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Abstract

We present summary of the most used preparatiohadetand physical properties of
transition metal-based nanopatrticles. The phygiagberties of the nanoparticles can be
controlled by particle shape and size that canfteetad by conditions of preparation.
We mainly described the sol-gel method, co-preaijmh and microemulsions method.
We summarized physical properties of Zr@iO, and CoFg0, with respect to their
possible application.

A series of the cobalt ferrite nanoparticles emieeldth silica matrix, obtained by
modified sol-gel route, was characterized usinga}X-diffraction and ICP-OES. We
determined the particle diameter and compared toeaie final annealing temperature.

keywords: magnetic nanoparticles, Cgbg TiO,, ZrO,, sol-gel, microemulsion, co-
precipitation



Abstrakt

Tato prace se zabyva nejvice pouzivanymi  metodpiifpravy a fyzikalnimi
vlastnostmi nangastic gechodnych kol Fyzikalni vlastnosti nag@astic mohou byt
kontrolovany pomoci velikosti a tvartastic. Na velikostastic maji vliv podminky
piipravy. Zabyvali jsme se ipdevSim sol-gelovou metodou, ko-precipitaci a
mikroemulzi a provedli jsme shrnuti fyzikalnich stiaosti ZrQ, TiO,, CoFeQ;,, které
jsou dilezitym aspektem pro jejich mozné budouci vyuZiti.

Vzorky nana@astic kobaltovych fernit zapoudenych v SiQ matrici, které byly
pripraveny pomoci modifikované sol-gelové metody,ybgharakterizovany pomoci
rentgenove difrakce a ICP-OES. Bylatema velikostéastic, ktera byla porovnana
s finalni zihaci teplotou.

Kli¢ova slova: magnetické natastice, CoFg,, TiO,, ZrO,, sol-gel, mikroemulze, ko-
precipitace
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1 Motivations and aims of the work

The research of nano-sized materials is growingast years due to their large
application potential. Their physical properties anostly very different from the bulk
systems because of their small (sub-micron) sizee &f the most investigated groups
of the nanomaterials are magnetic nanoparticlés.due to their possible application in
biomedicine [1], magnetocaloric devices [2], magnetcording [3] etc. This class of
materials is mostly represented by the oxides ofjmaic elements. The physical
properties are affected by the particle diametéickvvaries according to the method of
preparation. My bachelor work is therefore highlptivated with description of the
preparation techniques and the physical propediematerials that are suggested for
potential application.

The aims of the bachelor work are summarized dsvist

1) Description of the used preparation techniques,

2) Physical properties of the materials and thegjpliaation,

3) Characterization of the samples by X-ray diffi@ and ICP (lon Coupled Plasma).
The bachelor work is divided into several parts:

It starts with motivation and aims of the work (@tex 1). In the beginning (Chapter 2),
the preparation techniques are described — thgedakethod that has been used for
long time before the scientific’'s background waswmn. Another two well-known
methods, co-precipitation and microemulsion, asedeed as well.

In the next section the physical properties ofttiree important oxide compounds and
their crystal structures are discussed. The,Ta@d ZrQ are useful materials that has
been utilized for many decades as white pigmentscmamic material, respectively
[4]. Nowadays, they are considered as potentiabfeagnetic semiconductors. The
CoFeO, is a material with advanced magnetic propertied ttan be utilized in
biomedicine or magnetic recording.

The experimental techniques including preparatigmay diffraction and ICP are
summarized in Chapter 3.

The experimental part (Chapter 4) of my bachelorrkwis concentrated on
characterization of CoR®, nanoparticles by X-ray diffraction and ICP. The a§r
diffraction is a powerful method for characteripatiof sample that has been used for
many decades. From this method we can obtain dédbie phase composition, the
particle diameter that plays the crucial role inygbal properties of nanoparticles.
Finally, conclusions of the presented results arerg(Chapter 5).



2 Theoretical part

2.1 Methods of preparation

The most important and used methods are sol-ggbyecpitation and microemulsion
that will be discussed in this chapter in more itietawould like to briefly mention that
there are other methods that can be used for @tmar One of another chemical
method is hydrothermal process. In hydrothermathsgis the solvent is brought to
temperature well above its boiling point by therease in pressure. Under this
condition a chemical reaction can be performedadigantage is in easily dissolution of
chemical compounds that would otherwise exhibityMew solubilities under ambient
conditions. Moreover, the products are usually taliise hence do not need
postannealing treatment [5]. Other chemical methads citrate gel or polymer
complex.

There are also several physical methods as mamyg typmechanical milling (vibration
mill etc) or mechano-chemical synthesis that canals® used for preparation the
nanoparticles. These methods have one significeaiddantage - the product can be
contaminated from the milling media and atmosphere.

2.1.1 Sol-gel method

The main part of this section is well describethia references | used [6, 7, 8].

History
Sol-gel processing methods were first used hisattyidor decorative and constructional

materials. This method was used very long time reefbe scientific principles were
understood. The origins of this method (using ¢d#ip can be found in the cave
paintings at Lascaux in France, dating back 17 ¥&&s. The used pigments were
based on iron oxide, carbon and clays, grounded fitte powders, graded by
sedimentation and dispersed in water using natilsahs surface active stabilizers. The
next development of the idea of sol-gel was in troigion materials as concrete (for
example 700 BC, Aqueduct Bridge at Jerwan in Irbggks, and plaster or in glazing
methods to seal the surfaces of porous clay ve¢Séina or Egypt, 2000BC). There
was no big progress during thousands years till@ta century. In 1846 Ebelman [9]
prepared the first silicon alkoxides by the reattimetween silicon tetrachloride and
alcohol, that restored the interest in sol-gel dlsew but for many decades this
development had little scientific impact for thevedlmpment of the sol-gel materials
field. One of the first pioneers of this field WAsA. Patrick [10], who in the twenties
of 20" century filed many patents for supported catalyisisluding the use of sol-gel



methods. This was the beginning of an intensivéodeof technological development
using sol-gel methods, which produced a very lang@mber of patents and many useful
materials. There were many publications of using tiethod for preparation of catalyst
materials, ceramic materials, aerogels, fibres Bte present target for sol-gel physics
is preparation of nanocomposites, because all gglysts may contain nanoparticles
[11]. This plays a big role in development of madeanotechnology. The main source
for scientific information is Journal of Sol-Gel dmeology starting in 1993. An
important peculiarity of sol gel technologies ig hossibility to control the mechanism
and kinetics of proceeding materials.

