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ABSTRACT

Thermal and microwave methodologies are used to synthesize different
metal oxides nanoparticles such as magnetite (Fe3Oy), cerium oxide (CeOg). By
modifying the precursors (Fe(Radiket)s (R= Ph, Bu and CF;), Ce(acac)s and
Ce(OAc)3), and following the same synthetic route, it is possible to control the size
and shape of the nanocrystals obtained. The general route is carried out in
triethylene glycol (TREG) or benzyl alcohol (BnOH) media, due to its high boiling
point and, which acts also as a capping ligand of the nanoparticles, stabilizing them

in polar solvents.

Nanoparticles have been characterized by several common physical
laboratory techniques: High Resolution Transmission Electron Microscopy (HR
TEM), infrared spectroscopy (IR), X-ray Powder Diffraction (XRPD),
magnetometry via Superconducting Quantum Interference Device (SQUID),
Nuclear Magnetic Resonance (RMN), Gas Chromatography-Mass Spectroscopy
(GC-MS), X-ray Photoelectron Spectroscopy (XPS) and Thermogravimetric
Analysis (TGA). With all these techniques, the final size, shape, composition, crystal
structure, magnetic behaviour and capping ligand interaction have been studied,
showing the high quality crystals generated. In addition, we demonstrate the high
efficiency of all two one-pot methodologies that have been optimized to synthesize

different families of nanoparticles.

The stable colloidal solutions obtained in ethanol have been used to generate
ex-situ hybrid YBaxCu3O7.5 (YBCO) superconducting layers because the critical

current can be increased when the nanoparticles are embedded.
Finally, a new application as an antioxidant behaviour in human cells is tested

for the case of CeO2 nanoparticles due to their specifically properties that make

them really interested in this new field.
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OBJECTIVES

The main objective of this PhD research work is the fabrication of different
magnetic and non-magnetic metal oxide nanoparticles with control in size and
stability in polar solvents to be used for applications in superconducting ceramic
nanocomposites and as antioxidants in biomedicine.

To attain these final objectives, the first step will be the optimization of a
synthetic thermal methodology using metallorganic precursors, high boiling point
solvents. A comparison between two types of activation: Thermal and Microwave
will be done. The final idea will be the development of a one-pot, easy, fast and
economic synthetic route to generate nanocrystals with specific properties: size,
shape and composition desired and high stability in polar media, such as water or
alcohols, for their future applications.

For all these reasons, a deeply characterization study of the synthetized
nanoparticles has to be performed to know their morphology (crystalline structure
and capping ligand) in order to apply them in superconductivity and also as an
antioxidant human cells material.

After the characterization process, the introduction of different metal oxide
nanoparticles inside YBCO matrix is required. Furthermore, the final properties of
these new nanocomposites thin films will be analysed to find the influence of the
included magnetic and non-magnetic regions in the superconductor mattix.

On the other hand, CeO: nanoparticles will be also applied as antioxidants in
human cells in order to analyse their ability to interact with reactive oxygen species.

When this research work will be concluded, a better understanding about the
synthesis and the characterization of different metal oxide nanoparticles to apply
them in superconductivity or in biological systems, improving the final properties,

should have been achieved.
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Chapter 1: General Introduction

1. Nanoscience and Nanotechnology

“I would like to describe a field, in which little has been done, but in which an
enormous amount can be done in principle. This field is not quiet the same as the
others in that it will not tell us much of fundamental physics (in the sense of, ‘What
are the strange particles?’) but it is more like solid-state physics in the sense that it
might tell us much of great interest about the strange phenomena that occur in
complex situations. Furthermore, a point that is most important is that it would
have an enormous number of technical applications. What I want to talk about is

the problem of manipulating and controlling thins on a small scale.”

Richard Feynman, Caltech, 1959

“There’s Plenty of Room at the Bottom”

Nowadays, nanoscience and nanotechnology have become decisive in the
scientific development, achieving knowledge and progress to enhance the level of

well-being in our society.

As starting point of this introduction the concept “nano” should be defined.
The meaning of this prefix is one-billionth (10%) part that coming from Greek was
used in order to describe something really small, as shown in figure 1.1. Therefore,
nanoscale is comprehended, with at least one spatial dimension, between 1 and 100

nm.

Nanoscience ! is the study of nanoscale materials employing the
nanotechnology to characterize their specific physical, chemical and biological

behaviours due to the influence of their small dimensions.

Nanotechnology? is the development of miniaturization techniques that starts
at the macroscopic world, giving rise to the nanoworld. In addition, it is comprised
the manipulation of functional systems at the atomic, molecular and supramolecular
scale to achieve new materials, structures, components, and systems belonging to

the nanoscale.
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Both areas, nanoscience and nanotechnology, were emerged with Richard

Feynman’s conference growing together since 1959.
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Figure 1.1: Size scale of nanoscience and nanotechnology

2. Nanostructured Material3

Nanomaterials are chemical substances or materials that are manufactured
with at least one external dimension in the nanoscale. Nanostructured materials are
developed to provide them with novel and unique properties, such as optical,

electronic or mechanical, compared to the same material without nanoscale features.

2.1. Nanomaterials Classification

There are many different ways to classify nanomaterials depending, for

example, on their morphology or composition (among others).
ple, P gy P g

2.1.1. According to their morphology:

> 0D Nanomaterials 4 : The main characteristic of zero-dimensional

nanomaterials is that all three dimensions are compressed into nanoscale. They can
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perform discrete nanomaterials such as nanoparticles, surface nanofeatured or bulk

nanostructured materials as nanoparticle composites.

»> 1D Nanomaterials>: In this group ate included nanorods and nanowires.
This organization can be brought about by the use of templates such as carbon

nanotubes, pores in alumina, steps on crystalline surface as well as polymer chains.

» 2D Nanomaterials: Thin films and interfaces, which have one of their
three dimensions compressed into the nanoscale. They can be composed by metals,
metallic oxides or carbon-based materials. These arrays have generally been
prepared by simply evaporating dispersions of suitable functionalized, monodisperse
nanocrystals on hydrophobic surfaces such as a carbon film. Sophisticated
techniques have been developed to achieve a controlled deposition down to single
atomic layers. Several matured vapour-phase techniques can be used to obtain
controlled deposition of 2D nanomaterials such as pulsed laser deposition (PLD) or

atomic layer deposition (ALD).

» 3D Nanomaterials’: Three-dimensional arrays of nanomaterials can be
obtained by the use of a layer-by-layer assembly technique. Multilayer deposition is
achieved by the use of alternate layers of nanomaterials and linkers. Structures and

devices are a clear example of these nanomaterials.

2.1.2. According to their composition:

» Semiconductor Nanomaterials 8 : In these materials, the electronic
structure is constituted for the confinement of the electrons in nanometer-size foils
or grains. Due to the quantization of electron energies, these systems are often
called quantum structures or quantum dots (QDs) if the electrons are confined by
potential barrier in the three spatial dimensions.

The quantization of electron energies in nanometer-size crystals produces

changes in optical properties. This phenomenon exists also in larger crystals, where
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it gives rise to the valence and conduction bands separated by the band gap. In bulk
crystals, each electron band consists of a continuum of electron states. However, the
energy spacing of electron states increases with decreasing QDs size, and therefore
the energy spectrum of an electron band approaches a set of discrete lines in

nanocrystals.

» Metal Nanomaterials®: Metallic nanoctystals have a wide range of
applications in different fields. They are very interesting for their huge potential in
nanotechnology. These materials are formed by a group of metal atoms with an
oxidation state equal to zero. The intense interest in the metallic nanoparticles in
different applications such as catalysis or biomedical derives from their unique
chemical and electronic properties arising from the small volume to big surface area
ratio and their separation in the electronic energy levels providing a specific band
structure. This unique electronic structure allows the presence of plasmon

excitations and quantum confinements.

» Metal Oxides Nanomaterials !°: This group could be enclosed in
semiconductor nanocrystals due to their characteristics but they have specific
mechanical properties such as low elasticity, high plasticity, low hardness, etc. These
nanocrystals are very important in many areas of chemistry, physics and materials
science for the fabrication of microelectronic circuits, sensors, fuel cells. Magnetic
nanoparticles such as magnetite or ferrite are also included in metal oxide
nanoparticles. They have been widely used in the biotechnology, biomedical or
catalysis. The main characteristic of magnetic nanoparticles is that with diameters
smaller than some certain critical value usually show properties different from their
bulk analogue. The magnetic moments in these particles are free to align with the
field during the measuring time at room temperature. This phenomenon is called
superparamagnetic behaviour and allows a promising future in applications of the
magnetic nanoparticles in resonance imagining, tissue engineering and drug delivery

among others.
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2.2. Nanomaterials Properties

2.2.1. Surface-Volume Ratio!l

The high surface-volume ratio is a meaningful characteristic of nanomaterials.
The increased ratio of surface area to volume has an important role in the reactivity in
the surfaces of particles. Nanomaterials have more surface area than bulk materials
(figure 1.2) and for this reason, they present accessible sites for other chemicals to

bind or react with them.

The large surface area to volume ratio of nanomaterials opens many capabilities
for generating new materials and facilitating chemical processes. For example, they
can be used as potent catalysts'? or be applied in thin films!3 improving the properties

of the bulk material.

Figure 1.2: Surface-volume ratio

Conversely, the high surface-volume ratio in nanoparticles causes a bigger
surface tension, which produce aggregation and coalescence'*. In order to reduce this
phenomenon, different methodologies are used to stabilise the nanomaterials such as
the generation of coulombic repulsion between two individual particles (electrostatic
methodology'?), the addition of capping ligand to produce a steric hindrance and
geometric constrains (steric methodology'®) or the stabilisation systems with ionic
liquid which is composed by cations and anions that electrostatically isolate the
nanoparticles generating a shell of molecules producing steric stabilisation (ionic

liquid methodology!”).
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2.2.2. Electronic and Optical'®

Electronics, as the name implies, is a field of engineering that involves
electrons transport and storage.

Nanocrystalline particles have behaviours between bulk solid and single
molecule. Therefore, their physical properties gradually change from solid state to

molecular properties with decreasing particle size producing different effects:

» Due to their small dimensions, the surface to volume ratio increases and for
this reason, the surface properties are no longer negligible. An important property is
that the surface atoms are highly unsaturated and their electronic contribution to the

behaviour of the particles is totally different from that of the inner atoms.

» The second phenomenon, which occurs in metal and semiconductor
nanoparticles, has a huge dependence of their electronic behaviours. As shown in
the following figure 1.3, the nanoparticles electronic singularity is totally influenced
by their size. Then, starting at the macroscopic material with overlapped orbitals
represented by bands to the well-known discrete orbitals of a molecule,
nanoparticles are between these two extremes. In metal nanoparticles, the quasi-
continuous density of states in the valence and the conduction bands splits into
discrete electronic levels; the layout between these levels and the band gap
increasing by decreasing their particle size. In the case of semiconductors, the
phenomenon is quite different because the band gap already exists in the bulk state.
However, this band gap also increases when the particle size is decreased and the
energy bands gradually convert into discrete molecular electronic levels. In
semiconductors nanoparticles, the quantization effect that improves the optical gap
is observed for clusters ranging from 1 to 10 nm. Metal particles consisting of 50 to
100 atoms with a diameter between 1 and 2 nm start to lose their metallic behaviour

and tend to become semiconductots.
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Figure 1.3: Sige quantization effect

There are several kinds of nanoelectronic materials 1 composed usually by
nanotubes or quantum dots, which allow higher electron mobility, high dielectric
constant, and a symmetric electron/hole characteristic. The use of biological and
complex organic molecules in circuits, nanowires electrical conduits, quantum dot
relays, nanoresonators, single-electron transfer, single-photon optics, zeptomole
level analytical capability, atomic level and better resolution, advanced solar cells and
components, quantum computing and spintronics and nanoscale fields emitters the

list goes on and the possibilities are endless.

On the other hand, optics is the study of the interactions of light with matter
and other optical phenomena. Nano-optics can be defined as the study of optical
phenomena and techniques near or beyond the diffraction limit. Optical nano
effect?® was uncovered in stained glass and nowadays quantum dots are the most
advanced technology for electronic applications. Nano-optics is developing
alongside nanotechnology and new instrumentation is designed to see them better
as scanning electron microscope (SEM), transmission electron microscope (TEM),

atomic force microscope (AFM).

One of the most important optic effects in clusters is the surface plasmon?!.

