavas, Y. K6sgo, M.S. Toprak,'A novel synthetic route to Mn304
nanoparticles and their magnetic evaluation) doi:10.1016/j.physb.2008.07.002
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Figure 3.34. XRD patterns of MgO4nanoparticles synthesized using (a) NaOH
(Tev 12a); (b) NH gas (Tev21) as hydrolyzing agent.

3.3.2.2. FTIR Analysis

FTIR analysis was performed for the prepared sasmuhel spectra are presented
in Fig. 3.35. Three significant absorption peaks abserved in the range of 400-650
cm* for both samples; vibration frequency at 635 - 688 is characteristic of Mn-O
stretching modes in tetrahedral sites whereas tidordrequency at 534 - 536 ¢m
corresponds to the distortion vibration of Mn-Qaim octahedral environment. The third
vibration band, located at a weaker wave numbef,-4418 crit, can be attributed to

the vibration of manganese species {§lin an octahedral site [159].
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Figure 3.35. FTIR spectra of MgO, of nanopatrticles synthesized using (a) NaOH
(Tevl2a); (b) NH gas (Tev21) as hydrolyzing agent.

3.3.2.3. TEM analysis

TEM analysis of MgO, nanopatrticles was performed to reveal the primary
particle size, and micrographs are presented in F86. NaOH hydrolyzed samples
showed spherical particles while aqgueous ammonidiyzed samples showed mixed
morphologies from spherical to ellipsoids. Averaugeticle size for both samples was
calculated from several TEM micrographs. A partgilee of 14+5 nm and 12+3 nm was
obtained for the sample hydrolyzed with NaOH (Fig6&) and conc. NH(Fig 3.36b)
respectively. NH hydrolyzed samples are smaller than their NaOH rdlyded
counterparts. This difference is due to the difieeein the strength and concentration of
hydrolyzing agents; Niibeing about 6 times highly concentrated than NaOhis in
turn influences the nucleation rate thus the sfzauclei formed. In our earlier work we
reported a similar observation on the synthesis NiFe,0O, with CTAB assisted-
hydrothermal using conc. NFind 2M NaOH as hydrolyzing agents, where partide
of sample synthesized by conc. Nkas much smaller [160,161].
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Figure 3.36.TEM micrographs of MgD, nanoparticles synthesized using (a) NaOH
(Tevl2a); (b) NHjas (Tev21) as hydrolyzing agent.

3.3.2.4. Magnetization

The magnetic properties of MD, nanocrystals have been studied by measuring
the magnetization as a function of temperature;(\With field of 200 Oe) M-T curves
are shown in Fig.3.37 It reveals that the magngtimadecreases by increasing the
temperature up to 40 K and sharply decreases ahdrd0 K. It almost vanishes in the
temperature range of 40-305 K. With decreasing tatpre, a rapid increase of
magnetization gives transition point in magneti@releteristics of samples, typically
called Tc. To determine this point more accuratéhg derivative of magnetizations
with respect to temperature are given in inset$-igtire 3.37 temperatures, Tc, are
found as 38 K and 40 K for Tevl2a and Tev21 respagt The superparamagnetic
threshold volumes of the particles at transitiangerature, J, are calculated by using

Arrhenius law :V,, =k;Tlog(r/7,)/ K, where K is the anisotropy constant and found
as V, =145x10"cm’ (D,, = 65 nm) andV,, = 153x10°cm’® (D,, = 6.6nm) for

Tevl2 and Tev2l respectively. Average particle sizeur samples are also larger than
the threshold ones like results of Zysler et al2[1663]. This may cause lack of
superparamagnetic  behaviour, or dominated ferroetagn behaviour to

superparamagnetic one at aroupd T
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The two samples show an obvious ferromagnetic behav low temperatures.
The value of magnetization reduces significantlyhwthe decrease of the size which
might be attributed to the increasing of surfacedlume (S/V) ratio, since the surface
region leads to a decrease in the effective magnaiment. T is dependent on the size
of nanopatrticles, smaller sizes of the §@p nanoparticles resulting in lowegValues.
These anomalous phenomena are expected from thetsefif the finite size and the
surface that is different from the bulk materialregorted earlier for different magnetic

nanoparticles [164-168].
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Figure 3.37.Temperature variation of the FC magnetization mesasents of MgO,
nanoparticles synthesized using (a) NaOH (Tevi®PaNHsgas (Tev21)
as hydrolyzing agent. The insets show the temperakerivative of the

magnetization vs. temperature.
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Figure 3.38. Room temperature M-H curves for 0y nanoparticles synthesized

using (a) NaOH (Tev12a); (b) Nldas (Tev21) as hydrolyzing agent.