Theory
The sol-gel method involves the production of ddié suspensions (,sols") which are

subsequently converted to viscous gel and thenceotm material. Colloids are

suspensions of particles of linear dimension betwizen and Jum. The big advantage

of this method is that by changing the reactiondattons as pH, concentration of
catalyst, temperature and time of reaction @OFi molar ratio, the properties and
characterization of resulting product can be turidee reaction mechanism of sol-gel
method can be divided into several steps, whichheilnow discussed in more details:
hydrolysis, condensation, gelation, ageing, dryamgl densification. It is necessary to
point out, that in real systems several of thespssinay occur concurrently.

1) Hydrolysis
The general mechanism of hydrolysis reaction cashiogvn:

OCH, OH
H,CO——Si—OCH; + 4 H,0 —>  HO—Si—OH + 4 H,C—OH
OCH, OH

By addition of water the alkoxy groups are replabgdhydroxy groups. This reaction
can occur more rapid, if the catalyst (as minereid aor ammonia) is added.
Additionally, it has been observed, that the raté extent of the hydrolysis reaction is
most influenced by the strength and concentratiaine acid- or base catalysts. Due to
the electronic effects (alkoxy groups are moreted@s donating than hydroxy group)
the rate trends are different in acid- and baselgs#d process. In the acid-catalyzed
reaction, as more alkoxy groups are replaced bydxyd the transition state becomes
less stabilized and the reaction rate decreasesth®mther hand, in base-catalyzed
process, as the transition state becomes moresthblreaction is faster.

Another thing that has to be taken into accounthies hydrophobic or hydrophilic
character of the precursor. For instance, if we tetmethoxy silane (TEOS), that is
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hydrophobic, we have to add co-solvent (like etleglaol) to make the hydrolysis
possible.

The molar ratio of Si/lD needs more attention, because this ratio infleertbe
reaction rate. In next step condensation, the wsgroduced, so less water can be used
than what arises from stoichiometry conditions. ldwer, if a small amount of water is
used, the hydrolysis rate slows down due to thaaed reactant concentration.

2) Condensation
Condensation can be either water condensatiorcohal condensation:

(|)H (|)H (|)H (|)H
HO—S—OH  + HO—SI—OH ——=  HO—Si—0—3i~OH + H0
OH OH OH OH

This reaction involves producing of siloxane bo(eSi-O -SE) from the silanol groups
(Si-OH) plus by-products water or alcohol. Thisatgan could be also acid- or base
catalysts. This reaction proceeds via a rapid ftionaof a charged intermediate by
reaction with a proton or hydroxide ion, followeg blow attack of a second neutral
silicon species on this intermediate. If we haveaaid catalyzed reaction, the first step
of the hydrolysis is the fastest, and the producthe first step also undergoes the
fastest condensation. The consequence is the pngdoklinear, open networks. On the
other hand under base catalyzed conditions theyhigiess-linked large sol particles
are produced, that form gels with large pores betwée interconnected particles (see
Figure 2.1).

* Acid-catalyzed

— vyield primanly linear or randomly
branched polymer

» Base-catalyzed

— yield hughly branched clusters

Fig. 2.1 — Gel structure for acid or base catalyzedttions [7].
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3) Gelation
Gelation is the process, where the links are fora®dng silica sol particles through
whole vessel. The mixture has a high viscosity lbut elasticity. There is no discrete
chemical change at the gel point, only viscosity t#ren elasticity is rapidly increasing.

4) Ageing

In this time more and more siloxane bonds are icigathat can continue for months for
samples at room temperature, the rate dependingptdn temperature and gel
composition. The net effect is a stiffening andirdfage of the sample. The
homogeneous gel is gradually changed to transpasbninken solid monoliths
immersed in liquid. This process is known as sysisrénother process is ripening (the
particles join to each other with narrow ,necksAgeing usually improves the
properties of the material.

5) Drying
Drying is the process, where the water or alcobdbosing firstly due to the syneresis,
secondly as evaporation of liquid from the poradtire.

6) Densification
If we would like to produce dense glasses and cesafnom gels, heat treatment is
needed. As mentioned above, all of the steps deperttle reaction conditions as pH,
temperature etc. Hence, the details of effects ezt hreatment depend on previous
stages.

Application
Sol-gel method is widely used for preparing theataystals, ceramics and glasses that

can be utilized in many technical applications (Begure 2.2). It is due to the many
advantages that this method obtained. Firstly, metallic, inorganic solids can be
produced and processed at temperatures which arsideoably lower than those
required in conventional methods. Secondly, thecstire and pore size distribution of
material can be controlled by the chemical compmwsibf starting material or by the
reactions conditions.
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< Applications of sol-gel method T
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Fig. 2.2 — Application of products that were pregzaby sol gel method [8].

2.1.2 Co-precipitation

The useful method for preparation of homogenous randodisperse nanopatrticles is
via homogenous precipitation. This method invol¥ke nucleation, growth of the
nuclei and the secondary process as coarseningggidmeration. The nucleation can
occur only when the concentration of constituentecggs reaches critical
supersaturation. The high supersaturation guarsntest a large number of small
particles will be formed. This necessary conditienusually the result of chemical
reaction. Hence, precipitation can be induced lbypk addition/exchange reactions,
chemical reduction, photoreduction, oxidation anglrblysis. Generally, chemical
reaction is chosen that result in products with Emubility, such that solution quickly
reaches supersaturated conditions.