Since a large number of atoms of the metallic nanoparticles are actually on the
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surface, the neighbouring electrons form a sort of an electron gas (cloud) since they
are in continuous interaction among themselves. The surface plasmon is thus
collective excitation of free electrons on the surface of the clusters. When the light is
incident on nanoparticles, its electric field perturbs this electron cloud promoting
electrons to a higher energetic level. This phenomenon creates surfaces charge
separation usually called dipolar resonance. The dipolar oscillation of all electrons
will have the same phase and when the frequency of the electromagnetic field
resonates with the coherent electron motion that makes a high absorption in the
optical spectrum. That plasmon oscillation phenomenon is responsible for the
colour imparted. The frequency and width of the surface plasmon absorption
depend on the size and shape of nanoparticles. Surface plasmon effect often occurs
in metals like silver or gold in contact dielectrics such as air or silicon dioxide, but
can also exist on interfaces other than flat surfaces, such as particles or rectangular

strips, cylinders, and other structures.

2.2.3. Magnetism?

The main characteristic of magnetic nanoparticles is that they can be
manipulated with a magnetic field gradient. In the present research work, magnetite

nanoparticles have been synthetized and characterized.

Different kinds of materials can be classified according to their magnetic

behaviours:

» Non-magnetic: Material that is not perturbed by magnetic field.

> Diamagnetism?: Diamagnetic material created an induced magnetic field in
opposite direction to an externally applied magnetic field. That factor provokes
repulsion between induced and applied fields. Usually composed of atoms, which
have no net magnetic moments which means that all the orbitals shells are filled and

all electron are paired.
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> Paramagnetism?*: Materials are attracted by an externally applied magnetic
tield, inducing an internal magnetic behaviour in the opposite direction. In this
particular case, some of the atoms or ions in the material have a net magnetic

moment due to unpaired electrons in partially filled orbitals.

» Ferromagnetism % : In this case, they can form permanent magnets
exhibiting high magnetic permeability, characteristic saturation point, and magnetic
hysteresis. Unlike paramagnetic behaviour, the atomic moments exhibit very strong
interactions produced by electronic exchange and result in a parallel or antiparallel

alignment of atomic moments.

» Ferrimagnetism?: A magnetic ordering is occurred as a result of the crystal
structure. A ferrimagnetic material has populations of atoms with unequal and

spontaneous opposing magnetic moments.

> Antiferromagnetism?’: The magnetic moment of atoms is aligned in a
regular pattern with neighboring spins pointing in opposite directions. The magnetic
moments existing inside the material are distributed in other to achieve a net

moment equal to zero.

> Superparamagnetism?®: This kind of magnetism is specially found in small
ferromagnetic or ferromagnetic nanoparticles. The magnetic material is totally

magnetised under external magnetic field.

Magnetic material properties can be represented with a hysteresis loop (figure
1.4), which shows the variation of the magnetic density flux B with the external

magnetic field H.

By applying a field H makes the magnetic induction to increase in the field
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direction. If H is increased indefinitely the magnetization eventually reaches
saturation M, where all the magnetic dipoles are aligned in the direction of the
applied magnetic field H. The saturation magnetization M, depends on the
magnitude of the atomic magnetic moments m and the number of atoms per unit

volume n, as shown in the following equation (Eq.1.1).

Mo=n-m Eq.1.1
Magnetisation
B

Remanence (M) Saturation
(M,)
Coercitivity
-H H
External Magnetic Field

-B

Figure 1.4: Hysteresis loop of a magnetic material

When the field is reduced to zero after the magnetic sample has been
magnetized to saturation, the remaining magnetization is called the remanent
magnetization or remanence MR The remanence is used to describe the value of the
persistent induction and magnetization after the application of the field to an
arbitrary level. In other words, it becomes the upper limit of all remanent inductions

or magnetizations.

The coercivity phenomenon appears when the magnetic field can be reduced to
zero applying a reverse magnetic field of strength. As a value it depends on the
condition of the sample, being affected by such factors as heat treatment or

deformation.
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Depending on the type of magnetic material, the hysteresis loop will present a
particular shape (figure 1.5). (a) Diamagnetic materials show a typical negative
hysteresis loop. (b) Paramagnetic materials subjected to magnetic fields other than
very high fields the magnetization is proportional to the field. (c)
Superparamagnetic materials, there is a quick response and saturation under
magnetic field; the coercitivity and remanence are close to zero. (d) Ferromagnetic
and ferrimagnetic materials (hard permanent magnet), which has a large coercitivity

field, the loop forms an open cycle.

>

a) | " b)

B (flux density)

>
H (Magnetizing force)

Figure 1.5: Hysteresis loops: a) diamagnetic, b) paramagnetic, c) superparamagnetic, d) ferromagnetic

2.3. Nanomaterials Applications

Functional materials synthesized on the nanoscale, represent evolutionary
developments of existing technologies and are really attractive to apply them in

many fields such as Hi-Tech Industry, medicine, chemistry or physics.

»  Medicine?: The utilization of nanomaterials in medicine was developed
in order to improve the well-being of our society. The application of nanomaterials,
in the field of tumor drug delivery, are a huge advance due to this novel treatment
modality can provide a safe and effective therapy using various nanomedicines in
cancer treatment without apply aggressive and destructive treatments. An example
of this new nanomedicine field is the application of nanomaterials to carry the

antitumor reagent to the blood vessels in the tumor and possibly leak the tumor
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tissue though the intercellular space between the endothelial cells’. The antitumor
drug could reach the target region due to the nanoparticles and provide the drug
inside the tumor to treat it and eliminate the cancerous cells. An other important
application of nanomaterials, that will be deeply explained in section 4, is for
antioxidant human cells applications due to their capacity to decrease the level of

reactive oxygen species (ROS).

» Hi-Tech Industry3!': One of the clearest examples of the Hi-Tech
Industry is in the automotive companies. This community use nanotechnology and
nanomaterials to improve the performance of new cars models. Some companies
are using conductive carbon nanotube composite materials or others
nanocomposites in fuel systems or in bumpers making some products 60% lighter,
but twice as resistant to denting and scratching. Others examples of the variety of
functions of nanomaterial products in the automotive industry are tires reinforced
with nanoparticles for better abrasion resistance, structural plastic parts combining
higher mechanical performance with reduced weight and anti-fog coatings for
headlights and windshields. In addition, there are other applications of the
nanomaterials in Hi-tech Industry is present mobile phone market®?, where the new
smart phones are fabricated with nanomaterials to increase the effectiveness of
electronic devices improving display screens, which involves to reduction of power
consumption decreasing the weight and thickness of the screen, developing the
density of memory chips and reducing the size of transistor used in integrated

circuits.

» Chemistry & Physics®: Nanomaterials are really important pieces on the
chemistry and physics fields due to they allow a huge and fast development of the
forefront technology. New promising strategies are performed to improve and
replace the old findings. Coated conductor development using nanocomposite film
growth mechanisms have a huge interest for power applications and magnets34. The
use of superconductor materials are widely applied in scientific facilities, magnetic
resonance spectrometers or magnetic resonance imaging systems. A completely new

frontier has been already investigated to produce high temperature superconductor

42



Chapter 1: General Introduction

(HTS) nanocomposites structures where non-superconducting nanoparticles or
nanorods can improve the properties of the current superconductors and for this

reason, the current technology systems.

2.4. Characterization Methods

Characterization of nanomaterials, thanks to the improved availability of
sophisticated physical and chemical techniques, allowed a huge development of
nanoscience and nanotechnology. Characterization of nanomaterials includes the

determination of materials composition, structure, size, shape and other properties.

This research work will develop and deeply study the synthesis and the

characterization of different nanomaterials such as diverse oxide nanoparticles to
generate nanostructured YBaxCuszO7_ g (YBCO) superconducting thin layer in order

to improve the superconducting properties and to apply them as an antioxidant
nanomaterials for human cells. For that reason, a full characterization is compulsory
in order to know how is constituted, formed and stabilized the nanocomposite
nanostructured superconducting system using different techniques such as X-Ray
diffraction (XRD), Photoelectron Spectroscopy (XPS), electron microscopy such as
Transmission Electron Microscope (TEM) or Scanning Electron Microscope
(SEM), Infrared Spectroscopy (IR), Gas Chromatography-Mass Spectrometry (GS
/MS), Dynamic Light Scattering (DLS), Thermogravimetric analysis and differential
scanning calorimetry (DLS) and magnetometry such as Superconductor Quantum

Interference Device (SQUID) or Field Cooling-Zero Field Cooling (FC — ZFC).

Due to the application of the different metal oxide nanoparticles synthetized
during this thesis in superconductivity and in cell biology fields, an introduction of

these two topics is also performed below.
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3. Superconductivity

The superconductivity was discovered by Dutch physicist Heike Kamerlingh
Onnes of Leiden University in 1911 when he cooled mercury with liquid helium
(4K, -269°C)™.

Superconductivity is a physical phenomenon observed in metals and ceramic
materials with favourable structural behaviours. These materials present a specific
behaviour that allows to an applied electric current flow without resistance and to
repulse magnetic flux completely when the temperature is below their critical
temperature Tc. This critical temperature is characteristic and a unique value to each
material presenting an important dependence to the structure and chemical
composition.

This superconductor property is due to Cooper pairs and consists on a couple of
fermions that are attractively bound with equal but opposite momentum and
spin. Cooper pairs theory establishes that superconductivity in conventional
materials arises from interactions of the conduction electrons with the vibrations of
the atoms. This interaction enables a small net attraction between pairs of electrons.

Furthermore, the current density (Jc), and the magnetic field (H¢) depend on the
temperature (Tc). However, Jc, He and Tc are independent parameters. If one of
these three parameters, is exceeded; the superconductivity is broken obtaining a

normal conductor material (figure 1.6).

Current density, J

Superconducting Ciritical Surface
Interior Volume

Magnetic Field, B

Temperature, T

Figure 1.6: Superconductivity limits
44



Chapter 1: General Introduction

3.1.  Superconductors

In a superconductor below his critical temperature, no resistance is produced
because electrons moving though the metal are no scattered due to there is not
deviations from translational symmetry or vibrations of the lattice in the metal
giving raise to a temperature independent contribution to the resistance.

The German physicists Walther Meissner and Robert Ochsenfeld discovered in
1933 the Meissner effecf®. This effect is characteristic of superconducting materials
and consists of the repulsion of a magnetic field from a superconductor (figure
1.7) becoming a perfect diamagnetism material.

A magnet moving by a conductor induces currents in the conductor but in a
superconductor the induced currents exactly mirror the field that would have
otherwise penetrated the superconducting material causing the magnet repulsion.
The Meissner effect is so strong that a magnet can levitate over a superconductive
material.

B B
FYTYYYY

T>T, T<T,
Normal conducting Superconducting
state state

Figure 1.7: Meissner effect

In 1986, high temperature superconductors (HTS)37, which have a critical
temperature of 92K were discovered by Georg Bednorz and K. Alex Muller. The
principal advantage to use HTS is that they can be cooled to superconductivity
behaviour using liquid nitrogen (77 Kelvin). A clear example of this type of

superconductors is the YBCO.
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3.1.1. Types I and II superconductor

There are two kinds of superconductors: type I and type 1I%. The type I
superconductors have a critical thermodynamic field Bc where the external magnetic
tield can not penetrate. In this Meissner state, the superconductor becomes a perfect
diamagnetic material. When the magnetic field is higher than B, the superconductor
becomes a normal conductor. On the other hand, in type II the Meissner state only
occurs for lower magnetic fields than Bei. When the magnetic field is higher than
Bei, this can penetrate inside the superconductor generating a quantized cylindrical
flux lines called vortex¥.

Consequently, these superconductors have the ability to bring high currents in
external applied magnetic fields. When the penetration of the external magnetic field
increase, more vortexs are generated until reaches the Be where the
superconductivity properties are lost (figure 1.8). In order to increase Be new
proposes to limit the movement of the vortex such as the embedding of

nanoparticles inside of the superconductor are studied*.

B B A

Normal state

Normal state

Meissner state )
Meissner state

Superconductor
Superconductor

. . T,
Tipo I Tipo II

Figure 1.8: Magnetic phase diagram for type I and 11 superconductors
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3.1.2. Vortex pinning*!

Vortex pinning is an effect that appears in mixed state. The magnetic vortexs
are anchored inside the superconducting structure and when an external magnetic
tield is applied, vortex pinning phenomenon avoids their movement. When the
vortices can easily move in and out of the superconductor, pinning is very
weak. When the vortexes are completely frozen in their position, though, pinning is
very strong. Multiple factors determine the pinning force of vortices: the presence
of impurities, the shape, size and distribution of the defects presents in the
superconducting structure matrix. The superconductor natural defects such as
precipitates, dislocations or anti-phase domains (region of a crystal where the atoms
are configured in the opposite order to those in the perfect lattice system), can act as
vortex pinning but if they are in high concentration the properties of the
superconductor will be reduced. In order to control and reduce the effect of these
natural structural defects, new strategies are developed focusing on the generation
of artificial non superconducting nanoregions inside the superconductor structure to
control and increase the properties in the mixed superconductor state. The
introduction of self-assembled inclusions** into superconducting materials has been
established as a very efficient route to improve their current-carrying capacity. In
particular, such inclusions can be prepared in the form of almost spherical particles,

nanorods or combination of both.