The magnetization curves of both M samples at 305 K are shown in Fig. 3.38.
M-H curves are linear with the field and have neercovity at room temperature.
Hysteresis in the single domain ferromagnetic pkadi vanishes when the particle size
becomes so small that the maximum anisotropy enkegpmes close to the thermal
energy, so that the process of flipping of the lgrdpmain spin becomes uninhibited
[169]. This state of the ferromagnetism is calledperparamagnetism’ as it does not
show any hysteresis in its M—H behavior and likethe case of paramagnetism, the
magnetization never gets saturated even at vely dyplied field. Room temperature
magnetization curves for both samples show no ma&te indicating the
superparamagnetic character of the samples. Sliffetence in size is not reflected in
room temperature magnetization behavior. When feagnetic systems lose their
multidomain character, they are then termed adesithgmain with their magnetic spins

aligned along one of the easy directions of magattin. An increasing fraction of
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atoms lie at or near the surface as the partide decreases and then surface spin

effects and interface effects become more and sigraficant [170-172].

Large coercivity and shifted hysteresis loops afeseoved for different
temperatures below Tc (see Fig.3.39). The saturatmagnetization (M was not
reached even at 10 kOe applied magnetic field,itboc&in be estimated from the high
field approximation of magnetization curves andnduas 30.8 and 25.6 emul/g for
Tevl2a and Tev2l respectively at 10 K, where thk bl is 38 emu/g [173]. The core
magnetizations of samples at this temperature lataareed, by extrapolation of the high
field magnetization to zero field and these aramadized to remanance magnetization
values of each sample, as 0.89 for Tevl2a and fa®Zev2l. By increasing the
temperature, the volume ratio of coreatbof the sample decreases from 0.77 ( at 10 K)
to 0.48 (at 40 K) and also normalized value ofdbee magnetization to the remanance
magnetization decreases from 0.91 (at 10 K) to (@820 K) for TEV 21, indicating a

smaller fraction of core and an increasing magratiorder of the system [163].

As expected, NaOH hydrolyzed sample (Tevl2a) wsiihhtly larger particle
size showed a higher magnetization thanz;Midrolyzed sample (Tev21) at 10 kOe
magnetic field. The difference in the magnetizati@havior could also come from the
differences in sample morphologies: spherical fewI2a and ellipsoid+spherical for
Tev21l. The magnetic behavior of the )M nanoparticles is under the influence of
confined patrticle size. A principle effect of fiaisize is the breaking of a large number
of bonds on the surface cations, producing a céraligned spins surrounded by a
disordered shell. This can result in a disordei@d sonfiguration near to the surface
and a reduced average net moment compared to tkematerials. In addition, the
difference in surface spin states can result i ligild hysteresis and relaxation of the
magnetization, ashas been observed for these nanoparticles [174-1Wdjen
superparamagnetic particles are cooled below cet@mperature they transform to
ferromagnetic state. The thermal energy at thipperature becomes significantly less
than the anisotropy energy (KV) and thus cannalifai® uninhibited flipping of the
single domain spins. As a result, the ferromagnetiset temperature decreases with
decrease in size of the single domain particle3{1180]. At low temperatures blocking
of the single domain spins by the anisotropy forgess rise to hysteresis in the M—H
plots. At 10 K the observed coercive fields are & and 3070 Oe, for Tev21l and
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Tevl2a respectively, less than that of bulk ;8n The difference in the observed
coercive field values can be attributed the diffiee2in the size of the samples, Tevl2a
exhibiting a higher coercive field due to its largarticle size [174].
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Figure 3.39.M-H curves measured at Temperatures belgioiTMn;O4 nhanoparticles
synthesized using (a) Nidas (Tev21); (b) NaOH (Tevl12a) as hydrolyzing
agent.
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3.3.3 PEG-asisted Routelg5)

3.3.3.1 XRD analysis

XRD pattern shows of samples prepared were seerfFign 3.40. The
characteristic peaks ab &angles correspond very well to the standart cartMimO,
(JCPDS Card No 18-0803) which proves that the sasnphn be identified as Moy.
The crystallite size of the samples was calculasd23.22 nm with the Scherrer’s

equation.

CPU

10 20 30 40 50 60 70
2 Theta

Figure 3.40. XRD patterns of PEG-Mf®4nanoparticles
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3.3.3.2 FTIR analysis

Vibration of ions in the crystal lattice are usyalbserved in the range of 1000-
400 cm*. Two main broad metal-oxygen bands are seen inFFIR spectra of all
spinels, and ferrites in particular. The highest,on, generally observed in the range
600-500 cril, corresponds to intrinsic stretching vibrations tbe metal at the
tetrahedral site (), Mera—O, Whereas the, — lowest band usually observed in the
range 450-385 cth is assigned to octahedral-metal stretching),(®locz—O [181].
Due to the limitation of our FTIR instrument belo#®0 cm' vs (328 cm') and v,
(below 300 crit) were not detected. The FTIR measurements rekiagttie vibrational
band of C-O bond shifts from 1113 ¢nfor pure ethylene glycol to 1095 &nior the
current MO, nanoparticles, which indicates that the O from @drdinates with
metal on the surface of zinc doped nickel ferrismacrystals. Similarly, the bands
around 2910 cihand 955 cil corresponded to —Ghtretching vibrations and —CH
out of plane bending vibrations, respectively. H&H, and —CH peaks were strong
evidence that PEG was chemically bonded to theaserfThe surfactant molecules in
the adsorbed state are influenced by the fieldotifl sstate surface. As a result, the
characteristic bands shifted to a lower frequenegian (Fig.3.41). In the previous
reports [182-184], it has been justed that the tianal head groups of the surfactant
have a coordination bond or strong interaction wigimoparticles and thus kinetically
control the growth rates of various faces of crhgstahich can control the morphology.
It has been reported that PEG with a uniform amdei@d chain structure is easily
absorbed at the surface of metal oxide colloid [18%hen the surface of the colloid
adsorbs this type of polymer, the activities ofl@idl greatly decrease and the growth
rate of the colloids in some certain facet will tenfined [186,187]. Therefore, the
addition of PEG in the metal oxide colloids will dity the growth kinetics of the
growing colloids, which finally, leads to anisotiogrowth of the crystals. Due to this,
linear PEG has been widely used in the synthdsasseries of nanoparticulates and 1D