The degree of supersaturati@for a simple chemical reaction is given by:
a'AaB

.

sp
wherean andag are the activities of the solutes A, B ag is the solubility product
constant.
As the nucleation begins, there exists an equilibricritical radius,R (depends on
degree of supersaturatid® temperatureT and surface tension at the solid-liquid

S= (1)
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interface). Nucleated particles with R>Rvill continue to grow, while the others

dissolve.

The nuclei can grow uniformly by diffusion of satstfrom the solution to their surface
until the final size is attained (curve | in Figl2e3). The growth rate is determined by
concentration gradient and temperature. To achimegrodisperzity, these two stages
must be separated. To produce nanoparticles, ttleation process must be relatively
fast while the growth process remains relativebys|

However, uniform particles can be also obtainedrtiple nucleation’s events with

Oswald ripening (curve Il in Figure 2.3). Coarsen(Ostwald ripening) is the process,
where smaller particles are essentially consumethigyer particles during the growth

process.

Another possibility, how to get uniform nanopaeilis by aggregation of smaller
subunits (curve Il in Figure 2.3). It is due to thHeermodynamics that favor the
maximization of the surface/volume ratio. Hence #iyglomeration of small particles
precipitated from solutions is practically inevikabvithout using the stabilizers. There
are two possibilities, how to stabilize the nantipkas. The most common is the steric
repulsion between particles caused by surfactanpolymers or other organic species
bound to the nanoparticle’s surface. Another istedstatic repulsion (Van der Waals)
resulting from the chemisorptions of charged smeaé the surfaces. These two
secondary processes have dramatically effect osidee morphology and properties of
the products (nanoparticles).

More information about this method is in used refees [1,5].

n Supersaturation

i B Nucleation
:"-EJ iy L] ‘."'-‘J

= SNET L Growth

¥ i . d

= . e 33: Jaig s

= .Y L

g T .. o 4
= I oI I

75

Time —*

Fig. 2.3 - Formation mechanism of uniform partidiesolution: curve | — single nucleation and unifio
growth by diffusion; curve Il — nucleation, growdind aggregation of smaller subunits; curve Ill —
multiple nucleation events and Ostwald ripeningngho[1].
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2.1.3 Microemulsions

The microemulsion is one of the useful methods, lwaw be uniform nanoparticles
synthetized [5]. The term micro-emulsion was fyrstised by T. P. Hoar and J. H.
Schulman in 1943 for a homogenous solution that wesluced by the certain
combination of water, oil, surfactant and cosudatt{12]. However it was found out
that this mixture cannot be described as soluti@tause the orientation of surfactant
molecules is not random [13]. Surfactants (namer asurface-active-agent) are
molecules with amphiphilic character because ofir tteomposition; they have
hydrophilic head and hydrophobic tail. These mdiesuare able to modify the
interfacial properties of the liquids in which thage present. In the solution of water,
oil and surfactant the surfactant create a micéfiat is an aggregation of surfactant
with the hydrophilic head in contact with water I(gmn) and the hydrophobic tails
close oil in the centre of micelle (in Figure 2t4sithe hydrophobic oleimicelle). In our
case, the surfactant with the cosurfactant createisverse micelle through ion-dipole
interactions (in Figure 2.5 is this shown as olelaplhydromicelle). The cosurfactant
acts as an electronegative “spacer” that minimalizpulsions between the positively
charged surfactants heads.

SPHERICAL WMICELLES

HYDROFPHILIC
OLECMICELLE

Fig. 2.4 - The illustration of various type of mliee(the left picture shows “normal micelle”, thight
picture shows inverse micelle) [13].

The creation of this inverse micelle depends onréaetion conditions, mostly on the
ratio of using water, oil and surfactant concenrat

As the micelle is small (the radius of micelle nipstepends on ratio (L}_Eé—?]) it

performs a Brownian motion, even at room tempeeatiitence, there are lots of
collisions between two micelles. These two micetlesate for a short time (~100 ns) a
dimmer. During this lifetime of dimmer, two reverseicelles will exchange the

contents of their aqueous cores before uncouplseg (Figure 2.5). This leads to
equilibrium distribution of all contents. It is alous that centre of micelle can be used
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as nanoreactor that produce nanoparticles withoumifsize and shape. This size of
nanoparticles can be controlled by the radius aktfte.

Fig 2.5 - The schema of collision between two reganicelles A, B with dissimilar cores [5].
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2.2 Materials with potential application
2.2.1 Zirconium dioxide (zirconia) - ZrO,

Zirconium dioxide is a white crystalline oxide afconium. Pure zirconia crystallizes in
three crystal phases at different temperature. [Bhetemperature (below 1200°C)
phase with a monoclinic crystalline structure his nost naturally occurring form as the
rare mineral baddeleyite (it was named after JosBptideley). The intermediate
temperature phase (till 2370°C) has a tetragongdtaltine structure that at higher
temperature transforms to the cubic structure eklagts till melting point 2680°C. This
cubic form, called ,cubic zirconia®, is rarely fodrnn the nature as mineral tazheranite.
Some of physical properties are shown in Table Phkse properties mostly depend on
type of crystal structure or if the zirconium didgiis stabilized or not.