3.2. YBa;Cu307_g Superconductor

YBCO compound possess excellent current capabilities at high magnetic fields
and thus, this HTS (T. = 92K) is really interested to apply in different kinds of
cryogenic technologies.

The YBCO structure® corresponds to a triple perovskite based on BaCuOj; and
YCuOz units, where CuOz planes and CuOx layers oriented in c-direction, which are
parallels to a-b direction, can produce the superconducting phenomenon due to the
transport of carriers occurs in this specific planes generating the Cogper pairs. This

phenomenon appears because CuOx layers are forming chains, which have the
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property to be charge reservoirs giving carriers to CuOz. Concretely, the current
only flows in CuOz planes producing the conductivity to be confined in a-b planes,
which is achieved with an epitaxial YBCO conformation as shows in following

figure 1.9.

Figure 1.9: YBaxCusO7_s Structure

In CuOx chains oxygen vacancies are produced and thus, the structure can be

affected. When the chains are full of oxygen the structure corresponds to
orthorhombic Pmmm (a= b = c¢;a = 0.3886 nm, b = 0.3821 nm, ¢ = 1.1687 nm) as
was shown in figure 4.1. Moreover, when there is no oxygen in the chain tetragonal
P4/mmm structured is formed (a # ¢ ;2 = b = 0.3870 nm; ¢ = 1.1801 nm). This
specific property, defines the stoichiometry of the oxygen in the final YBCO, which

is represented by 8 and goes from 0 to 1 values (0 = no oxygen ; 1 = full of oxygen).
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Furthermore, the values of O are really important in order to obtain a
superconductor material due to only the orthorhombic structure can produce the
superconductivity phenomenon instead of tetragonal structure where isolating
material is formed. For this reason, it is crucial to control the quantity of oxygen

during the formation of YBCO compound performing an oxygenation process.

3.3. Superconductor Applications

The ability of superconductors to conduct electricity with zero resistance can be

really useful in a huge rang of different applications:

* Transportation *: Superconductors are implemented a new generation of
transport technologies including marine propulsion systems, magnetically levitated

trains, railway tractions transformers, etc.

*Medicine®: Progress in HTS guarantee more compact and less costly in
magnetic resonance image (MRI) systems with a higher imaging quality.
Furthermore, MRS has a great benefit because they are non-invasive diagnostic

techniques.

* Industry*: Powerful magnets for applications in different industrial processing
will be able to reduce the percentage of electricity losses. More examples of the
superconductor application in industry field are for example s sensors and
transducers, magnetic shielding, motors, fusion, transformers and inductors,

transmission, generators, etc.

* Electronics*: Superconducting analogue devices have demonstrated to get
higher sensitivities, speed, and frequency limits and lower power dissipation than
competing semiconductor devices. The use of superconductor devices in different
techniques such as millimetre wave detection or digital radio, have advantages and

may be expected to continue to be developed over the coming decades.
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* Communications*®: Superconductor filters have come into widespread use in
mobiles communications systems. They enhance signal-to-noise ratios, enabling
reliable service and with fewer mobile towers. Superconductor chips offer dramatic

performance improvements in many commercial and military applications.

*Scientific Research ¥ : Today superconductor materials, are improving
scientific research facilities. They are searching for new techniques pushing the

frontiers of human knowledge.

For all these applications and more, the study and improvement in

superconductivity field are in full swing and has become a state of the art.

4. Antioxidant Nanomaterials for Human Cells

The unique chemical and biological properties of nanomaterials, as was
explained in this chapter, make them also useful in many products for humans®,
including some in industry, agriculture, business, medicine, clothing, cosmetics, and
food. Furthermore, the tiny size of these new materials allows their utilization
directly in human bodies due to their capacity to pass more easily through cell
membranes and other biological barriers>. Thanks to their specific properties,
including high surface-to-volume ratios, nanomaterials are reactive or catalytic, and
thus can be potentially useful for the safe development of nanotechnology and the
safe use of commercial nanomaterials.

The mechanisms underlying the toxicity of nanomaterials have recently been
studied intensively. An important mechanism of nanotoxicity is the capture of
reactive oxygen species (ROS), resulting in the subsequent elimination of oxidative
stress in tissues®2.

In the mitochondria of cells, during the synthesis of ATP, the formation of
superoxide anion radicals, and subsequently other oxygen-containing radicals are
also performed. Thus, ROS are byproducts of cellular oxidative metabolism, which
also include superoxide anion radicals, hydroxyl radicals, singlet oxygen, and

hydrogen peroxide (H202)>%. Overproduction of ROS can induce oxidative stress,
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resulting in cells failing to maintain normal physiological redox-regulated
functions . The damage in cell function and development includes oxidative
modification of proteins to generate protein radicals >, initiation of lipid
peroxidation®®, DNA-strand breaks, modification to nucleic acids®’, modulation of
gene expression through activation of redox-sensitive transcription factors’®, and
modulation of inflaimmatory responses through signal transduction®, leading to cell
death and genotoxic effects®. It has been demonstrated that ROS and oxidative
stress are associated with many age-related degenerative diseases ¢!, including
amyotrophic lateral sclerosis, arthritis, cardiovascular disease, inflammation,
Alzheimer’s disease, Parkinson’s disease, diabetes, and cancer. For this reason, the
reduction of ROS induced by nanomaterials, directly or indirectly, plays a vital role
in human cells to avoid the antioxidant process.

The level of ROS reduction by engineered nanomaterials is dependent on the
chemical nature of the nanoparticles®?. Compared to their bulk-size counterparts,
engineered nanomaterials possess a high surface reactivity, demonstrating their
ability to react with hydrogen peroxide, which is becoming a new strategy to

guarantee a longer life of biological systems as an antioxidant behaviour.
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Chapter 2 1s based on the published article:

Induced shape controllability by tailored precursor design in thermal and

microwave assisted synthesis of Fe304 nanoparticlest

The synthesis of magnetite nanostructures (FesO4) by thermal and microwave
process was optimized to control the shape and the size of nanoparticles. The
methodology is based on a easy modification of the a-terminal position belonging to the
iron(III) tris(2,4-pentanedionate) precursor using triethylene glycol as a high boiling
point solvent. Different shapes were obtained changing o-terminal group from the
initial —CHj3 to —Ph; —Bu; and —CF; respectively. The new precursor morphologies
produce characteristic shapes of the obtained nanoparticles such as round,
cuboctahedron, flower-like Fe3Os and bow-like FeF» nanostructures. Furthermore,
triethylene glycol allows producing polar dispersible nanoparticles with a high
stabilization and well dispersed without aggregations. The two implemented process,
thermal and microwave, produce similar structures, except for the precursor containing
the aromatic group (—Ph), through which cuboctahedron (thermal) and elongated
polycrystalline microwires (microwave) were achieved. The effect of o-terminal group
demonstrated their influence on the final shape, structure and composition of the
nanocrystals synthesized. The obtained nanoparticles were studied and characterized by
high-resolution transmission electron microscopy, X-ray powder diffraction, and
thermogravimetric analysis. Final results demonstrated a strong relation between the
precursor design and the final morphology of nanoparticles, which could be explained
by different precursor—particle interactions during nucleation and crystal growth. The
composition of nanostructures was the expected FesO4 unlike fluorinated precursor

where FeF> was obtained as the principal reaction product.

iGarzén-Manjon, A., Solano, E., de la Mata, M., Guzman, R., Arbiol, ]., Puig, T., Obradors, X., Yafiez, R., Ricart, S., Ros, J.
(2015). Induced shape controllability by tailored precursor design in thermal and microwave-assisted synthesis of Fe3Oy

nanopatticles. Journal of Nanoparticle Research, 17, 291. doi:10.1007/s11051-015-3070-x.
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Chapter 2: Magnetic Iron Oxide Nanoparticles

1. Introduction: State of the art

Over the last decade, broad efforts have been made to generate different
nanomaterials through easy and reproducible methodologies!. For a broad range of
application the main objective has been the synthesis of monodispersed and well-
formed nanoparticles as a stable colloidal solution in different solvents?.

Magnetic nanoparticles are a class of nanoparticle which can be easily tracked,
manipulated and targeted using external magnetic field (figure 2.1). When a magnetic
field is applied to the nanoparticles, a magnetic dipole is induced. As soon as the
external magnetic field is removed, the magnetic dipole disappears and nanoparticles
return to their native nonmagnetic state. These phenomena provide them a huge
research interest from a wide range of disciplines including magnetic fluids3, catalysis?,
biotechnology/biomedicine 5, magnetic resonance imaging ¢, data storage’ and

environmental remediations.

Figure 2.1: Magnetic solution nanoparticles
under permanent magnet

They are mainly composed of magnetic elements such as iron, nickel, cobalt and
their respective oxides. Among various magnetic particles, iron oxides have received
immense attention owing to their strong magnetic responsiveness.

Table 2.1. shows a summarized of different type of iron oxide particles along with
their structural and magnetic properties. These nanoparticles possess different
physicochemical properties originating from the oxidation state of iron’.

The most widely used are iron-based nanoparticles Fe3;O4and Fe2Os. These type
of inorganic nanoparticles can form large aggregates, which may alter their magnetic

properties.
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Composition Type Structure / magnetic properties Name
In the a -FexOs structure, all Fe3* ions .
Felx o-Fex0s have an octahedral coordination Hematite
y -Fe203 have a cation-deficient .
V-Fe20s AB204 spinel, the metal atoms A and Maghemite
B occur in tetrahedral and octahedral
environments, respectively
Cubic inverse spinel Fe304.
Fe304 Ferrimagnetic at temperatures below Magnetite
858 K.
Cubic Fe?* oxide. Anti-ferromagnetic .
FeO (TC=185 K) in the bulk state. Wustite
Anti-ferromagnetic in the bulk state .
Fe203.H:0 | o-FeOOH (TC=393 K) Goethite
B-FeOOH Paramagnetic at 300 K Akagenite
v-FeOOH Paramagnetic at 300 K Lipidocrokite
d-FeOOH Ferrimagnetic Ferroxyhite

Table 2.1: Types of iron magnetic nanoparticles

Many synthetic routes have been developed to achieve proper control of particle
size, polydispersity, shape and crystallinity of magnetic iron oxide including co-
precipitation, microemulsion, thermal decomposition, solvothermal, microwave
assisted, chemical vapour deposition, combustion synthesis, among others in order to

obtain a stables colloidal solutions without aggregates.

2. Synthetic Methodologies of Magnetic Iron Oxide Nanoparticles

The different synthetic methods have special interest due to they can be scaled
up and size distribution can be varied by the reaction conditions such as concentration
of precursors, type of base and salt, pH and ionic strength of the precipitating

medium:
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2.1. Co-precipitation Method!’

This method is a facile and convenient process to synthesized metal oxides
nanoparticles. One of the most commonly way to produce iron oxide nanocrystals is
by the addition of base to Fe2*/Fe3* salt solution at room or elevated temperature!!.
Adequate election of a base like NH4OH instead of NaOH resulted in better
crystallinity, smaller size and higher saturation magnetization of magnetite
nanocrystals!?.

Furthermore, the size, shape and composition can also be controlled by the
variation of different salts such as chlorides, nitrates or sulphates, Fe2*/Fe3* ratio, the
temperature of the reaction, the pH value and the ionic strength of media. For
example, the precipitation at low temperature (below 60°C) usually produce Fe2Os,
while at higher reaction temperature such as 80°C favour the formation of Fe304

The major drawback of co-precipitation method is the insufficient size control
distribution and sometimes the uncontrolled shape, but still this process is one of the
favourite route to produce magnetic oxide nanoparticles due to requires low-reaction
temperature and short reaction time than others methods such as thermal

decomposition or hydrothermal.

2.2. Microemulsion Method!3:

Microemulsion method is a versatile synthetic methodology, which enables
control of particle properties such as size, geometry, morphology and homogeneity.
Microemulsions are isotropic, macroscopically homogeneous and thermodynamically
stable solutions containing at least three components; a polar phase (usually water), a

nonpolar phase (usually oil) and a surfactant.
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In this process, the aqueous phase is dispersed as microdroplets surrounded by a
monolayer on surfactant molecules in the continuous non-aqueous phase. If a water-

soluble metal salt is added in the aqueous phase of the microemulsion, it will reside

Water + metallic precursor
{inorganic salt A)

within the aqueous droplets

Collisions between droplets: The reaction takes place
in a confined fashion

Reactants interchange

surrounded by oil. If two

identical microemulsions are

nucleation and

produced with a reactant .4

growth

dissolved in the aqueous

Product is obtained
as nanoparticles

cores of one microemulsion

Water + precipitating
agent (reactantB)

and a reactant B in the
Figure 2.2: Microemulsion scheme
aqueous cores of other

microemulsion, upon mixing, these microdroplets continuously collide, coalesce and
break again and form precipitate 4B, which will be contained entirely within the

aqueous cores of the microemulsions as shown in figure 2.2.