materials in solution [186].
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Figure 3.41. FTIR spectra of PEG-M@,nanopatrticles.



CHAPTER 4

CONCLUSION

Superparamagnetic iron oxide nanoparticles wereesstully synthesized by a
simple, novel, and cost-effective gel-to-crystalimethod starting from a single
component and hydrolyzing at 80-180 under refluxing conditions. XRD analysis
suggested non-stoichiometric magnetite with latpeeameter between magnetite and
maghemite. The average crystallite size for thi--simichiometric magnetite is
calculated as 11 nm from XRD peak broadening, @dnd &m from TEM micrographs.
Magnetic domain size is calculated from magnetwatturves as 9.7 nm, which is
slightly smaller than XRD and TEM size, due to thagnetically dead layer at the
nanoparticles’ surface. The sample shows superfayaetic behavior above 300 K
with a saturation magnetization,sMf 390emu/crh The reduction of Mfrom its bulk
value can be attributed partly to the presenceoofmagnetic (dead) surface layer due
to the compositional variations from magnetite t@gimemite, superparamagnetic
relaxation and spin canting because of the ulteafiature of the material. Measurgsgl
of 134 K falls in the range observed in the litera for comparable sized magnetite
nanoparticles. Results also indicate the existesfcanterparticle interactions in the
thermomagnetic characteristics of spinels at lofiedd strengths. Furthermore, iron
oxide nanoparticles synthesized in this work colle useful for biomedical
applications as magnetic carriers or contrastingneggdue to their small particle size

and superparamagnetic property above room temperatu
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In this work manganese oxide, My, nhanoparticles were successfully
synthesized by a novel oxidation-precipitation methin which starting material
manganese sulfate was oxidized to manganese yaNsNO; that were subsequently
hydrolyzed with NaOH and conc. NHwithout use of any surfactant. To our best
knowledge, this is the first report for the synihed Mn;O, nanocrystals by using NH
as hydrolyzing agent. Formation of M, nanoparticles was confirmed by XRD
analysis. Samples exhibit different crystalliteesiestimated based on Scherrer formula,
as ~14 nm for NaOH and ~11 nm for pNHydrolyzed samples. Average particle size
obtained from TEM analysis as 14+5 nm for NaOH a2d3 nm for NH hydrolyzed
samples show a good agreement with XRD crystaflite. Both samples exhibit
superparamagnetic behavior at room temperatureh wid apparent saturation
magnetization in the region of measured field gfterand relatively large coercivity
below the ferromagnetic transition temperature. gMdic measurements performed at
10K showed that NaOH hydrolyzed sample with slighdirger particle size showed a
higher saturation magnetization and higher codrcithan NH hydrolyzed sample,
which was assigned to scaling of magnetic propenvéh particle size. Due to the
absence of hysteric behavior and no apparent saturat room temperature, the
particles are considered as single superparamagi@tiains with random orientations
of magnetic moments and thermal fluctuations ofs@inopic axes. The magnetic
behavior of MRO, nanopatrticles is sensitive to particle size, amel ferromagnetic
transition temperatures of both samples are loWwan that observed for bulk M@,
value. Below the transition, the observed diffeemnin temperature dependence of
magnetization, hysteresis loop shape and typeeot#imples from the bulk values are
attributed to their smaller size (increase in stefeo volume ratio) of the samples which

cause the increase of effective magnetic surfaiseotapy.

In summary, we have shown that it is possible tepare water soluble
nanocrytals of MgO, in the absence of water or air by thermal decomtipasof
managanese acetylacetonate in a high boiling sbleér2-pyrrolidone as a novel
synthetic approarch. The experimental results tabed 2-pyyrolidone not only serves
as a media for high temperature decomposition i@gcbut also involves surface
coordination which renders the manganese nanosrytater-soluble and the colloidal

solution stable. TEM analysis revealed the sizenafioparticles as ~14+0.4 nm, in
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agreement with the size calculated from XRD pealatiening as 15 nm. Particles are
readily dispersed in aqueous solution; however theesster due to their inherent
magnetization. Zeta potential analysis revealethsarOH groups are still present, most

likely due to sterically bulky 2-pyrrolidone groypand are exposed to surrounding
solution.



[1]
[2]

[3]
[4]

[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

Feynman R: There’s plenty of room at the bott&@uience, 254 (1991) 1300.