Table 2.1: Physical properties of zirconium dioxide

Density Thermal Molar mass Boiling point Refractive
conductivity index
o (g.cm®) oW.mLK?Y | M (g.mol) Ts (°C) n
5.6-6.1 2.7-3 123.2 4300 2.1

Crystal structure

Pure cubic Zr@ has the fluorite structure with each metal ionrégular eightfold-
coordinated sites having all of the Zr-O bonds aquiad length. In the tetragonal phase,
the Zf** ions are located in distorted eightfold coordioatienvironments while, in
monoclinic ZrQ, Zr** ions are located in sevenfold coordination [14je Tdetails of
crystal structure of these phases are shown ineTald [15,16] and the pictures of
crystal structure are shown in Figure.2.6

Table 2.2: Crystal information of ZgO

Monoclinic Tetragonal Cubic (tazheranite)
(baddeleyite)
Space P2/c P4/nmc Fm-3m

group

a® [ bATcA a® oA TcA | ald) [b@E) [c@)
Lattice | 5.169 | 5232 5.341 3.612 3.612 5212 5111 5411 5111

parameters a(®) |B() | v () | a®) [BO YO | o) [BCO)]Y()
90 [ 99.25] 90 90 | 90| 90 90 o 90
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Fig. 2.6 - The crystal phases of zirconium dioxidein left panel is shown monoclinic structure
(baddeleyite), in the middle panel is shown tetreggphase (red balls are atoms of oxygen, gredrishal
atom of zirconium). In the right panel is shown icuphase, where brown balls are atoms of zirconium,
and red balls are atoms of oxygen. [17,18].

Applications
In the past the zirconium dioxide was used for shgwdiapositives because by heating

up, ZrQ emits an intensive light known as zirkon light.[4]

Cubic zirconia is used Iin jewellery as synthetibsiitutes for diamond known as
zircon. It is due to the fact, that the cubic fonas high refractive index like diamond
that also crystallizes in cubic form. Hence, itdifficult to distinguish zirkon from
diamond at first sight. The differences betweerse¢htvo jewelleries are in physical
properties as thermal conductivity, that is lower ¢ubic zirconia (diamond is a very
good thermal conductpo =900-2320 W.m.K™). Due to this low thermal conductivity,
zirconium dioxide is using as thermal barrier cogin diesel engine.

The zirconia is widely used as a ceramic mateftals due to the many favorable
physical properties as high melting point, low do&nt of thermal expansion, acido
and base resistance. However pure zirconia mateteald to cracking when it is
annealed and than repeatedly cooled down. It istaldke fact that the transformation
from tetragonal to monoclinic structure is accomednby a large change in lattice
parameters. A consequence of this phase changelasga volume expansion on
cooling, which make the fabrication of pure zir@ieramics impossible. Hence, it is
necessary to maintain the cubic crystalline stmectt low temperatures. This can be
achieved by adding cubic stabilizers as CaO, MgéDs;YCubic stabilized zirconia is a
useful refractory and technical ceramic material fige-resistant materials — melting
crucible) because it does not go through destreigthase transitions during heating and
cooling [4].

New possibility of using cubic zirconia is in spiics devices. Spintronics (spin
transport electronics or spin based electronics) iew paradigm of electronics based
on the spin degree of freedom of the electronhis tase the carrier of information is
the electron spin that add many advantages as litgnvacreased data processing
speed or increased integration densities compaiiéd s@nventional semiconductor
devices. Hence, it is useful to search for matgrighat combine properties of the
ferromagnet and the semiconductor, such as dilotagnetic semiconductors DMS
(alloys in which some atoms are randomly replacgdniagnetic atoms) [19]0ne of
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these promising materials is Mn-stabilized zircortais due to the fact, that it is
theoretically predicted, that this material coutdrbagnetic above the room temperature
because of the atoms of Kirthat is magnetic [20]. To prove this experimentatiore
studies are needed.

2.2.2 Titanium dioxide - TiO,

Titanium dioxide is widely known material for itsamy applications that will be
discussed later. The pure i3 colorless, but the natural form contains a sarabunt

of iron that causes the black color of this minefdle most occuring form in nature is
as mineral rutil. The name comes from Latin — usti(red) that is because of the red
color that can be observed when it is viewed bgdgmaitted light. Rutil has the highest
refractive index of any known mineral. Titanium xiiie can be rarely found as anatas
or brookite. The both anatas and rutil crystallinetetragonal structure. The name
anatas comes from Greek “anatasis” (extension)usecaf vertical axis that is much
longer than in rutil form. Brookite that was namedter the English mineralogist Henry
James Brooke is different from the other two mihdsacause it crystallizes in
orthorhombic structure. Hence, it has also differginysical properties as no
photocatalysist's activity. Some physical propertié titanium dioxide are shown in
Table 2.3.

Table 2.3: Physical properties of titanium dioxide:

Density Thermal Molar mass Boiling point Refractive
conductivity index
p(g.cmd) oW.mLK?Y | M (g.mol) Ts (°C) n
4.2 11.7 79.9 2972 2.49-2.61

Crystal structure

In a rutil form every atom of titanium is surrounday six atoms of oxygen that create a
distorted octahedron. Two of them are in a distaB@A from titanium and the
remaining four atoms are in distance 1.92A. Anatystallizes in the same structure
(tetragonal), it differs from rutil only by the d#sce of oxygen (two of them lie in the
distance 1.95 A, and the other four in 1.91 A)Bhookite mineral, every atom of titan
is also surrounded by six atoms of oxygen thataten even distance [4]. The details
of these three mostly occurring crystal structwe3iO, are shown in Table 2.4 [15]
and the pictures are shown in Figures 2.7, 2.8.

At 642°C anatas undergoes an enantiothrophy exehahgese modifications are
named anataa and. At 915°C anatas and also brookite are transfachad rutil
form. The melting point of titanium dioxide is alidi840°C [4].
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Fig. 2.7 — Images of crystal structures of TiGin the left panel is shown the rutil, in thehiganel is
shown anatas. The titanium atoms are grey, theexxgtpoms red [21].