One of the most characterized surfactant system used in the synthesis of magnetic
iron oxide nanoparticles is sodium dioctylfosuccinate (Aerosol OT or AOT)™". The
size and the polydispersity of the nanoparticles are influenced by factors such as the
type of solvent and surfactant or co-surfactant, the addition of electrolyte, the
concentration of reagent and the molar ratio.

Although many types of magnetic iron oxide nanoparticles have been fabricated
using this method, the relatively wider range of particle size and shape, the lower yield
and the use of amount solvents make the microemulsion process difficult to scale up

as compared to other methods such as thermal decomposition and co-precipitation.

2.3. Solvothermal Reaction Methods!>:

These reactions are performed in reactors or autoclaves where high pressure and
temperature values are the typical conditions. Solvothermal method, also called
hydrothermal if the solvent is water, are based on the ability of the reaction mixture
to hydrolyse and dehydrate metal salts and the poor solubility of the resulting
nanoparticles to generate supersaturation. The main characteristics of this method,

are the advantages of low reaction temperature, low cost and low reaction time.
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Ferrites can be synthesised by two different approaches using solvothermal
conditions, first being hydrolysis and oxidation and the secondly, with the
neutralization of mixed metal hydroxides!®.

This method offers a relatively simple route to make metal oxide nanoparticles
of specific size and morphology. Furthermore, hydrothermal process could be easily
scale-up, although the mechanism of particle formation is not yet determined.

The main drawback is the slow reaction kinetics and for this reason, microwave
heating is an alternative to increase the crystallization of the final nanoparticles.
Furthermore, microwave irradiation has others significant advantages of higher

reaction rates and product yields in shorter time!”.

2.4. Chemical Vapour Deposition

In the chemical vapour deposition (CVD) process, a carrier gas stream containing
precursors is continuously delivered to a reaction chamber maintained under a
vacuum and high temperature (more than 900°C)!8 . The CVD reaction is performed
in the heated reaction chamber and the products combine to form clusters of
nanoparticles. Growth and agglomeration of the nanocrystals are mitigated by the
rapid expansion of the two phase gas stream at the outlet of the reaction chamber. A
clear example of the utilization of this method is the synthesis of iron oxide by the
reaction of ferric chloride (FeCls) with water at 1000°C".

CVD has some inconvenient such as the relatively low yield, the existence of
complex phase and the difficulty in separating iron oxide nanoparticles from their

impurities.

2.5. Thermal Decomposition

On of the most common method for the synthesis of metal oxide nanoparticles
is the thermal decomposition of organometallic precursors in the presence of organic
surfactants?’, which are used to protect sterically the nanoparticles. None the less,
the synthesis process can produce agglomerates and can have a large size distribution.

For this reason, surfactants are used to limit the growth of the nanoparticles and
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increase their stabilization in this methodology.

There are different organometallic precursors to produce these kind of
nanoparticles, including metal acetylacetonates (M(acac).), (M = Fe, Mn, Co, Nj, Cr),
metal  cupferronates  (MxCupxy) (M = metal ion; Cup = N-
nitrosophenylhydroxylamine, CsHsN(INO)O-) or carbonyls. Moreover, alkyl
ammines, polyols or different alcohols are use as surfactants and/or solvents.

The size and morphology of magnetic oxide nanoparticles depends on different
factors including the concentration of the organometallic precursors, surfactants,
solvents, reaction temperature and time.

The thermal decomposition of organometallic precursors with metal in the zero-
valent state initially leads to a formation of metal nanoparticles, which can be oxidized
to obtain a high-quality monodispersed metal oxide nanocrystals?'. Moreover, in case
of organometallic precursors with a cationic metal centres such as Fe(acac)s, the
decomposition in absence of reducing agent leads directly to metal oxide
nanoparticles?? formation.

Fe;O4 nanoparticles with sizes adjustable over a wide size range (3-50 nm) could
be synthesized by decomposition method. This method is also successfully used for
synthesis of other magnetic nanocrystals such as Cr203, MnO, Co304 and NiO.

One of the typical thermal decomposition synthesis is the polyo/ route, which is
based on the synthesis of different types of nanoparticles in high-boiling point
multivalent alcohols such as ethylene glycol (EG), diethylene glycol (DEG),
triethylene glycol (TREG) and so on up to polyethylene glycol (PEG), which contain
more than 2000 ethylene groups.

This method was reporter in 1989 by Fievet, Lagier and Figlarz?} describing the
synthesis of Co, Ni, Cu and Pt nanoparticles?*. Afterwards, the route was applied to
further metals, intermetallics and alloys such as Rh, Au, FeNi, FeCoNi, among others.

The high reproducibility, controllability and the chelating properties of the
polyols provide great advantages in order to control shape, size and agglomeration
behaviours of the nanoparticles. Furthermore, other important point to use this
process is that polyol route allows a high adaptability and flexibility to synthetize
nanomaterials due to the sheer multitude of available polyols.

One of the main advantages of the polyols is their high solubility with a high
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boiling point solvent, which allow to perform reactions at high temperature up to
320°C without high pressure and autoclaves. These temperatures assure the high
crystallinity of nanoparticles from the liquid phase without the need of any thermal
post-sintering of Fe, Co, Ni, Cu, Ru, Rh, oxide powders.

The solubility of compounds is equivalent of water and for this reason, polyol
route allows using simple, low-cost precursors as halides, nitrates, sulphates or
acetylacetonates. Moreover, after the reaction, the final nanoparticles have a high
insolubility in this media, which is a clear advantage to obtain them.

Furthermore, polyol route is a promising technique to obtain well-defined shapes
and size nanoparticles in a controlled synthesis. In this way, nucleation and growth
steps can be completely separated and finally, an uniform nanoparticles are obtained.

In this chapter the synthesis of magnetite by polyol route is performed in order
to obtain a high controllability of the size, shape and morphology of the obtained

Fe3;O4 nanoparticles.

3. Magnetic Oxide Nanoparticles Applications

Magnetic oxide nanoparticles are of great interest for a wide range of disciplines
such as magnetic fluids, catalysis, biomedicine, magnetic energy storage, information
storage. The application of these nanoparticles also highly depends on their stability
and for this reason, this research work is based on the synthesis of magnetic iron
oxide nanoparticles, specifically Fe3O4, in order to obtain stable dispersions for their

future applications.

3.1. Fe3O4 Nanoparticles Applications

The main advantage to use magnetite nanoparticles is due to their chemical
stability, biocompatibility, low toxicity, small size and high surface area that provide
them better physical and chemical characteristics 2 . Furthermore, their
superparamagnetic property and easy manipulation under the influence of an external
magnetic field allows the nanoparticles to be reused or recycled. The synthesis of
Fe;O4 nanoparticles in a large quantity, is faster and reproducible. In addition, the

ease surface modification permits to apply them in wide range of application?:
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* Biomedicine applications; drug-delivery: The use of Fe3O4 nanoparticles
in the development of delivery drugs systems, where iron oxide could be manipulated
by an external field due to it superparamagnetic behaviour, make magnetite really
interested in target tissues?’ and in the increasing stability against degradation by
enzymes®®. These nanoparticles are relatively biocompatible and can also be used as
contrast agents in magnetic resonance imaging. Furthermore, Fe3O4 has also been
studied in other different drug-delivery applications such as controlled magnetic

transportation of anticancer drugs® as well as generation of hyperthermia.

* Magnetic resonance tomography (MRT)3: This technique permits non-
invasive visualization of cross-sectional images of human body where magnetic
nanoparticles are powerful contrasting agents due to their magnetic behaviour.
Consequently, magnetite has thus far only been useful in distinguishing between
healthy and malignant liver cells. This limitation can be overcome through
functionalization of nanoparticles with various ligands, which allows for organ-

specific transport, to make possible MRT imaging of various bodily organs.

* Metal removal’': Magnetite nanoparticles are used for the removal of heavy
metals and metalloids from water, mainly copper, chromium, mercury, arsenic and
lead. The functionalization of the nanoparticles is necessary in order to employ them

as an effective sorbent material for these toxic soft salts.

* Electronic devices®2: The application of magnetite nanoparticles in modern
information technologies is due to their availability of ultra-high density magnetic data
storage devices. One of the most prominently use is for zagnetic hard disc drives ( HDD),
where the ever decreasing physical size of a magnetic bit in these HDD systems, gives
rise to the fact that as long as the grain size is kept constant the number of individual

magnetic grains within a magnetic bit is decreasing with increasing storage density.
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4. Fe3;O4 Nanoparticles Structure
4.1. Crystal Structure?’

Magnetite is a common magnetic iron oxide that posses a cubic inverse spinel
structure space group Fd3m, a = 8,396 A, where the oxygen anions O2 form a face-
centered cubic (fcc) closed packing with Fe?* and Fe3* cations located in interstitial sites.
There are two different kinds of cation sites in the magnetite crystal: tetrahedral and
octahedral. Tetrahedrally coordinated A sites occupied by Fea, typically assigned with
a charge state 3+, and octahedrally coordinated B sites occupied by Fesp, typically
assigned with charge state 2+ and 3+ in equal numbers: (BIT)et(AIBIT)oct Oy,

The bulk crystallographic structure of magnetite can be represented as a stack of
(100) layers containing either iron atoms in tetrahedral sites (A) or oxygen and iron
ions in octahedral sites (B) as shown in figure 2.3. In octahedral sites, only half of
them are occupied and Fe ions form close-packed rows along the [011] direction. In

successive B planes, these rows are arranged perpendicular to each other.

©  Oxygen
® Octahedral
sites

Tetrahedral
sites

Figure 2.3: Side view of the inverse spinel Fe;O, structure

4.2. Magnetic Structure’*

Magnetite structure presents a different orientation of the magnetic spin. The T;
of magnetite is observed at 850K (577°C) and below this temperature, cations situated

in octahedral sites (occupied by ferrous and ferric species), which are antiparallel with
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cations situated in tetrahedral sites (ferric species), are antiferro-magnetic due to Fe3*
ions on octahedral and tetrahedral sites are aligned antiparallel and cancel each other.
For this reason, the global net magnetic moment of the unit cell comes from Fe?*

ions providing at room temperature a ferrimagnetic material. (figure 2.4).

Tetrahedral sites

Octahedral sites

O Oxygen

A\

Figure 2.4: Magnetic Fe,O, spinel cell

As temperature increase to T, thermal fluctuations destroy the ferromagnetic
alignment of magnetic moments on tetrahedral sites and therefore, ferrimagnetic
strength is diminished. When Tt is attained, net magnetization becomes zero and

superparamagnetic behaviour is observed.

5. Nanoparticles Synthesis

The employment of iron (III) acetylacetonate as a precursor leads to the formation
of spherical nanoparticles?. However, in this research work, the modification of the
1,5 terminal groups (a-position) of the acetylacetonate was performed in order to
produce changes on the morphology of the synthetized nanoparticles, without further
utilization of additives or templates, influence on the thermodynamics and kinetics of
the crystal growth.

The effect of four different substituents on the a-terminal position of the iron
diketone precursors on the morphology of the final nanoparticles was evaluated.
These four substituents modify the iron precursor by adding steric hindrance with -

Ph or -Bu groups or modifying polarity with —CF3 group giving a variety of final
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shapes, which further depend on the heating technique utilized: Thermal or
microwave process. Thus, with the aim to understand the impact of these variables
(ligand design and heating procedure), an exhaustive analyse of chemical precursors,
synthetic nanoparticles process and characterization of the obtained nanoparticles are

performed in this research work.

5.1. Chemical Precursors

Fe(Rodiket)s where R is a phenyl, tbutyl or trifluoromethyl were used to
synthesized magnetite nanoparticles.

The synthesis of different precursors (figure 2.5) was carried out mixing solutions
of disubsitued propanedione (Rodiket with R = -Ph, -‘Bu and -CF3) in tetrahydrofuran
with sodium acetate (15 mmol) and iron (III) chloride (5 mmol) in Milli-Q) water. The
reaction was performed heating up to 70°C under magnetic stirring. After 30 min, the
mixture was filtered to obtain a dark precipitate. Then, the solid was thoroughly
washed with Milli-Q water and ethanol, dried in vacuum and analysed via infrared

spectroscopy as shown in figure 2.6.