Sheeparamatti, B. G. ; Sheeparamatti, R. Bagadevramath, J. S.
Nanotechnology : inspiration from matue. IETE TeRkv. 24 (2007) 5.

Whitesides, G. M. Nature Biotech. 21 (2003) 116

UK Government Report “ Nanoscience and Nanatetdgies: Opportunities
and Uncertainties” 29 July 2004t{p://nanotec.org.uk

J. Jortner, C.N.R. Rao: Pure Appl. Chem. 7020491

“Nanopatrticle assemblies and superstructuredited by Nicholas A. Kotov,.
CRC Press, Taylor & Francis Group. (2006).

"Synthesis and Functionalization of MagnetiorirOxide Nanoparticles for
Application in Organic Chemistry”, L. Guifeng, 200Fianjin-China.

“Nanocrystals; Synthesis, Properties and A@dlans”, Rao,C.N.R, Springer
Berlin Heidelberg ,2007.

D.J. Barber, I.C. Freestone: Archaeometry 39() 33.

a) Jos’e-Yacam'an,L.Rend on, J. Arenas eBalence 273 223 (1996)b) nature
photonics, VOL 1, APRIL 2007#{ww.nature.com/naturephotonjcs

Stupp, S. I. Chem. Rev. 105 (2005) 1123.
Burda, C.; Chen, X.; Narayanan, R.; EI-SayddChem. Rev. 105 (2005) 1025.

Cushing, B. L.; Kolesnichenko, V. L.; O’Conn@r J. Chem. Rev. 104 (2004)
3893.

“Synthesis, Functionalization and Surface Timgant of Nanoparticles”, Edited
by Marie-Isabelle Baraton University of Limoges,ARCE: January 2003.

“Nanoscale Materials in Chemistry”, Edited Kgnneth J. Klabunde001.

“Nanosystem Charecterization Tools In the Ll$f@ences”, edited by Challa S.
S. R. Kumar,2006.

118



[17]

[18]

[19]
[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]
[35]
[36]

119

P.P. Edwards, R.L. Johnston, C.N.R. Rao: Sihe-induced metal-insulator
transition in clusters and metal particles in: Metasters in Chemistry, ed by P.
Braunstein, G. Oro, P.R. Raithbay (Wiley-VCH, Weaith 1998).

A.l. Kirkland, D.E. Jéferson, D.G. Dff et al.: Proc. R. Soc. London A 440
(1993) 589.

T.P. Martin, T. Bergmann, H. G ohlich et al.:Phys. Chem. B 95 (1991) 6421.

H. Klug, L.E. Alexander: X-ray Diffraction Bcedures for Polycrystalline and
Amorphous Materials (Wiley, New York 1974).

D.G. Duf, A.C. Curtis, P.P. Edwards et al.. Angew. Cherh.Ha. 26 (1987)
676.

O. Bovin, J.0. Malm: Z. Phys. D: Atoms, Molges and Clusters 19 (1991)
293.

W. Thomson: Philos. Mag. 42 (1871) 448.

P. Pawlow: Z. Phys. Chem. 65 (1909) 545.

M. Takagi: J. Phys. Soc. Jpn. 9 (1954) 359.

Ph. Bufat, J.-P. Borel: Phys. Rev. A13 (1976) 2287.
W.A.deHeer:Rev.Mod.Phys.65 (1993) 611.

M. Brack: Rev. Mod. Phys. 65 (1993) 677.

M. Haruta, N. Yamada, T. Kobayashi et al.Catal. 115 (1989) 301.
G.K. Bethke, H.H. Kung: Appl. Catal. 43 (20Q1D4.

M. Valden, X. Lai, D.W. Goodman: Science 48998) 1647.

S. Link, M.A. El-Sayed: Int. Rev. Phy. Cheb® (2000) 409.

B.O. Dabbousi, J. Rodriguez-Viejo, F.V. Mikalet al.: J. Phys. Chem. B101
(1997) 9463.

C. Liu, Z. J. Zhang: Chem. Mater. 13 (200092.
C.R. Vestal, Z.J. Zhang: Int. J. Nanotechio|2004) 240.

O. Masala, R. Seshadri: Chem. Phys. Lett. (2005)160.



[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]
[52]
[53]
[54]
[55]

[56]

120

C. Liu, B. Zou, A.D. Rondinone: J. Am. ChenacS122 (2000) 6263.

C. Liu, Z. J. Zhang: Chem. Mater. 13 (2001920

C. Liu, B. Zou, A.D. Rondinone: J. Am. Che8oc. 122 (2000) 6263.

N. Mathur and P. Littlewood, “The third wayNature Materials, 3, (2004) 207.
G.B. Sergeev ,“Nanochemistry”, Elsevier, N¥ark, 2006.

M.T. Swihart: Curr. Opin. Colloid InterfaceeiS8 (2003)127.

C. Burda, X. Chen, R. Narayanan et al.. ChBev. 105 (2005)1025.

B.L. Cushing, V.L. Kolesnichenko, C.J. O’CamnChem. Rev. 104 (2004)
3893.

www.wikipedia.org

P.R. van Rheenen, M.J. McKelvey, R. Marzkaletinorg. Synth. 24 (1983)
238.