Fig. 2.8 — Image of crystal structure of brookitgreen points are oxygen atoms, red points amuita

[18].

Table 2.4: The crystal information of TiO

Rutil (tetragonal)

Anatas (tetragonal

Brookite
(orthorhombic)

Space P4/mnm I4/amd Pbca
group
a(d) |bA) | cA) | a®) [b@A)|cA)| a(®) |[bA)|cA)
Lattice 4593 | 4593 2959 3.784 3.784 9.514 9.1y4 5449 5|
parameters a(°) |B ()| y () | o) |[BCO)Y|Y(E)| al) [BC)|Y()
90 99.25/ 90 90 90 90 90 90 o
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Applications
Titanium dioxide (in anatas or rutil form) is wigelused as a white pigment (white

titanium) due to its high refractive index (rutil72, anatas 2.53). It has the best
covering power from all the white pigments. Whiliéartium is mostly used for
fabrication (manufacture) paints, papers, in megi¢pills and tablets), ceramics etc. Its
other utilization is in food-processing industrgr(example whitening skimmed milk)
or as cosmetic products because of UV resistamtepties.

The other big field of application of Tids using it as photocatalyst. This effect was
firstly observed by Prof. A. Fujishima in 1972 [2Ye found out that water can be
decomposed to oxygen and hydrogen atoms by expastitgnium oxide electrode in
aqueous solution to strong light. This effect hasyncommercial applications (shown
in Figure 2.10). It is widely used as a material &atibacterial tiles or in air-cleaning
systems as photocatalyst could decompose matefiaés.other utilization is in self-
cleaning function that is used in side-view mirrorsat exterior materials of buildings
(this effect was discovered in 1995 also by Praiitéhima). When glass coated with
titanium dioxide is exposed to light, water dropl&irm a uniform film on the surface -
the surface exhibit “superhydrophilicity”. Hencé,ail is present on the surface the
water falling on the coated surface penetrates rutigeoil and removes it easily [23].
This effect is shown in Figure 2.9.

Breaking water into hydrogen and oxygen atom coblve another possible
application. If the hydrogen atoms are collectésbytcan be used as a fuel, but the
efficiency of this process is by that time relatlyvemall.

The titanium dioxide is also known to be a wide dgap semiconductor. In last few
years there have been researches in usingaB@ spintronic’s device [20] (the details
about spintronic were discussed in previous sektion

<N TIO,
Li ht\
‘9 Water
)

-
-
e

Fig 2.9 — The self-cleaning function of photocasaihanks to superhydrophilicity of water. Oil adkok
on TiO, can be washed with water [23].
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Anti- contamination {hm_ I.Jact..erla
(Selfcleaning) Sterilization
Decomposition of oil Sterilization of Escherichia
coli and IMES A

superhydrophilic effect : .
Degradation of wirus

Fig. 2.10 - Fundamental fields in application obfitatalysts [23].

2.2.3 Cobalt ferrite - CoFe,0,4

The cobalt ferrite has been under an intensivearebewithin last years, due to its
physical properties that is suggested to be utilinemany technological fields that will
be discussed later. This compound has to be prépataboratory, because it does not
occurring in nature as a mineral.

Crystal structure

Cobalt ferrite belongs to the group of spinels. sTitructure is named after the
compound spinel MgAD,. The general formulation can be written a§BR",0%,,
where A, B are metals. The ideal spinel structuneststs of cubic close packing of the
oxygen ions with the interstitial sites partialifefd with the metal ions. The structure is
cubic (space group Fd-3m). The metal ions lie irateedral (A) and octahedral (B) sites
with the oxygen in the center (see Figure 2.11)e ®hcupation of A and B sites is
highly dependent on the kind of metal ions andcharge factor, because the tetrahedral
points are smaller then octahedral. There are tamlyn possibilities, how to occupy
these sites:
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a) normal structure
In this type of structure the®Bions occupy the octahedral site, but usually doodupy
all these positions, so the*Aions occupy the rest of the octahedral sites ded t
tetrahedral sites. Example of this structure is 8@ or MgAI,O..

b) Inverse structure
This presents the inverse distribution of catioklence, the tetrahedral sites are
occupied by B ions and the octahedral sites are occupied HyaAd B ions. The
most known represent is the magnetitedze(can be written as (E§[Fe*'Fe&#*]0,).
The cobalt ferrite is a representative of this tgpstructure [24].

Fig. - 2.11 - The image of the spinel crystal dinoe — red balls are atoms of oxygen, yellow are
tetrahedral sites and blue balls (points) are @dtedi sites. In the case of cobalt ferrite, yellmalls are
Fe’* ions, and blue balls are Eand F&".

As it was mentioned before the crystal structureubic with the lattice parameter
a=8.4A The space group is Fd-3m. The positions of atamsmit cell are written in
Table 2.5 [25]. Atoms of G and F&" occupy special sites (can be seen from the
“special numbers” of fraction coordinates %, ¥2),leloxygen atoms occupy general
positions. The positions of oxygen that is shownTiable 2.5 are known from
experiments and are for every sample different.

Table 2.5: Fraction coordinates for ions in the &0k

ion x/a y/b z/c
co™ 0.125 0.125 0.125
Fe'* 0.5 0.5 0.5
o~ 0.23 0.23 0.23
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Application
The spinel ferrite nanoparticles are used for weritechnological applications due to

their magnetic properties. The cobalt ferrite nambples have a large magnetic
anisotropy that can be utilized in magnetic reauyd[26]. The magnetocrystalline
anisotropy can be simply explained that the crystalsesses a magnetic easy axis and a
hard axis. Along certain crystallographic directdhis easy to magnetize the crystal,
along others it is harder. Hence, if the materialves a large magnetic anisotropy, we
can magnetize it easily in one direction. In mamgnetcording the carrier of information
IS magnetic moment and it is important to not lothge information by magnetize the
material in different direction. Another field oftilization is in the production of
isotropic permanent magnets because cobalt feshtmvs a reasonable saturation
magnetization and high coercivity.