Figure 2.5: Fe(Rdiket);, R = -Ph, 'Bu and CF

These compounds have the property to decompose thermally releasing the
metallic centre to produce the nanoparticles. During their decomposition CO2 and

the corresponding acetone® are generated as by-products.
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Figure 2.6: Infrared spectroscopy of the three different precursors to synthetize the nanoparticles

Bands at 1350 at 1500 cm! correspond to stretching vibrations of C-C=C-O and
C=C-C=0 from the diketonate part. In the case of —Ph precursor, this presents the
aromatic ring characteristic band at 1580 cm!produced by the C-C stretch and the
stretching vibration band that corresponds to carbon sp?at 3050 cm!. The band at
870 cm™! is characteristic of the C-‘Bu link symmetric stretching vibration. Finally, the
presence of the —CFj3 precursor was proved by the ensemble of bands between 1300

- 1100 em™ and 770 — 692 cm! produced by the C-F bond.
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The releasing of the metal precursor during the nanoparticles synthesis is a
significant consideration for morphology and composition controllability. LaMer
curve¥’ (figure 2.7) shows that the free precursor is concentrated in the solvent until
a critical point where the nucleation is generated. After that, the growth of the
nanoparticles occurs up to the solubility of them is reached.

The nanoparticles growth is related to many important factors to take into
account. From a kinetic point of view, the precursor decomposition affects to the
growth pathway. When the precursor decomposition is a slow process, the liberation
of a few nucleus to the reaction media occurs, allowing growth and incorporate new
atoms to the structure until the solubility stop it. Conversely, if is an immediately
decomposition pathway, a lot of nucleus are delivered to the reaction media at a first

stage and the nanoparticle size is limited by the precursor concentration.

Critical limiting supersaturation

cmhnu T s ——

Growth by diffusion or reaction

Atom Conc.

Solubility

Self-

Generation
of atoms
nucleation

Reaction Time

Figure 2.7: LaMer curve

In order to optimise the nanoparticles growth a temperature ramp condition

needs to be studied.
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5.2. Synthetic Nanoparticles Process

The synthetic methodology was based on a previously described polyol route and

was carried out via thermal and microwave procedures (figure 2.8):

* Thermal process: Fe(Rodiket)s (1 mmol) was suspended in triethylene glycol
(25 mL) using an ultrasonic bath. The mixture was poured into a round-bottomed
flask equipped with a reflux condenser, a magnetic stirrer, a thermograph, and a
heater. The reaction was heated 1°C/min to 280°C. The reaction mixture becomes to
a black solution between 115°C and 170°C depending on the precursor
decomposition temperature. After 2,5 h of dwell time, the mixture was cooled to
room temperature (ambient rate). Nanocrystals were separated and washed
thoroughly by repeated centrifugation and dispersion in a mixture of ethylacetate and

ethanol (4:1). Finally, a stable dispersion was yielded by redispersion in ethanol.

* Microwave process: Fe(Rodiket); (1 mmol) was suspended in triethylene
glycol (25 mL) and transferred to a microwave vial. After ultasonication, the mixture
was heated under magnetic stirring by microwave radiation (300W) to 220°C. The
final temperature was achieving in 10 min with the maximum temperature ramp of
20°C/min. After heating, the temperature was maintained for 10 min and the solution
was cooled inside the microwave by external air flow. The Fe;O4 nanocrystals were
separated by centrifugation and thoroughly washed with ethylacetate and ethanol

(4:1). Redispersion in ethanol yielded a stable dispersion.

T

Figure 2.8: (left) Thermal process (tight) Microwave process
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The nanoparticles disperse easily in polar solvents (water, alcohols) and remains
highly stables for several months at room temperature for concentrations up to 260
mM of final free Fe3;Oa.

The main difference between thermal and microwave methodologies is the
heating process. While thermal is a continuous heating, microwave is a radiation
heating system. These two different methodologies can produce differences in the
size or shape of the final synthetized nanoparticles as will be discussed at the following

section. Figure 2.9 shows graphically the reaction condition during the synthesis using

thermal or microwave process.
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Figure 2.9: Reaction conditions of thermal and microwave process

5.3. Solvent and Capping Ligand

Solvent and capping ligand of the nanoparticles are decisive during the synthetic
process. The capping ligand has to be compatible with the future nanoparticles and
the solvent has to be easily removable from them.

Triethylene glycol has the capacity to act as a solvent an as a capping ligand
providing nanoparticles high stabilization in polar solvent for several months.

Respecting to control the size of the nanoparticles through the ratio
metal/capping ligand/solvent, for these process triethylene glycol is unbelievably in
excess respect to the metal precursors and for this reason, it is an important factor to

take in consideration to control the size of the nanoparticles.
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Finally, there is an other important role, in this particular approach, of the solvent
in the synthesis of Fe;O4 nanoparticles; triethylene glycol can also act as a reducing

agent allowing the reduction of part of the initial iron(III) in the performed precursor.

5.4. Nanoparticles Stabilization

The triethylene glycol, that acts as a capping ligand, allows the high stabilization
of the nanoparticles in polar solvents. This phenomenon is due to the formation of a
colloidal dispersion producing interactions between the capping ligand and the
solvent. These interactions maintain the nanoparticles suspended into the liquid
avoiding the aggregation and the final precipitation. The principal interaction of
triethylene glycol with the solvent is due to hydrogen formation

The most commonly used solvents, where the nanoparticles are dispersed and
stabilized, are ethanol or methanol. The future application of them in superconductor
tapes generation requires the nanoparticles stabilization in absolute methanol, which
is the solvent used in the standard YBCO precursor solution for the Chewzical Solution

Deposition (CSD) approach to High Temperature Superconductors (HTSC) layers.

6. Characterization

The characterization of the nanoparticles was a crucial point in order to know
their composition, size, shape, stability, structure and capping ligand. The techniques
used to characterize magnetite are microscopy such as Transmission Electron
Microscopy (TEM) or Scanning Electron Microscopy (SEM), X-Ray Diffraction
(XRD), Infrared Spectroscopy (IR), Thermal Gravimetric Analysis (TGA) and

magnetometry.

6.1. Microscopy

Electron microscopy has revolutionized our understanding of materials by
completing the processing structure properties links down to atomistic levels®. The

huge abilities of electron microscopy to provide the structure, phase and
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crystallographic information allow us to overcome the limited image resolution in

light microscopes, which is imposed by the wavelength of visible light.

6.1.1. Transmission Electron Microscopy

The BF-TEM images shown in figure 2.10 the influence of the precursor design

(Fe(Rodiket)s) to the final synthetized nanoparticles:

* Fe(acac)s (R = CHj3): Microwave and thermal synthetic routes gave round-
shaped nanoparticles with an average diameter of 7 nm, but a definite size distribution

in case of microwave heating.

* Fe(Phadiket)s (R = Ph): When the precursor was synthetized with a -Ph
group, the nanoparticles obtained using thermal process are 14 £ 3 nm
cuboctahedron-shaped (hexagonal for 2D view), whereas microwave synthesis gave
spherical particles with a diameter of 3.5 £ 0.4 nm. These nanoparticles arranged to

large elongated micrometric aggregates with a length between 700 and 1700 nm and

a width between 170 and 400 nm.

* Fe(*Buxdiket); (R = Bu): This specific precursor, gave similar aggregates
among 45 * 5 nm and nanoparticles of 8 * 2 nm either using thermal or microwave

process.

* Fe((CFs)2diket)s (R = CF;): In this final case, -CFs terminal diketones
presented bow-like structures growing from a central point with a final size of around

1300 £ 200 nm.
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In order to understand the relation between the chemical nature of the enforced
precursor and the different morphology of the synthetized nanoparticles, HRTEM
studies were performed except for the —CH3 precursor, whose studies were previously

carried out by our group®.

R = CH,

Thermal

Microwave

Figure 2.10: BE TEM images showing size and shape of the nanoparticles obtained by thermal and
microwave process

i HRTEM of Nanoparticles by Fe(Phz:diket)s

HRTEM analysis of nanoparticles synthesized by Fe(Phodiket)s precursor
exposed differences between thermal and microwave reaction process. First of all,
microscopic studies of nanoparticles using thermal synthesis produce the
nanoparticles showed in figure 2.11 (right). Mainly, the nanocrystals presented
cuboctahedron faceted structures with 4:3 ratio between the (111):(100) planes. This
result was confirmed by 3D supercell simulation shown in figure 2.11 (left), which

associates the HRTEM image with the theoretical proposed cuboctahedron model.
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Figure 2.11: (tight) HRTEM image of facetated nanoparticles with electron diffraction pattern (left)
Simulation of the cuboctahedron

On the other hand, SEM images of microwave synthesized nanorods using the
same precursor presented the formation of anisotropic structures as shown in figure

2.12.

Figure 2.12: SEM image of nanorods formed using the
—Ph precursor by MW process

These nanorods were organized by spherical nanoparticles with a diameter of
3.5 * 0.4 nm. The polycrystalline material nature could be acquired by the reflection
rings in the Fast Fourier Transform (FFT) (figure 2.13). In addition, the structural

analyses of some grains confirmed the inverse spinel structure of Fe3Oa.
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E) lmm '{a)‘

Figure 2.13: TEM of a Polycrystalline microrod (a) Structural defects of a single nanorod observed in
dark-field view (b-d) Polycrystalline constitution of one nanorod (€) Electron diffraction
pattern with the crystallographic planes for a Fe;O, material

Furthermore, Electron Energy Loss Spectroscopy (EELS) analyses confirmed a
homogenous element distribution as well as the expected stoichiometric ratio for

Fe3O4 synthetized by thermal and microwave process (figure 2.14).

O K-edge Fe L-edge

200 nm
P, e, -

Fe cyan

Intensity (a.u.)

500 550 600 G50 700 750 8OO
Energy lost (eV)

a) Thermal

b) Micowave

Figure 2.14: (left) EELS spectrum of nanoparticles synthetized by thermal process, where only iron and

oxcygen are detected (right) Element mapping of the nangparticles synthesized by microwave
process. There are different colours for the iron (cyan) and oxygen (red)
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ii HRTEM of Nanoparticles by Fe(‘Buzxdiket);

Thermal and microwave process produce, in both routes, nanoparticles with
flower-like shape as shown in figure 2.15, where HRTEM and electron diffraction
patterns confirmed the spinel structure of Fe3;Os. Similar structures of magnetite
nanocrystals were reported with a thermal procedure in non-polar media using
trioctylamine (TOA) as a capping ligand and solvent®. The geometrical similitude
between the TOA and the —Bu seems to relate the steric hindrance with this

denominated flower-like shape structure.

(3ed1) -1y

Fa,0f011] 7 . . Ee,0,[211]

Figure 2.15: (Ieft) Nanoparticles obtained from the decomposition of—'Bu precursor by thermal process
(tight) Nanoparticles obtained from the decomposition of —'Bu precursor by microwave
process

iii HRTEM of Nanoparticles by Fe((CF3):diket);

Bow-like nanoparticles were obtained by the decomposition of —CIs
precursor. The nanoparticles were composed of different porous branches
interconnected at their central part (figure 2.16 (I)).

The structure corresponds to a polycrystalline material composed of small
nanocrystals. Every branch was formed by three different large porous crystals going
from the center towards the tips in different orientations. HRTEM micrographs show

how the atomic crystal planes diverge from the center of the structure in three
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different preferential directions (figure 2.16 (II)). FFT shows the three differently
oriented diffraction patterns for each crystal (green, blue and red color identification).
Applying a Bragg filter to those frequencies corresponding to one of the differently
oriented crystal, it is possible to distinguish the crystal growth orientation for each
part of the structure. The [110] direction is identified as the main growth direction

although every branch is oriented randomly.

@

dn

IFFT RGB

Figure 2.16: (I) HRTEM image of nanoparticles synthetized by thermal (a) and microwave (b) process.
(¢) zoom view of the structure (d) crystalline branches (II) A colored FET analysis to
analyse the three growth directions of bow-shaped structures

EELS measurements as shown in figure 2.17 allowed obtaining the
composition of the structure that corresponds mix between Fels and Fe;O4. This
mix composition was totally different from the results obtained for the other
precursors. A deeply study of composition was carried out varying the dwell time

during the reaction as is presented in next X-Ray diffraction section.
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Figure 2.17: EELS spectrum of nanoparticles using the —CF 3 precursor, where iron, flonr, and oxygen

are detected

6.2. Thermal Gravimetric Analysis

Thermogravimetric analysis (TGA) is based on the changes in physical and
chemical properties of material, when the temperature is increasing, measuring the
difference in the weight and providing information about the composition and the
purity of the sample.

The decomposition temperature for the three different precursors was
determined in order to know the influence of the precursor design on the structure
and morphology of the obtained nanoparticles.

The raised results demonstrated the shape dependence with respect to the
modified diketone employed as coordinating ligand of the iron(III) precursor.