“Metal nanoparticles synthesis , characteiizg and application”, by Daniel L.
Fedlheim and Colby A. Foss, 2001.

M. Brust, M. Walker, D. Bethell et al.: J. @mn. Soc., Chem. Commun. (1994)
801.

S. Sun, C.B. Murray: J. Appl. Phys. 85 (1999p5.

S. Bradley, E.W. Hill, S. Behal, C.Klein, Bh@udret , A.Duteil, Chem. Mater. 4
1(1992) 234.

Rajamathi, R. Seshadiri: Curr. Opn. Sol. Stéaiter. Sci. 6 (2002) 337.
C. Zhang, Z. Kang, E. Shen et al.: J. Physer@. B110 (2006) 184.

J. Zu, J.-P. Ge, Y.-D. Li: J. Phys. Chem. B12006) 2497.

W.S. Seo, J.H. Shim, S.J. Oh et al.: J. Almei@. Soc. 127 (2005) 6188.
M.Y. Han, L. Zhow, C.H. Quek et. al.: ChenhyB. Lett. 287 (1998) 47.

M.T. Reetz, W. Helbig, S.A. Quaiser: Activeetdls,edbyA.F urstner, p. 339
(Wiley-VCH, Weinham 1996).



[57]

[58]
[59]

[60]
[61]
[62]
[63]
[64]

[65]
[66]
[67]

[68]

[69]

[70]

[71]

121

H. Bonnemann, W. Brijoux, R. Brinkmann et &horg. Chim. Acta 350 617
(2003) .

A.B. Bourlinos, A. Simopoulos, D. Petridesh€n. Mater. 14 (2002) 899.

P.J. Thomas, P. Saravanan, G.U. Kulkarnl.ePaamana J. Phys. 58 (2002)
371.

F. Grieser, R. Hobson, J.Z. Sostaric etlditrasonics 34 (1996) 547.
M.-P. Pileni: Langmuir 17 (2001) 7476.

N. Moumen, M.-P. Pileni: J. Phys. Chem. 10096) 1867.

S. Qiu, J. Dong, G. Chen: J Colloid Interf&m. 216 (1999) 230.

a) C.N.R. Rao, G.U. Kulkarni, P.J. Thomas, VAgarwal and P. Saravanan, 85
(2003) 1041. b) C.N.R. Rao, G.U. Kulkarni, P.J. s, V.V. Agarwal and P.
Saravanan J. Phys. Chem. B107 (2003) 7391.c) C.R&®, G.U. Kulkarni,
V.V. Agrawal, U.K. Gautam, M. Ghosh and U. Tumkutk& Colloid Interface
Sci. 289 (2005) 305d) U.K. Gautam, M. Ghosh, C.N.R. Rao: Langmuir 20
(2004) 10775. e)V.V. Agrawal, G.U. Kulkarni, C.N.Rao: J. Phys. Chem.
B109 (2005) 7300.

C Liu, B Zou, AJ Rondinone, ZJ Zhang, J PGysem B 104 (2000) 1141.
T. Sugimoto. Monodisperse Particles. Amsterdglsevier, 2001, pp.793.

N.A. Kotov, “Assembly of Magnetic Nanopartisle CRS Press, New York
2005.

EV Shevchenko, DV Talapin, AL Rogach, A Koweki, M Haase, H Weller, J
Am Chem Soc 124 (2002) 11480.

S. Sun, CB Murray, H Doyle. Controlled assé&nmid monodisperse e-cobalt-
based nanocrystals. Mater Res Soc Symp Proc 58B) B85.

V.F. Puntes, K Krishnan, AP Alivisatos, Topt@lysis 19 (2002) 145.

a) C.J. Murphy, N.R. Jana: Adv. Mater. 14@2P80 b) N.R. Jana, L.
Gearheart, C.J. Murphy: Chem. Commun. (2001) 617.



[72]

[73]

[74]

[75]

[76]

[77]

[78]
[79]

[80]

[81]
[82]

[83]

[84]

[85]

[86]

122

a) N.R. Jana, L. Gearheart, C.J. Murphy: J. PhizenC B 105 (2001) 4065
b)J. Gao, C.M. Bender, C.J. Murphy: Langmuir 190@0®065 c)N.R. Jana, L.
Gearheart, C.J. Murphy: Adv. Mater. 13 (2001) 1389.

T.K. Sahu, C.J. Murphy: J. Am. Chem. Soc. {2804) 8648.

Nanoparticles: Building Blocks For Nanoteclogy, edited by Vincent Rotello,
2003.

Pillai, V.; Kumar, P. ; Hou, N.J. ;Ayyub, h&h, D. O. Adv. Coll. Inter. SCI.
1995, 55, 241.

Klabunde, K. j.; Zhang, D. ; Glavee, G. N.gr€nsen, C. M. Chem. Mater. 6
(1994) 784.

Lin, X. M. ; Sorensen, C. M. ; Klabunde, K.;Hajinpanayis, G. C. J. Mater.
Res. 14 (1999) 1542.

Teranishi, T, ; Miyake, M. Chem. Mater. 11 @89 3414.