In last few years there has been big research dald fof using magnetic ferrite
nanoparticle in biomedicine (for example drugs \a&ly or hyperthermia [1]). The
advantage of magnetic nanopatrticles is due to #reall size that is comparable with
the size of biomolecules (as a virus, a proteirmagene). Secondly, because these
particles are magnetic, they can be manipulatedrbgxternal magnetic field. The idea
of hyperthermia is that the particle is injectedtle target region (for example the
cancer cells). When the magnetic field is applied particles is heating up to the
temperature about 44°C and could damage the sutiruyinells.

The concept of delivering the drugs or antibodiess Virst suggested by Freeman in
1960 [27]. It is based on transporting of the maigneanoparticles through the vascular
system and concentrating them at the particulantpioi the body with the aids of
magnetic fields. The significant advantage of thithod is in targeting of the specifical
location in the body, hence the side effects adeiged (minimalizing the concentration
of the drugs in nottarget sites) [28].
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3 Experimental details

3.1 Preparation

The four samples of CoKe, encapsulated in SiOnatrice were prepared by Holec by
the innovative sol-gel method [29]. The precursoshiown in Figure 3.1.

(\ / St O \ / )

Figure 3.1 - The precursor, that was after the gmaton annealed at various temperatures.

After the whole process the materials were anngadinthe given temperature (step
1°C/min), all 4 samples are labelled by the nunmiddahis temperature (this mean, that
the sample Co_800 was annealed at 800°C).

3.2 Powder X-ray diffraction

The powder X-ray diffraction is a convenient methbdw can be the crystal structure
of the sample characterized. This technique is dase observing the intensity of
interfering waves as a function of the diffracti@angle. The condition of the
constructive interference (the phase shift musa baultiple to 2t— see Figure 3.2) can
be expressed by Bragg'’s law:

2d,,,Sin@ = A (2)
wheredy is the spacing between the planes in the atortticda®@is the angle between
the incident ray and the scattering planesXaisithe wavelength of X-rays.
From this equation the crystal structure (latti@@gmeters) could be in special case
easily obtained. For instance for cubic lattice, ldittice parametex can be determined
from equation:

1 _h*+k*+1?
d%a a’

®3)

whereh, k, lare Miller indices.
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r.rI "?é ;!1 M

Fig 3.2 - In the left picture the constructive méeence is shown, in the right picture destructive
interference is shown according t® 2eviation [30].

Each material has its unique X-ray powder pattenmck this method could be used for
identification of unknown samples by comparing tliaction pattern to the patterns
collected in a database (e.g. Powder Diffractiote)FiUsing the known lattice
parameters and fraction coordinates, the data eafittbd by the Rietveld method to
obtain exacts crystallographic parameters of tinepda

For calculation particle diameter, it is necesdarknown the instrumental resolution
function, because this function affects the widthpeaks. The resolution function is
determined by fitting data of standard sample 4_#iat were measured by the same
diffractometer. The program Fullprof fits data witligt function that is convolution of
Lorentzian and Gaussian:

V(X) =L(X) O G(x) = o]-L(x— u)G(u)du 4)

where L(x) and G(x) have different FWHM (full width in half maximumi{,, Hg
respectively.

G(X) = & exp(-hx’) 5)
— aL
L=, ©®)

whereag, b, a, b are constants that depend on FWHM of the peak.
From this fitting we can get parameteéts, Hs and the position of peaks that can be
then utilized as knowing resolution function.
If this resolution function is known, the X-ray fildction can be then used to determine
the microstructural effects of the sample as sergttallite sizes or micro-strains. The
volume-averaged apparent size of the crystallitesthe direction normal to the
scattering planes can be calculated from the Sehfrmula:
A
[cosO

(7)

where ,B:IA is the integral breadthA(is the space under the peak dpds the

0
maximum of the intensity).
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The quality of agreement between observed and leéécliprofiles is measured by set
of nowadays-conventional factors. There can beutatied several these factors, but in
the output file only two factors are brought outheT Bragg factorRs and the
crystallographidz- factor:

Z,

obsh - I calc,h

R, =100 " . (8).
i Z I obsh ‘
Z ‘, I:obsqh'_ I:calc,h
R. =100-" 9)

2/ Fovan|

h

where 1opsn IS the observed intensity at the point, that ébate to reflectiorh, lcach

is calculated intensity,Fopsn, Fcach are the structural factors with same meaning of
indices.

All these mentioned calculations can be done bygmam Fullprof. More information
about this program is in [31] and about X-ray difftion is in [32].

The X-ray data were collected using the Brukerrddfometer AXS GmbH with the
Cu-K, beam. The X-ray diffraction patterns were colldcie the  range: 10° - 80°
with a step of 0.05° for all samples.

3.3 ICP (Inductively Coupled Plasma Spectroscopy)

This method is used to detect trace metals frons#neples that are introduced in liquid
form for analysis. It consists of the ICP and tipectrometer, which can be optical
(ICP-OES) or mass spectrometer (ICP-MS). Argonigassed for creating plasma of
temperature about 7000-8000K by the magnetic fidllde sample is atomized by
atomizer and given directly inside the plasma flamere, at the high temperature, all
elements become thermally excited. These excitemmat emit light at their
characteristic wavelengths that is collected bydaptcal spectrometer. The intensity of
emitting light is proportional to concentrationtbe element in the sample.

If we have the ICP-MS, the ICP is used to creatrgdh ions, that are then transfer to
the mass spectrometer, where the ions are sepamatdte basis of their mass-charge
ratio. The intensity of ion signal in detector ieeh also proportional to the
concentration.