The decomposition temperature analysis for Fe(Phadiket)s, Fe("Buadiket)s and
Fe((CF5)2diket); is shown in figure 2.18, where the mass loss in function of the
temperature was performed. This loss was attributed to the chemical decomposition

of the precursor in gas phase generating volatile fragments.
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Figure 2.18:: TGA analysis of the three different precursors

6.3. X-Ray Diffraction

X-Ray powder diffraction (XRD) patterns from the synthetized nanoparticles
using the three different precursors (-Ph, -‘Bu and -CF3) whether through thermal or
microwave process, demonstrated that the nanoparticles obtained using Fe(Phadiket)s
or Fe(‘Buadiket); precursors were of pure cubic Fe;O4 phase independently of the
applied synthetic route (figure 2.19 (I)). In case of Fe((CF3)2diket)s, a mix crystalline
composition between Fel2 and Fe3O4 were obtained for the thermal procedure figure
2.19 (IT a), while microwave produced pure Fel2 (figure 2.19 (II b)) as confirmed by

EELS measurements.
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Figure 2.19: (I) XRDP measurement for the different nanoparticles obtained with —Ph and ~Bu
precursors: Fe;O, phase (I1) (a) XRDP measurement for nanoparticles obtainea

with —CF; precursor from thermal process

XRD pattern technique not allows distinguishing magnetite from maghemite.
However, recently published studies of iron oxide synthesis using Fe(acac)s as a
precursor demonstrate a 45/55 ratio of maghemite/magnetite for microwave and

thermal synthesis*.

On the other hand, Fel"> phase evolution was investigated using this technique

in order to understand the final composition of the nanoparticles obtained. For this
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reason, the reaction was performed changing the dwell time during the nanoparticles
synthesis from 2h 30 min to 10h applying the same final temperature (280°C).

The XRDP shows a increase of FeF»/Fe;O4 ratio when the dwell time is
longer, after 10h at 280°C (figure 2.20). This phenomenon can be explained due to
the hypothetic difference between thermodynamic and kinetic compounds. A
possible explanation is that the initially formed magnetite can act as crystallization
seeds for iron fluoride, which is thermodynamically favoured using the applied

reactions parameters.
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Figure 2.20: XRDP measurement for nanoparticles obtained with —CF3 precursor from thermal
process after 10h of dwell. Note the relation between FeF> and Fe;Oyq is less than
when the dwell is 2.5 hours

6.3.1. FeF; Structure

Iron(Il) fluoride posses a body centered tetragonal structure (rutile) with a
space group P4>/mnm as shown in figure 2.21. The lattice parameters ate @ = b =
4,697 A and ¢ = 3,309 A. The iron (II) cations are inserted into octahedral sites, but

they form a distorted octahedron, with two fluorine atoms = 2.03 4 apart from their
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first neighbour Fe?* atoms, while the remaining I~ atoms are at a distance of = 2.15
A from the Fe2* atoms. This Jahn-Teller distortion is correlated to changes in the
spin polarization along the Fe-F bond. Furthermore, the unit cell contains two layers
of fluoride ions, with three ions in each layer. The fluorine anions have a coordination

number of 3 resulting in a trigonal planar coordination.

Figure 2.21: Rutile FeF, structure

6.4. Infrared Spectroscopy

Infrared spectroscopy (IRS) represents a fingerprint of a sample with absorptions
peaks, which corresponds to the vibrational frequencies. For that reason, it is possible
to analyse the chemical composition of the organic compounds stabilizing the
nanoparticles.

Nanoparticles synthetized by the three different precursors presented similar
spectra due to the triethylene glycol bands, where the high boiling point solvent acts

also as a capping ligand (figure 2.22).
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Figure 2.22: Infrared spectroscopy of nanoparticles synthetized by the three djfferent precursors

The peaks that correspond to triethylene glycol are at 3400 cm! signal due to O-
H stretching vibration from the solvent and absorbed water molecules. From 2900 to
2800 cm! the asymmetric and symmetric stretching vibrations of methylene (CH»)
are observed, and the absorption bands at 1147, 1116 and 1062 cm™! correspond to

the presence of C-O-C stretching vibrations.

6.5. Magnetometry

Magnetometry analysis was performed though Swuperconductor Quantum Interference
Device (SQUID) to analyse the magnetism of magnetite nanoparticles synthetized in
this research work. The SQUID provide a hysteresis loop as explained in previous

magnetism related section, where magnetism nanoparticles behaviour was classified
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in diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic and
superparamagnetic, depends on the shape of the curve.

The magnetic behaviour of the obtained nanoparticles was performed in order
to obtain the mwagnetization saturation (Ms) and coercive field (WoHo).

In SQUID measurements, the quantity of triethylene glycol needs to be taken
into account to correct the mass of magnetic material due to its property of acting as
a capping ligand. The quantity of organic ligand was analysed by hermal gravimetric
analysis (TGA), and it comprises around 10-20% of total weight as shown in figure
2.23.

Figure 2.23: TGA of the obtainde nanoparticles using the different precursors and process

Consequently, once the hysteresis loops have been corrected, the M; per mass

unit could be calculated by the following equation 2.2:

M(H) = M, + y4.H Eq. 2.2

»  Xa is the high-field differential susceptibility accounting for the superficial spin
disorder.
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Figure 2.24 shows the obtained hysteresis loop, for thermal and microwave

process, and table 2.2 the extracted data:
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Figure 2.24: (1) SQUID magnetometry results for thermal synthesis (II) SQUID magnetometry

results for tmicrowave synthesis
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Thermal process Microwave process
M, uwoHo M; woHpo
Nanoparticles (emu/g) (Oe) (emu/g) (Oe)
NPs by Fe(Phadiket)s 89.0 18 62.1 96
NPs by Fe(‘Buxdiket)s 82.3 31 88.0 214
NPs by Fe((CFs)2diket)s 33.9 31 0 0

Table 2.2: Magnetization values and coercive field for thermal and microwave nanoparticles synthesis

Hysteresis loop shows the expected superparamagnetic behaviour for all the
nanoparticles obtained by thermal process using —Ph and —‘Bu precursor.

Concerning Fe((CF3)adiket)s precursor in thermal process, due to the mixture of
Fe;O4 and FeFa, a notable decrease in the magnetization saturation value occurs. This
effect can be justified by the antiferromagnetic character of FeF>.

The reproducible differences in the high Ms values for the Fe(Phadiket); and
Fe(Buadiket)s precursors can be attributed to differences in the particle shape and
internal crystalline order.

Furthermore, in the case of Fe(‘Buodiket); precursor and for a high magnetic
fields, a diamagnetic behaviour was detected and attributed to the presence of the
remaining triethylene glycol in the nanoparticles after the chemical washing
procedure. Then, the Ms value was recalculated after subtracting the diamagnetic
contribution to the global measure.

Concerning the coercive field values, nanoparticles obtained by microwave
process presented a higher coercivity. The main reason for this effect is derived from
the experimental conditions, because microwave needs lower temperatures and
shorter time than thermal synthesis. In conclusion, the final nanoparticles would
present a higher internal disorder, which is related to the larger coercive field.

The fluorinated nanoparticles produced by microwave process has in the
hysteresis loops an antiferromagnetic behaviour only due to the FeF> compound
without the presence of Fe;O4 as confirmed by XRD technique. The mechanism
behind the formation of pure Felz> can be attributed to the difference in the synthetic

mechanism influenced by microwave radiation through the non-thermal effects*2.
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Concerning the nanoparticles synthetized by —Ph and -‘Bu precursors, there were
no evidence of a different composition with the two methodologies performed
(thermal or microwave process always form magnetite nanoparticles using this two

different precursors).

7. Nanoparticles Control Shape

The driving force of the formation of different morphologies seems to be related
to the physicochemical properties of the initial precursors. The decomposition
temperature, basicity, solubility and size of the complexes will be able to affect on
supersaturation, pH value, nucleation and crystal growth during the reaction.
Furthermore, in microwave synthesis, the electric dipole moment of the precursor

can have further impact.

7.1. Nanoparticles Control Shape: Fe(Phadiket);

The obtained faceted nanoparticles using thermal process could be related to the
presence of aromatic groups forming part of the Fe(Phodiket)s. Previous
investigations demonstrate similar results where intermolecular interactions of the
initial precursors have strong influence on the particle morphologies®. In this —Ph
precursor case, the intermolecular interactions of the aromatic precursor by n-
stacking allows the formation of facetated nanoparticles. This effect can be explained
by ligands interactions between undissociated complexes and ligands coordinated on
the surface of the nucleation seeds. These interactions can affect their Nernst and
zeta potential and further both the interparticle interactions as well as the diffusion
of precursors to the growing facets. In conclusion, nanocrystal facetated shape is
governed by n-stacking interaction between different phenyl groups, which influence
the energetics of crystal planes*. Distinctions in their intrinsic energy can induce for
precursor interface interactions, in this case anisotropic, which strongly affect the
diffusion of molecules.

On other hand, for the case of using microwave process, nanorods composed by

spherical nanoparticles are obtained due to microwave assisted heating leads to a
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faster consumption of the —Ph precursor generating burst nucleation and for this
reason, the formation of more crystallization nuclei at the early stages of the reaction.
As a result, all the crystallographic planes grow with the same kinetics (isotropic
growth) and the round-shape particles from supra-aggregates with rod-like shapes to

minimize their surface energy.

7.2. Nanoparticles Control Shape: Fe(*Buzdiket);

In the —Bu precursor case the decomposition temperature range is close to
440K (167°C). The resulting nanoparticles have spherical morphology in flower-like
aggregates. The obtained results can be produced for the steric hindrance due to the

presence of bulky ligands®.

7.3. Nanoparticles Control Shape: Fe((CF;):diket);

The FeF> nanoparticles synthetized by —CF3 precursor have a higher purity in
case of the microwave process. In thermal route, the slower heating rates resulted in
less precursor consumption, a prolonged nucleation phase (modest supersaturation),
and longer reaction time. Due to the supersaturation is lower in thermal than in
microwave synthesis, the difference in thermodynamics is negligible and the
kinetically favoured Fe3O4 formation prevails the growth of the thermodynamically
favoured FeF». In case of microwave heating, the fast achievement of the final
temperature increase results in a higher degree of supersaturation and a higher

relevance of thermodynamics*.

8. External Fluoride Synthesis

The synthesis of FeF2 nanocrystals was carried out using different external
fluorides as precursors in order to understand better the formation of FeF: instead of

Fe3;O4 nanoparticles.
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8.1. Chemical Precursor

Two different external fluoride precursor were used to carry out the synthesis of
FeF» nanoparticles. The new synthesis (figure 2.25) was performed mixing iron(I1I)
acetylacetonate with and ionic or covalent (C-F link) external fluoride such as sodium

fluoride and tetrabutylammonium tetrafluoroborate (TBATEB).
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Figure 2.25: Scheme of nanoparticles synthesis using the two different excternal fluoride precursors

Furthermore, the final concentration of the external fluoride was the same than

in the Fe((CF3)2diket)s precursor in order to reproduce the obtained results.

8.2. Synthetic FeF2 Nanoparticles Process

The nanoparticles were performed using the same conditions in thermal and in
microwave process than the previously synthesis using —Ph, -‘Bu and -CF3 precursors:
Fe(acac)s; (1 mmol) and external fluoride (6 mmol) were suspended in triethylene
glycol (25 mL) using an ultrasonic bath. Then, thermal or microwave methodologies
were applied to synthetize nanoparticles where the solvent acts also as a capping
ligand. Finally, nanocrystals were separated and washed thoroughly by repeated

centrifugation and redispersed in ethanol to obtain a stable dispersion.

8.3. FeF> Nanoparticles Characterization

The nanoparticles synthetized, employing Fe(acac)s mixed with an external
fluoride precursor, were characterized in order to know the morphology and the

composition of the nanocrystals. The techniques used to characterize these specific
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nanoparticles are TEM to obtain the shape and size of the nanoparticles and XRD
pattern, which allow to give the final composition (Fe3O4 and / or FeFy).
TEM analysis of nanoparticles performed by Fe(acac)s and an ionic external
fluoride precursor produced spherical nanoparticles with a diameter of 5.7 = 0.8 nm.
Conversely, the use of a covalent C-F link generates bow-like nanoparticles
with a final size of around 1300 £ 200 nm such as the synthetized nanocrystals using

only —CF; precursor (figure 2.20).

Figure 2.26: (left) TEM from nanoparticles using ionic external fluoride (right) TEM
[from nanoparticles using covalent C-F link
XRD patterns from spherical nanoparticles whether through thermal or
microwave process, demonstrated that the structure corresponds to Fe3sO4 pure phase
while, nanocrystals obtained using iron(Ill) acetylacetonate with TBATEFB as a
precursor and also for both methodologies the structure coincide with Fel2 without

the presence of Fe;O4 compound as shown in figure 2.27.
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Figure 2.27: (left) XRD from Fe;O, nanoparticles using ionic external fluoride (right) XRD from
FeF, nanoparticles using covalent C-F link
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The use of complexes with covalent link between carbon and fluoride produce
that the free metal ions generated during the reaction, are supply for fluoride anions
via a slow thermal decomposition process of the different precursors. The
concentration of monomer is also changed slowly as a result of the slow release of F-
anions. Therefore, the growth of nanocrystals can be well controlled in the early stage
of growth process for a relatively long period, which leads to the formation of
monodisperse Fel'> nanocrystals.