Park, S. J.; Kim, S. ; Lee, S. ; Khim, Z.;Ghar, K. Hyeon, T. J. Am. Chem.
Soc/ 122 (2000) 8581.

Burke, N.A. ;Stover, H. D. H. ; Dawson, F.;:R.avers, J. D. ; Jain, P. K. ; Oka,
H. IEEE Trans. Magn. 37 (2001) 2660.

Puntes, V. F. ; Krishan, K.M. ; Alivisato#\, P. Science 291 (2001) 2115.

Koltypin, Y.; Cao, X. ; Balogu, J. ; Kaptds, ; Gedanken, A. J. Mat.. Chem. 7
(1997) 2453.

F. Grasset, S. Mornet, A. Demourgues, J.i®od. Bonnet and AVE Duguet. J.
Magn. Magn. Mater. 234 (2001) 409.

a) J. Seongjin, “Magnetism and Magnetasport of Magnetic Arrayd)octor of
Philosophy, December 2007, Newyork-U8Attp://wikis.lib.ncsu.edu/

Nanotechnology Basic Science and Engineefchnologies, edited by Mick
Wilson, Kamali Kannangara, Geoff Smith, and Micee&immons, 2002.

http://www.malvern.com




[87]

[88]

[89]

[90]

[91]
[92]
[93]

[94]
[95]
[96]
[97]

[98]

[99]

[100]
[101]
[102]

[103]

123

Magnetic materials group website at the Ursitg at Birmingham, UK,

http://www.aacg.bham.ac.uk/magnetic_materials/tygpe.(December, 2007).

Robert C. O’handley, Modern Magnetic Matesialohn Wiley & Sons Inc.,
2000, p.16.

Neil W. Ashcroft and N. David Mermin, Solid&eé Physics, Harcourt College
Publisher, Orlando, Florida, 1976, p. 696.

B. D. Cullity, Introduction to Magnetic derials, Addison-Wesley Publishing
company, Reading, Massachusetts, 1972, p.117.

http://www.geo.umn.edu/orgs/irm/hg2m/hg2m b/hg2rhtrl.

http://www.ndt-ed.org/EducationResources

Charles Kittel, Introduction to Solid StatByRics, 7th edition, John Wiley &
Sons, Inc.,New York, 1996, p. 464.

M. Anilkumar, V. Ravi, Mater. Res. Bull. 40@R5) 605.
P. H. Refait, J. M. R. Génin, Corros. Sci.(2993) 797.
A. A. Olowe, J. M. R. Génin, Corros. Sci. @®91) 965.

T.J.Daou, G.Pourroy, S.Begin-Collin, J.M.Geehe, C.Ulhag-Bouillet,
P.Legare, P.Bernhardt, C.Leuvrey, G.Rogez, CheneiVt8(18) (2006) 4399.

T.Belin, N. Guigue-Millot, T.Caillot, D.Aym® J.C.Niepce, J.Solid State
Chem., 163 (2002) 459.

N. Guigue-Millot, Y.Champion, M.J.Hytch, F.Beard, S.Begin-Collin,
P.Perriat, J.Phys.Chem. 105 (2001) 2175.

J.P.Jolivet, E.J.Tronc, J.Colloid Interfacs. 325 (1998) 688.
C.N.J. Wagner, E.N. Aqua, Adv. X-ray Anal(1964) 46.
B. D. Hall, D. Zanchet and D. Ugarte, J. Agpryst. 33 (2000) 1335.

T. Wejrzanowski, R. Pielaszek, A. OpalinskiaMatysiak, W. tojkowski, K.J.
Kurzydtowski, Applied Surface Science 253 (20084 2



[104]

[105]

[106]

[107]

[108]
[109]

[110]

[111]

[112]

[113]

[114]
[115]

[116]

[117]

[118]

[119]

124

R. Pielaszek, Analytical expression for difftion line profile for polydispersive
powders, Appl. Crystallography, Proceedings ofXhé Conference, Krako'w,
Poland, September 2003. p. 43.

S.Wei, Y.Zhu, Y.Zhang, J.Xu, Reactive anah&tional Polymers, 66 (2007)
1272.

R.A.Nyquist, R.O.Kagel, Infrared Spectraloforg.Comp., New York,
Academic Press, 1971

I.J. Bruce, J. Taylor, M. Todd, M.J. Daviés,Borioni, C.Sangregorio, T. Sen,
J. Magn. Magn. Mater. 284 (2004) 145.

T. Kim, and M. Shima, J. Appl. Phys. 1000Z) 09M516.

W.J. Liang, M. Bockrath, D. Bozovic, J.Hatder, M. Tinkham, H. Park, Nature
411 (2001) 665.

D.H. Han, J.P. Wang, H.L. Luo, J. Magn. Malylater. 136 (1994) 176.

S.Chikazumi, Physics of Ferromagnetism sdaadition, Clarendon Press,
Oxford, 1997.