The concentrations of Co and Fe in our samples Wamed out using the ICP-OES
Integra XL2, GBC, Australia. This analysis was daménstitute of environmental and
chemical engineering, Faculty of chemical techng)agniversity of Pardubice.

Samples had to be prepared in liquid form. Sampke® dissolved in 4 ml nitric acid
and 1 ml hydrochloric acid at 200°C for ten minufBisen boric acid was added and the
mixture was heated at 200°C for another 10 minuddter this process samples are
dissociated and can be injected into the ICP. Alhgles are encapsulated in SiO
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matrice. For not counting of this matrice, only te@mples with Si@were firstly
prepared and measured. This measurement was thetedout as a background.
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4 Results and discussion

4.1 Phase analysis

The measured X-ray patterns for samples Co_800, XDO0 is plotted in Figure 4.1,
4.2 respectively with the position of constructiveliffraction for CoFgO, (other two
samples are in appendix - Figures A.1, A.2). Thesstions were found in the PDF-4
database. As we can see, positions of our diffragbeaks are in good agreement with
the expected one for cobalt ferrite structure. €hare no other peaks hence we can
suppose that the samples are only single-phase¢heéAfirst sight all peaks are very
broad as it was expected because of the nanosieteof particles.

It is obvious that with the increasing temperatine intensity of peaks is increasing. It
is due to the fact that with the increasing anmgaliemperature the diameters of
particles are increasing and crystallinity of saenigl improving, hence there is better
diffraction. The peaks are little asymmetric theftect the strain in the samples.

The first high and broad peak (located about 22 thanks to presence of amorphous
SiO, matrice.

3000

—— X-ray pattern
I CoFe,O,

2500

2000

Int.

1500

1000

500

0 20 40 60 80
20 (°)
Fig 4.1 — X-Ray diffraction pattern for sample C608The red bars are position of constructively
diffraction for CoFgO,.
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25000

—— X-ray pattern
I CoFe,O,
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15000 -
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10000 -
5000 o
0

0

20 (°)
Fig 4.2 — X-Ray diffraction pattern for sample C600. The red bars are position of constructively
diffraction for CoFgQO,.

4.2 Rietvield refinement

The crystal structure of Cof@, that was used for calculation by Rietveld methas w
in detail discussed in chapter 2.2.3. The occugasnof atoms were fixed from the
stoichiometry. The lattice parameters and fractioardinates of oxygen atom that were
obtained from Rietveld refinement are shown in €ahll, 4.2 respectively. Because of
the difficult calculation, the peaks of Si@hatrice were not included in data that were
used in Rietveld refinement. The comparison of dhserved and calculated X-ray
patterns for samples Co_800 and Co_1000 are shoviAigure 4.3, 4.4 respectively
(another two samples are in appendix Figures A.3).A

From the measured data of the standard sample B wa found out the resolution
function of diffractometer. The particle diametefsall 4 samples were then calculated
using program Fullprof from Scherrer formula (men&d in chapter 3.2). The
deviations of the calculated data from measured da¢ shown in Table 4.1 as the
Bragg factorRs and crystallographic factd®-. These factors are small (<10) that can
reflex good fit. However, particle diameters ardyoestimative because of the broad
peaks and small intensities. For better calculatiom longer time of measuring is
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needed. This is obvious from the higher Bragg fsctd samples Co_1000, Co_1100
that have better diffraction patterns.

Our calculations confirmed that with the increasammealing temperature the particle
diameter is increasing too. There are visible d#fee between particles that were
annealing at temperature 900°C and 1000°C. Theidracoordinates (Table 4.2) for

oxygen atoms and lattice parametgege increasing with increasing temperature.

Table 4.1.: Lattice parameter and diameters of &snp

sample a(A) d (nm) Rs Re
Co_800 8.164(6) 1.6 3.50 2.63
Co_900 8.290(1) 1.7 2.62 2.99
Co_1000 8.359(1) 2.9 9.57 8.10
Co_1100 8.365(9) 3.1 10.7 9.19
Table 4.2: Fraction coordinates for oxygen atoralisamples

sample x/a y/b z/c

Co_800 0.22(8) 0.22(8) 0.22(8)
Co_900 0.22(9) 0.22(9) 0.22(9)
Co_1000 0.23(1) 0.23(1) 0.23(1)
Co_1100 0.23(0) 0.23(0) 0.23(0)
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Fig 4.3 — X-Ray diffraction pattern for sample C608The blue line shows the difference between the
measured and calculated data.
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Fig 4.4 — X-Ray diffraction pattern for sample C0800. The blue line shows the difference between the
measured and calculated data.
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4.3 ICP
In Table 4.3 is the measured concentration of mad cobalt in our samples by the
method ICP. As we can see, for all samples thera ood agreement with the

demanded stoichiometry. The uncertainty of thishoetis about 10%.

Table 4.3: The concentration of Fe and Co:

Sample Fe (%) Co (%) Fe/Co
Co_800 4.441 2.320 1.914
Co_900 5.079 2.622 1.937
Co_1000 4.727 2.472 1.912
Co_1100 4.812 2.486 1.936
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5 Conclusions

We summarized the most used preparation methodshef nanoparticles. The
experimental conditions of the preparation affdwt final products, especially their
crystallinity and particle diameters. In the sol-geethod, the change of the particle
diameters can be adjusted by changing the pH, textyse, molar ratio of concentration
Si/H,O and a kind of catalysis. In the microemulsion ot the size of particle
depends on size of created micelle that can betaffeby ratio of the concentration
H.O/surfactant. The co- precipitation is useful methar preparation of larger amounts
of particles those size depends on reaction mesimani

We have presented an overview of three possibldidares of nanopatrticles for future
utilization. We have briefly summarized their cajsstructures and their nowadays
application (mostly as a bulk material) in our vdorWe have also sketched their
possible application in future. The Ti@nd ZrQ are possible candidates for spintronics
applications. The CoR®, is an excellent candidate for utilization in biairene or in
magnetic recording.