Initially, all the ions are coordinated by oxygen atoms but during the reaction
process, I anions released from the precursors will replace the oxygen atoms to form

fluoride compounds*’.
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9. Conclusions

Cuboctahedron, flower-like, and bow-like shaped nanoparticles were produced
via thermal and microwave heating using tailor iron precursor with different terminal
o group on the Fe(Radiket)s (R = -Ph, -Bu or -CF3). For the case of bow-like
nanoparticles, they could also be synthetized using Fe(acac)s mixed with a precursor
containing C-F covalent link.

Shape, structure, and composition of the obtained nanoparticles were extensively
studied through TEM, XRD, IRS, magnetometry, and TGA techniques. Besides the
expected spinel structure upon using —Ph and —Bu precursors, fluorinated precursors
leads to the formation of Fel> nanocrystals due to the presence of fluoride anion in
the reaction media.

The relationship of the chemical nature of the precursor and the final shape of
the obtained nanoparticles has been analysed, studied and observing a clear influence
of the intermolecular interactions: m-stacking for the aromatic precursor forming
facetated nanoparticles (thermal process) and organized tubes composed of smaller
spherical nanoparticles (microwave process); steric hindrance for the —Bu precursor
with flower-like shape; and finally the fluorinated precursors allowed to form Fel
nanostructures growing on Fe3O4 nucleus.

As a summary, control shape leads to the possibility to change the morphology
of the synthetized nanoparticles by modifying the precursor in a glycol medium
without adding any co-reactant, resulting in a highly stable colloidal dispersion of

shaped nanoparticles in polar media such as water, chloroform and alcohols*.
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Chapter 3 is based on the in progress article:

Fast and one-pot methodology for the synthesis of CeO2 nanoparticles with a

labile capping ligands stable in polar solvents:

The use of Ce(acac)s and Ce(OAc); as precursors to produce CeOz nanoparticles
with high stability, generating an excellent dispersion in polar solvents (water, alcohols),
make our synthetic methodology really useful due to its is also fast, easy, economic and
one-pot process. The two investigated synthetic routes, thermal and microwave, produce
spherical or cubic nanoparticles depending on the precursor. The nanocrystals are
performed with high boiling point solvents benzyl alcohol (BnOH) and triethylene
glycol (TREG), which produces a high crystalline nanoparticles confirmed by X-Ray
Powder Diffraction (XRPD). Furthermore, a deeply characterization is performed in
order to propose a synthetic mechanism and to investigate the surface of the different
nanoparticles by different techniques such as proton nuclear magnetic resonance
('HNMR), infrared spectroscopy (IR) and gas chromatography-mass spectroscopy (GC-
MS). Finally, X-ray photoelectron spectroscopy (XPS) technique is used in order to

study the composition of these nanocrystals.

The final objective is to perform nanoparticles well characterized with
concentrations up to 90 mM and stables during long periods of time for

superconductivity or antioxidant human cells applications.
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Chapter 3: Cerium(IV) Oxide Nanoparticles

1. Introduction: State of the art

Nanocrystalline certum(IV) oxide has been called as “industrial vitamin” and a
“treasury” of new materials! because their unique atomic structure compared with
other material provides special properties in luminesces, magnetisms and electronics
thanks to their 4f electronic configuration.

This specific feature makes cerium(IV) oxide really important to achieve new
applications, that are not possible with transition or main group metals, in
engineering, biological and technology? fields such as solid-oxide fuel cells?, catalytic
materials#, solar cells’, potential pharmacological agents® and three-way catalyst’ for
automobile exhaust-gas treatments, oxidative coupling of methane and water-gas
shift reaction.

Numerous techniques such as hydrothermal 8, solvothermal ?, aqueous

reversed micelles!!

b b

precipitation 1V thermal decomposition'? and flame spray!3
methods are used to synthesize cerium(IV) oxide nanoparticles in order to obtain
the desired nanomaterial, with a specific characteristics. They can determine the
solubility, size, nature of capping ligand, charge, structural arrangement and
morphology of nanoparticles, thus affecting their properties. However, for
biological applications, biocompatible CeO2 nanomaterials has been systematically
synthesized in pure water* or with the protection of polyethylene glycol®> or

glucose!¢, among others.

This chapter provides a study of certum(IV) oxide nanoparticles in different
aspects such as synthetic methodologies, nanoparticles structure, reaction
mechanisms and a full characterization. The final interest will be to study its use in
two fields, superconductivity for the design of nanocomposites layers and

biomedical for the fabrication of antioxidant nanomaterials.
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1.1. CeO2 Nanoparticles Applications

Recently, nanostructured cerium(IV) oxide nanoparticles has emerged as a
riveting and advantageous material in different fields such as bioanalysis 17,

biomedicine!8, drug delivery!?, bioscaffolding? and superconductivity?!:

* Bioanalysis: The stable physical and chemical structure makes cerium oxide
nanoparticles suitable use in biological assays to eliminate the shortcomings of
organic fluorophores, radioactive labelling or natural enzymes, which are
photobleachable, toxic, and expensive and easily degradable, respectively. These
multi-enzyme-like properties have been successfully used for biological detection

and analysis.

* Drug delivery devices and bioscaffold: Cerium(IV) oxide nanoparticles
show high potential application in biotechnology as drug delivery systems and
bioscaffolds. This nanomaterial could be used as nanocarrier or scaffold and also act
as a therapeutic agent. A clear example of this application is that cerium oxide
nanoparticles could increase the production of collagen by human mesenchymal
stem cells cultured on porous bioactive scaffolds, which can bind to bone and act as

a temporary guide and stimulus for bone growth in three dimensions.

* Catalysis: An other important use of cerium(IV) oxide is as catalyst for a
widely variety of reactions??, including the oxidation of different compounds such as
CO and in the synthesis of benzaldehyde from benzyalcohol, which is a typically
product used in perfumery and pharmaceutical industrial?>. Furthermore, selective
oxidation and reductions under efficient catalyst is an industrially important reaction
as it avoids large amounts of highly toxic heavy metals wastes, generating from

traditional production process?*.

* Biomedicine: Different investigations have encouraged researchers to
pursue cerium(IV) oxide nanoparticles as a therapeutic agent to treat a number of

diseases, including cancer, due to their diverse abilities of this nanomaterial. Various

124



Chapter 3: Cerium(IV) Oxide Nanoparticles

studies show cerium(IV) oxide to be toxic to cancer cells, inhibit invasion and
sensitize cancer cells to radiation therapy. These kind of nanoparticles display
minimal toxicity to normal tissues and can provide extra protection. Moreover, an
other interested application is on the reduction of unwanted reactive oxygen species
in biological systems, which are the responsible of the deterioration of human cells

producing inflammation, degenerative disorders, aging, etc.

* Superconductivity: Cerium(IV) oxide nanoparticles are good candidate in
the preparation of epitaxial nanocomposites films based on the use of YBa,Cu3O7,

colloidal solution containing different crystalline performed oxide nanoparticles to
improve the high temperature superconductor properties due to the critical current

can be increased when the nanoparticles are embedded.

The unique physical and chemical properties of this compound and the
achieved significant advances of it clearly demonstrate that cerium(IV) oxide is an
optimum and versatile material, that makes it attractive for widespread applications

in scientific investigations and in industrial process.

2. CeO2 Nanoparticles Structure

Cerium(IV) oxide nanoparticles can be synthesized with a high control of
morphology and size. A structural description is necessary in order to develop the
following results, which are essential for the investigation of their properties and
characteristics.

Unlike the other lanthanide series,

which only exhibit a trivalent state, cerium
atom can exist in either +3 (fully reduced)
or +4 (fully oxidized) state due to the

partially filled subshells of electrons, 4f and

5d, with several excited substates predicted?.

Ce(IV) state crystallizes in the fluorite
Figure 3.1: Cerinm(iv) oxide structure
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structure® (Fm3m) in which every cerium atom (grey) is surrounded by eight
oxygen anions and every oxygen atoms occupies a tetrahedral position (green) as
shown in figure 3.1.

However, a significant concentration of intrinsic defects is usually present, with
a portion of cerium present in the Ce(Ill) valence state having the deficiency of
positive charge compensated by oxygen vacancies?’. The relative amount of cerium
ions Ce3* and Ce** is a function of particle size?. In general, the fraction of Ce3*
ions in the particles increases with decreasing particle size. For this reason, cerium
oxide nanoparticles can have a dual role as an oxidation and reduction catalyst,
depending on the reaction conditions. The quick change of the oxidation state
between Ce** and Ce’" is due to the cerium ability to change its electronic
configuration depending on the immediate environment®.

Furthermore, cerium oxide also exhibits oxygen vacancies or defects in the
lattice structure that arise through loss of oxygen and/or its electrons, alternating
between CeOz and CeOzx during redox reactions. Moreover, the addition or
removal of oxygen atoms in the oxidizing or reducing process involves a minimal
reorganization of the skeleton arrangement of the cerium atoms and the retention
of the fluorite structure®. This structural property facilitates the regenerative ability

of cerium oxide nanoparticles to the initial state.

3. Nanoparticles Synthesis

The synthetic process of cerium(IV) oxide nanoparticles has been developed
and deeply studied during this research work in order to obtain optimum
nanocrystals for application in superconductivity and biomedical fields. For this
reason, the primary requirements to use them in future applications are small size
(ess than 15 nm), narrow size dispersion, high concentration up to 90 mM, high
crystallinity, highly dispersive and stables in polar media such as alcohols and water.

In order to achieve the desired features, two different synthetic routs were used,
polyol®! and benzyl alcohol?? process. Both mechanism presented similar properties
and advantages as for example, the nanocrystals are obtained in one step directly

without the need for any template or assembly agent, the solvent can act at the same
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time as a stabilizing agent and no subproducts difficult to eliminate are performed.

On one hand, polyol process using triethylene glycol as a solvent was previously
studied and described previously in chapter 2. TREG proved to be a good solvent
to obtain high concentrations, crystallinity and stabilization in the nanoparticles
synthesis.

On the other hand, benzyl alcohol route was also used in the synthesis of CeO»
nanoparticles in order to investigate the effect of another high boiling point solvent
during the formation of the nanocrystals. Benzyl alcohol route is a powerful
alternative for the synthesis of oxide nanoparticles especially offering similar
advantages as TREG solvent such as high crystallinity, high reproducibility and the
ability to control the crystal growth.

In polyol and in benzyl alcohol processes, the nature of the reagents and the
thermodynamic factors, in particular the temperature, are important to obtain the
desired nanocrystals. Among the different available precursors metal halides were
avoided because, although they produced the desired metal oxide nanoparticles, in
some cases halide impurities are difficult to eliminate. Furthermore, the use of
metal nitrates as precursors produce bigger nanoparticles, > 15 nm, and aggregates
as shown in figure 3.2, where Ce(NOj); is used as a precursor in TREG to
synthetize of CeO2 nanoparticles’>. In order to avoid these undesired effects, our
synthetic route is based on the reaction of metal acetates and acetylacetonates with

alcohols providing as an optimum alternative.

T

Figure 3.2: TEM image of CeO, NPs from Ce(INO,); precursor in TREG

127



Synthesis of Metal Oxide Nanoparticles for Superconducting Nanocomposites and Other Applications

The conversion of the chemical precursors to metal oxide nanoparticles is
performed in the simplest case with the exposure of the precursor solution to the air
during the reaction, which is enough to oxidize the meta from Ce(IIl) to Ce(IV)L
This approach takes advantages of the good size and shape control without
alterations in the particles during the transformation into the oxide.

In order to understand their impact on the final nanoparticles, the effect of the
different variables was evaluated performing an exhaustive analysis of the synthetic

and characterization processes.

3.1. Chemical Precursors

Cerium precursors used to produce CeO:2 nanoparticles were cerium(III) and
cerium(IV) acetylacetonate (Ce(acac)s, Ce(acac)s) and cerium(Ill) acetate

(Ce(OAc)3), as shown in figure 3.3.

CHg

onmmceV—°

Figure 3.3: (left) Ce(acac); & Ce(acac), (tight) Ce(OAc),

Commercial Ce(acac); and Ce(OAc); precursors were used whereas Ce(acac)s
was prepared in the laboratory following the methodology described by Bebrsing et
a4,

In order to confirm that Ce(acac)s was obtained, the two different infrared
spectra®® of Ce3* and Ce** acetylacetonate were analysed. Table 3.1 shows energies

of the principal bands corresponding to C-C-C-O stretching.