E. Blum, A. Cebers, M. M. Maiorov, Magnektuids, Walter de Gruyter,
Berlin, 1997.

I. Nedkov, T. Merodiiska, L. Milenova, T. Kitzarova, J. Magn. Magn. Mater.
211 (2000) 296.

Z..Wang, H. Guo, Y. Yu, N. He, J. Magn. Magtater. 302 (2006) 397.
B. Jia and L. Gao, Scripta Materialia 56(2) 677.

D.K. Kim, Y. Zhang, W. Voit, K.V. Rao, M. Mdmmed, J. Magn. Magn.
Mater. 225 (2001) 30.

R.H. Kodama, A.E. Berkowitz, E.J. McNiff, Boner Phys. Rev. Lett. 77 (1996)
394.

J.K. Vassiliou, V. Mehrotra, M.W. Russell FE Giannelis, R.D. McMichael,
R.D. Shull, R.F. Ziolo, J. Appl. Phys. 73 (1993)051

R. Massart, IEEE Trans. Magn. MAG-17 (198241.



[120]

[121]

[122]

[123]

[124]

[125]
[126]

[127]
[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]

125

B.D. Cullity, Introduction to Magnetic Matats, Addison-Wesley, Reading,
MA, 1974, p. 94.

C. M. Sorensen, Nanoscale Materials in Chagn{&d.: K. J. Klabunde), John
Wiley and Sons, Inc., New York, 2001, pp. 169.

E. Blum, A. Cebers, M. M. Maiorov, Magnektuids, Walter de Gruyter,
Berlin, 1997.

M. Blanco-Manteco, K.O’Grady, J. Magn. Madmater. 296 (2006) 124.

Z.X. Tang, C.M. Sorensen, K.J. Klabunde, G#@djipanayis, J. Appl. Phys. 69
(1991) 5279.

R. Kaiser, G. Miskolczy, J. Appl. Phys. 4B70) 1064.

S.Shufeng, C. Li, X. Wang, D. Yu, Q. Pengl &h Li, Crystal Growth & Design
5 (2005) 391.

J.Wan, G. Ttang, Y. Qian, Appl. Phys. A 88%07) 261.
Yanglong Hou, Junfeng Yu and Song Gao, XeM&hem. 13 (2003) 1983.

D.K. Kim, Y. Zhang, W. Voit, K.V. Rao, M. Muemmed, JMMM 225 (2001)
30.

D. L. Pelecky, R.D. Rieke, Chem. Mater. 89@p1770.
A. Sawatsky, F. van der Woude, A.H. MorridhAppl. Phys. 39 (1968) 1204.

G. Gnanaprakash, S. Mahadevan, T. Jayakutm#&talyanasundaram, John
Philip, Baldev Raj, Materials Chemistry and Physif33, (2007), 168.

R.A.Nyquist, R.O.Kagel, Infrared Spectraloforg.Comp., New York,
Academic Press, 1971.

I.J. Bruce, J. Taylor, M. Todd, M.J. Daviés,Borioni, C.Sangregorio, T. Sen,
J. Magn. Magn. Mater. 284 (2004) 145.

Nakamato K., Infrared and Ramn Spectranofdanic and Coordination
Compounds, New York, Wiley, 1986.

Lin H.K., Chiu H.C., Tsai H.C., Catal.Let88, 2003 , 169.

J.A. Gaddsden, Infrared Spectra of Mineaald Related Inorganic Compounds,
Butterworth, London, 1975, p. 44.



[138]
[139]

[140]

[141]

[142]

[143]

126

Y. Chen, Y. Zhang, S.Fu, Materials Letters(8Q07) 701.

Christokova St.G., Stayonava M., Georgieva Mehandjiev D., Mater.Chem.
Phys., 60 (1999) 39.

Salah A. Makhlouf, J. Magn. Magn. Mater642002) 184.

E.L. Salabas, A. Rumplecker, F. KleitzRadu, F. Schith, Nano Lett. 6 (2006)
2977.

W.L. Roth, J. Phys. Chem. Solids 25 (1964) 1.

Salah A. Makhlouf, J. Magn. Magn. Mater. 22602) 184.

[144] Y. Ichiyanagi, Y. Kimishima, S. Yamada, J. e Magn. Mater. 272—-276

[145]
[146]
[147]
[148]
[149]
[150]
[151]

[152]

[153]

[154]

[155]

[156]

(2004) e1245-1246.

D.V. Vadehra, K.R. Nath, CRC Crit. Rev. Fobechnol. 4 (1973) 193.
E. Li-Chen, S. Nakai, CRC Crit. Rev. PoulBipl. 8 (1989) 21.

Y. Mine, Trends Food Sci. Technol. 6 (1922p.

O. Lyckfeldt, J. Brandt, S. Lesca, J. Eurrde. Soc. 20, (2000) 2551.
S. Dhara, P. Bhargava, J. Am. Ceram. S0¢2601) 3045.

S. Dhara, P. Bhargava, J. Am. Ceram. S0¢2663) 1645.

S. Dhara, J. Am. Ceram. Soc. 88 (2005) 2003

S. Maensiri, C. Masingboon, B. BoonchomS8raphin, Scripta Materialia 56
(2007) 797.

Z.H. Zhou, J.M. Xue, J. Wang, H.S.O. ChanYu and Z.X. Shen, J. Appl.
Phys. 91 (2002) 6015.