We have characterized four samples of G@gén silica matrix by X-ray diffraction
and ICP method. By matching positions of the ddfien peaks in our Cok@,
nanocomposites to those for CeBgspinel phase in the PDF-4 database we found out
that our samples are single-phases with the spstreicture. From the Rietveld
refinement, we have determined the lattice parameted using Scherrer formula we
calculated the mean particle diameter for all sasplWe confirmed that with
increasing annealing temperature the particle diamis increasing from 1.6nm to
3.1nm and the lattice parameters are increasingRamm ICP we found out that the
ratio of Fe/Co is in a good agreement with the desed stoichiometry.

34



6 References

[1] P. Tartaj, M. P. Morales, S. Veintemillas-Vegd@s, T. Gonzales-Carreno, C.J.
Serna:Synthesis, properties and biomedical applicatiohamagnetic nanoparticles
Handbook of magnetic naterials (2006, 403-483

[2] S. Harihan, J. Gass: Superparamagnetism and Ef@&Et in functional magnetic
nanostructures, Rev. Adv. Mater. Sci (200%),398-402

[3] C. N. Chinnasany, B. Jeyadevan, O. PeraleszR&reShinoda, K. Tohji, A. Kasuya,
Nanotech (20033, 134

[4] H. Remy: Anorganickd chemie Il. dil, Statni tedatelstvi technické literatury,
Praha (1962)

[5] B. L. Cushing, V. L. Kolesnichenko, Ch. J. O'@wr: Recent advances in the
Liquid/Phase Syntheses of inorganic nanopartjddsem. Rev., (2004),04, 3893

[6] John D. Wright, Nico A. J. M. Sommerdijk: SoleGMaterials Chemistry and
Applications, CRC Press (2001)

[7] http://www.solgel.com/educational/educframe.htm

[8] Y. Dimitriev, Y. Ivanova, R. lordanovaidistory of sol-gel science and technolpgy
Journal of the University of chemical technology anetallurgy, 43, 2, 2008, 181-192
[9] J.J. Ebelman, Ann. Chim. Phys. (18485, 129

[10] W.A Patrick, “Silica gel and process of makisgme” U.S. Patent 1,297,724
(1919)

[11] S. Sakka: Sol-Gel technology as reflected aurdal of Sol-Gel Science and
technology, J. Sol-Gel Sci Technol (20029, 29

[12] T. P. Hoar, J. H. Schulman, Nature (1943),102

[13] J. H. Schulman, D. P. Rile¥X-ray investigation of the structure of transpareiit
water disperse system I. Colloid. Sci. (19481, 383

[14] S. Ostanin, A.J.Craven etc: Electrenergy-loss near-edge shape as a probe to
investigate the stabilization of yttria-stabilizemkconia, Phys. Rev. B (2002)65,
224109

[15] crystallographic database for minerattp://database.iem.ac.ru/mincryst

[16] database PDF-4
[17]http://biomed.brown.edu/Courses/B1108/BI108_20Groups/group05/pages/saint_
gobain_desmarquest.html

[18] http://cst-www.nrl.navy.mil/lattice

[19] S.A.Wolf, et al.: Spintronics: A Spin-Based Electronics vision foe tfuture
Science (2001294, 1488

[20] S. Ostanin, A. Ernts et aln-stabilized Zirconia: From imitation diamonds &
new-potential high- § ferromagnetic spintronics materiaPhys. Rev. Lett. (200798,
016101

[21] http://en.wikipedia.org/wiki/Titanium_dioxide

35



[22] A. Fujishima, K. HondaElectrochemical photolysis of water at a semicomnaluc
electrode Nature (1972)238 37-38

[23] A. Fujishima Discovery and applications of photocatlysis — &nmeg and
comfortable future by making use of light ene@ppan Nanonet bulletin (20084

[24] G. Subias, J. Garcia, M. G. Proietti et aray resonant scattering of (004n+2)
forbidden reflections in spinel ferriteBhys. Rev. B (2004Y,0, 155105.

[25] International tables for X-ray crystallograptBirmigham, England (1969)

[26] M. Grigorova, H.J. Blythe, V. Blaskov et aMagnetic properties and Mossbauer
spectra of nanosized Cofey powder J. Magn. Magn. Mater. (1998)83 163-172

[27] M.W. Freeman, A. Arrott, J.H.L. WatsoMagnetism in medicinel. Appl. Phys.
(1960),31, S404

[28] M. Arruebo, R. Fernandez-Pachero, M. Ricarderia, J. Santamaridagnetic
nanopatrticles for drug deliver\Nanotoday (2007, 22-32

[29] P. Brazda, D. Niznasky, J-L. Rehspringer, ditifrova-VejpravovaNovel sol-gel
method for preparation of high concentratiefe,03/SiO, nanocomposite). Sol-Gel
Sci Technol (200951, 78-83,

[30] http://en.wikipedia.org/wiki/Bragg's_law

[31] J. Rodriguez-Carvajal: An introduction to gm@gram Fullprof (2000)

[32] V. Valvoda, M. Polcarova, P. LukdZaklady strukturni analyzy, Karolinum Praha
(1992)

36



7 Appendix A
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Fig A.1- X-Ray diffraction pattern for sample C&0 The red bars are position of constructively
diffraction for CoFgQO,.
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Fig A.2— X-Ray diffraction pattern for sample CA.0D. The red bars are position of constructively
diffraction for CoFgO,.
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Fig. A.3 — X-Ray diffraction pattern for sample @80. The blue line shows the difference between the
measured and calculated data.
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Fig. A.4 — X-Ray diffraction pattern for sample Ad4.00. The blue line shows the difference between th
measured and calculated data.
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