F.Kurtulg, H.Guler, Inorg.Mat., 41(5) (2005) 483.

R. A. Meyers, Interpretation of Infrared $pa, A Practical Approach. J. Coates
in Encyclopedia of Analytical Chemistry, (Ed.), 183 John Wiley, Chichester,
2000.

R.M. Silverstein, G.C. Bassler, and T.C. Kbr Spectrometric Identification of
Organic Compounds. 4th ed. New York: John Wiley 8ods, 1981.



[157]

[158]
[159]
[160]

[161]

[162]

[163]

[164]

[165]

[166]
[167]
[168]
[169]

[170]

[171]
[172]
[173]

[174]

[175]

127

K. Nakamato, Infrared and Raman Spectrdnafrganic and Coordination
Compounds, New York, Wiley, 1986.

T.Kim and M.Shima, J.Appl.Phys. 101 09M526Q7).
M. Ishii, M. Nakahira, Solid State Commurd. (1972) 209.

A. Baykal, N. Kasapoglu, Y. Késeoglu, M.Sprak, H. Bayrakdar, J. Alloys
Comp (2007), doi:10.1016/j.jalcom.2007.10.041.

N. Kasapoglu, "Synthesis, Characterizatiod &SR Studies of Magnetic Spinel
Materials”, Master Thesis, Fatih University, Jary2007, Istanbul-TURKEY.

R.D. Zysler, H. Romero, C.A. Ramos, E. Da®j D. Fiorani, J. Magn.
Magn.Mater. 266 (2003) 233.

E.Winkler, R.D. Zysler, D. Fiorani, Phys. R&/70 (2004) 174406.

R.H. Kodama , A.E. Berkovitz , E.J., JrM&NIS. Foner, Phys. Rev. Lett. 77
(1996) 394.

R.H. Kodama , S.A. Makhlouf , A.E. BerkovitPhys. Rev. Lett. 79 (1997)
1393.

R.H. Kodama, A.E. Berkovitz , Phys. Rev. 8§ 599) 6321.

Y. Kése@lu , H. Kavas J. Nanosci. Nanotechnol. 8 (2008). 584

Y. Kése@lu , H. Kavas, B.Aktg Phys. Stat. Solid. (a) 203 (2006) 1595.
C. Liu, A.J. Rondinone, Z. J. Zhang, PumphA Chem. 72(1-2) (2000) 37.

R.D. Sanchez, J. Rivas, P. Vaquerio, M.Apén-Quintela, D. Caeiro, J. Magn.
Magn. Mater. 247 (2002) 92.

H. Nathani, R.D.K. Misra, Mater. Sci.& Eng.113 (2004) 228.
Z. Huang, Q. Feng, Z. Chen, S. Chen, Y. Mic¢roelect. Eng. 66 (2003) 128.
T R.S. Ebble, D.J. Craik, Magnetic Materjalsademic Press, NewYork, 1969

N. Kasapglu, A. Baykal, Y. Koseglu, M.S. Toprak, Scripta Materialia 57
(2007) 441.

K. Binder, P.C. Hohenberg, Phys. Rev. 8974) 2194.



[176]

[177]

[178]

[179]

[180]

[181]
[182]
[183]
[184]
[185]

[186]

[187]

128

K. Dwirby, N. Menyuk, Phys. Rev. 119 (1960170.

J.P. Chen, S.C. Morensen, K.J. Klabunde, G4&tljipanayis, E. Devlin, A.
Kostas, Phys. Rev. B 54 (13) (1996) 9285.

G. Mathew, A.M. John, Swapna S. Nair, PTAy, M.R. Anantharaman, J.
Magn. Magn. Mater. 302 (2006) 190.

A. E. Berkowitz, R. H. Kodama, S. A. Makhfo&. T. Parker, F. E. Spada, E. J.
McNiff Jr., S. Foner, J. Magn. Magn. Mater. 196-19999) 591.

R.D. Sanchez, J. Rivas, P. Vaquerio, M.Apén-Quintela, D. Caeiro, J. Magn.
Magn. Mater. 247 (2002) 92.

S.Hafner, Z.Krist., 115 (1961) 331.

Z.Chen. L.Gao, Mater.Sci.Eng. B (2007), #16i1016/jmseb.2007.06.003.
Z.Q.Li, Y.J.Xiong, Y.Xie, Inorg.Chem. 42 (@8) 8105.

Y.G.Sun, Y.N.Xia, Adv.Mater. 14 (2002) 833.

J. Dobryszycki, and S. Biallozor, Corrasi®cience 43 (2001) 1309.

M. Bognitzki, H.Q.Hou, M. Ishaque, T.Fres&Hellwig, C.Schwarte,
A.Schaper, J.H. Wendorff, A.Greiner, Adv.Mater.(2200) 637.

X.H.Lu, J.Yang, L.Wang, X.J.yang, L.D.Lu,\¥ang, Mater.Sci.Eng. A 289
(2000) 241.



	tevhide_ozkaya_ahmadov-first pages.pdf
	tevhide_ozkaya_ahmadov_tez.pdf