128



Chapter 3: Cerium(IV) Oxide Nanoparticles

Wavenumber (cm1)
Ce(acac)s 1576 1507 1366
Ce(acac)4 1560 1502 1350

Table 3.1. C-C-C-O badns of cerium (I11) and (IV) acetylacetonates

In cerium(Ill) and cerium(IV) acetylacetonates, the very strong bands around
1560, 1500 cm correspond to stretching vibrations of C-C=C-O and C=C-C=0
from the diketonate part and the band around 1360 cm' to -CH3 symmetric
deformation. Ce(IV) acetylacetonate displays these stretching bands at lower energy
than the corresponding Ce(III) compound revealing that Ce-O bond is stronger in

the more oxidised cerium compound3.

3.2. Synthesis of Nanoparticles

The synthetic methodologies, which is based on the previously described polyol
and benzyl alcohol route, were performed via thermal and microwave process in
order to compare the effect of the different activations in the obtained CeO2
nanoparticles. As was explained in chapter 2, the fast nucleation process produced
by microwave route can afford different morphologies, sizes and changes on the
stability of the final nanoparticles.

Furthermore, the microwave process is of particular interest reducing the
synthesis time, obtaining the nanoparticles faster than in the thermal process (1 hour

instead 7 hours).

* Thermal process: Ce(acac);, Ce(acac)s or Ce(OAc); (2.25 mmol) was
suspended in benzyl alcohol (BnOH) or triethylene glycol (TREG) (25 mL) using
ultrasounds bath. The mixture was poured into a round bottomed flask equipped
with a condenser, a magnetic stirrer, a thermograph and a heater. The system was
heated at 220°C (1°C/min) for the case of BnOH and at 280°C (1°C/min) if TREG
is used as a solvent. After 2.5h the mixture was cooled to room temperature
(ambient rate) and stirred during 2 days. The CeO2 nanocrystals were separated, and

washed thoroughly by repeated centrifugation using diethyl ether to precipitate the
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nanoparticles and ethanol to remove the BnOH. Ethyl acetate and ethanol were
used to eliminate the excess of TREG. Finally, the nanocrystals were dispersed in
ethanol (90 mM) yielding a stable dispersion.

Similar thermal methodology was also studied under argon media. The solvents
were purged by bubbling nitrogen gas and generating vacuum to eliminate the
oxygen present on them, in order to study the reaction mechanism and the influence
of the oxygen from the atmosphere on the composition of the final nanoparticles,

as it will be discussed in the following section 5.5. X-Ray Photoelectron Spectroscopy.

* Microwave procedure: Ce(acac)s, Ce(acac)s or Ce(OAc); (2.25 mmol) was
suspended in a BnOH or TREG (25 mL) and transferred to a microwave vial. After
ultrasonification, the solution was heated under magnetic stirring by microwave
radiation (300 W) to 210 °C in BnOH or 220°C in TREG. When PVP is mixed to
the precursor solution, the final temperature is 260°C or 275°C in BnOH depending
on the mass fraction of PVP added. After 1 hour at final temperature, the mixture
was cooled under nitrogen atmosphere inside of the microwave and was stirred
during 2 days at room temperature. Then, CeO2 nanocrystals were separated and

washed thoroughly by repeated centrifugation and dispersed in ethanol (90 mM).

The dispersion of CeO2 nanoparticles in polar solvents, such as water and
alcohols, was highly stable for several months at room temperature for
concentrations up to 90 mM. Furthermore, after the synthesis we can conclude that
the two different methodologies, thermal and microwave process produce the same
nanoparticles without differences in size or in shape as will be shown in following

sections.

4. Results and Discussions

CeO: nanoparticles were fully studied and characterised using a variety of
techniques that helped us in the understanding of their chemical composition and
capping ligand which were decisive in their stability in solvents and in their

applications.
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The results with both solvents TREG and BnOH allowed to obtain the same

size, shape and composition in the final nanoparticles. However, the use of the

precursor, Ce(III) acetylacetonate or Ce(III) acetate, caused variations on the final

morphology and size. For this reason, the nanoparticles results will be discussed in

two different sections depending on the precursor used.

4.1. CeO2 Nanoparticles from Cerium(III) Acetylacetonate Precursor

Cerium(IV) oxide nanoparticles synthetized by Ce(I1I) acetylacetonate in TREG

or BnOH gave similar round shaped nanoparticles with a final size around of 2,5

nm using either hermal or microwave process (figure 3.4).
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Figure 3.4: BE-TEM image showing sige and shape of the CeO, nanoparticles starting from Ce(acac),
using a) BuOH/ thermal activation, b) BntOH/ MW, ¢) TREG/ thermal activation and

d) TREG/ MW

As is observed in the TEM images the thermal produced nanoparticles showed

lower tendency to aggregation than the microwave activated.
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The HRTEM image, as is shown in figure 3.5, confirms the morphology, and
the high crystallinity of the final CeO2 nanoparticles.

-
T

-,"_'f.-'
‘N

[110]Ce0:

Figure 3.5: HRTEM image of the crystalline structure of one nanoparticle from Ce(acac); in
TREG within its FET, showing structural agreement with CeO, phase

BF-TEM images from CeO: synthetized using Ce(IV) acetylacetonate were also

analysed (figure 3.6) to compare the effect on the final nanocrystals.

Figure 3.6: BE-TEM image of CeO, NPs by Ce(acac),in TREG

As it is observed in the TEM images Ce(acac)s precursor afforded similar size
and shape nanoparticles. However, the nanoparticles tend to form aggregates in
solution. These results together with the fact that Ce(acac)s was not commercial
prompted us to focus our studies in CeO2 nanoparticles obtained from the Ce(I1I)

precursor.
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In order to know the effect of the temperature conditions during the
microwave process in size, shape, stability and composition of the nanoparticles
produced by Ce(acac); precursor another experiment was designed. The BnOH
route was used in this case. The final temperature was increased with the addition of
polyvinylpyrrolidone (PVP) in the precursor solution in different mass fractions: 0%,
5% and 10%. The Tt arrives to 210°C, 260°C and 275°C respectively (figure 3.7).

0% PVP 5% PVP 10% PVP
T = 200°C T = 260°C T = 275°C

Figure 3.7: Effect of different PV'P mass fractions on the CeO, nanoparticles synthesized by
Ce(acac); in BnOH

After the nanoparticles synthesis, TEM images show that the use of PVP to
increase the final reaction temperature had not influence in the final nanocrystals.
Furthermore, the cleaning process was more complicated due to the difficulty of
PVP separation. For all these reasons, the synthesis of CeO2 nanoparticles were

finally performed without the addition of PVP.

Dynamic Light Scattering (DLS) experiments (figure 3.8), were performed for all
the synthetized nanoparticles. Is necessary to study their aggregation behaviour for
their final applications mainly in superconductivity and biomedical fields. Figure 3.8

is an example of DLS analysis of the CeO2 nanoparticles synthetized in BnOH.
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NPs by Ce(acac);
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Figure 3.8: DLS experiment of CeO, nanoparticles synthetized by Ce(acac); in BnOH

After the nanoparticles synthesis, all the colloidal solutions remain stable for a
month in polar solvent without the formation of aggregates as was confirmed by
DLS experiment, where only one pick around 3 nm is observed.

Furthermore, X-ray powder diffraction patterns (XRPD) of samples obtained
from Ce(IIl) acetylacetonate proved that the obtained nanoparticles were always
pure cubic CeO: phase independently of the applied synthetic route. As an example,

figure 3.9 shows the XRDP from thermal process using BnOH.
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Figure 3.9: XRDP measurement for CeO, nanoparticles obtained by Ce(acac); in BnOH
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In order to use the nanoparticles for the further applications is also important
to know the yield and the organic material that remains after the nanoparticles
synthesis. For this reason, thermogravimetric analysis (TGA) were performed after
the standard washing of the nanocrystals (3 times with ethanol and ethyl acetate or

diethyl ether depends) (figure 3.10).
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Figure 3.10: TGA measurement for CeO, nanoparticles obtained by Ce(acac); in BnOH

The quantity of organic material that remains on the solution after the cleaning
process is always almost the same (around 50-52%). This is an indication of the
reproducibility of the process.

The knowledge of the amount of organics present in the final product gives us
the necessary information, for the preparation of the solutions of the CeO:2

nanoparticles at different concentrations.

4.2. CeO2 Nanoparticles from Cerium(III) Acetate Precursor

Taking into account the very small size (around 2-3nm) of the CeO2
nanoparticles and the lack of changes in the size when using different solvents and

temperatures we decided to move to another starting precursor.

135



Synthesis of Metal Oxide Nanoparticles for Superconducting Nanocomposites and Other Applications

In this case, Ce(OAc)s precursor in TREG or BnOH using microwave and
thermal synthetic routes gave cubic shaped nanoparticles with an average diameter

of 4 nm, and a definite size distribution in case of thermal process (figure 3.11).
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Figure 3.11: BE-TEM image showing size and shape of the CeO, starting from Ce(OAc);

The CeO2 nanoparticles obtained from Ce(OAc)s precursor in TREG or in
BnOH solvents had also a high stability during more than one month. DLS

experiments confirmed no changes in size and aggregation effects (peak around 5-6

nm) (figure 3.12).
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Figure 3.12: DL experiment of CeO, nanoparticles synthetized by Ce(OAc); in BnOH
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Furthermore, the X-ray powder diffraction patterns of the different samples
demonstrated that the nanoparticles obtained were also always pure cubic CeO2

phase independently of solvent or the synthetic route used as shown in figure 3.13.
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Figure 3.13: XRDP measurement for CeO, nanoparticles obtained by Ce(OAc);in BnOH
Thermogravimetric analysis (TGA) was also performed to verify the yield and

the final concentration. Figure 3.14 shows an example of the TGA obtained after

the synthesis of Ce(OAc); in BnOH.
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Figure 3.14: TGA measurement for CeO, nanoparticles obtained by Ce(OAc);in BnOH
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TGA analysis shows that the quantity of organic material is lower than for the
case of CeOz nanoparticles synthetized from Ce(acac); (38%) a plausible reason can

by the bigger size of the nanocrystals obtained (around 4 nm instead 2 nm).

4.3. CeO; Nanoparticles Synthesis Conclusions

CeO2 nanoparticles have been synthetized using two different precursors,
solvents and processes. The nanoparticles obtained using Ce(acac)s as precursor
present a smaller size and different shape than for the case of Ce(OAc)s. This fact
proves and confirms, as was explained in chapter 2, the influence of the precursor in
the final characteristics of the nanoparticles.

The use of thermal process produces in the cases studied less aggregation on the
final nanoparticles than microwave process. This phenomenon can be explained for
the case of TREG due to during the thermal process the solvent remains at higher
temperatures during more time producing a higher polymerization which, can
stabilize more the final nanoparticles increasing their stability in polar solvents
during the time. For the case of BnOH the fast increment of the temperature in
microwave process can affect to the precursor decomposition and as consequence
to the growth pathway decreasing the stabilization of the final nanoparticles.

Finally, CeOz nanoparticles in two different size 2-3 nm and 4-5 nm, with a high
crystallization and stable for months in polar solvents were obtained achieving all
the proposed requirements in order to apply them in superconductivity and

biomedicine fields.

5. Surface Nanoparticle

A deeply study of the capping ligand and the surface of the final CeO:
nanoparticles using different techniques such as infrared spectroscopy, nuclear
magnetic resonance and Gas Chromatography-Mass Spectrometry were performed

to understand better the behaviour and the stability of the synthetized nanocrystals.
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5.1. Spectroscopic Characterization

CeO2 nanoparticles synthetized starting from Ce(acac)s or Ce(OAc)s precursors
using triethylene glycol or benzyalcohol showed always the same infrared spectrum
pattern, which was similar to the spectrum of Ce(OAc)s (figure 3.15) after removing
all the residual synthetic solvent.

The infrared spectrum patterns for both cases shows the characteristic
stretching bands of acetate with absorptions around 1530 cm! (antisymmetric) and
1400 cm! (symmetric) (table 3.2) instead of the three typical bands of
acetylacetonate due to C-C-C-O stretching around 1560 and 1500 cm.

Wavenumber (cm) v(OCO) |

CeO; in BnOH Difference | CeO;in TREG from Difference

from Ce(OAc)s A(Vas=Vsym) Ce(OAc)s A(Vas=Vsym)
Vas 1525 | Veym 1403 122 Vas 1537 Veym 1409 128
CeO: in BnOH Difference CeO: in TREG from Difference
from Ce(acac)s Ce(acac)s
Vas 1532 | Vsym 1398 134 Vas 1528 | Veym 1402 126

Table 3.2: IR comparation of CeO, NPs by different precursors and solvents

This evidence suggests that acetate could be present in those CeO:
nanoparticles surface. Assuming this phenomenon, it can be due to the fact that
acetylacetonate under oxygen atmosphere and high temperatures can decompose
producing acetate on the media®.

The origin of acetate as capping ligand with Ce(acac); precursor has been
previously described in the literature’’. Studies of the thermal decomposition of
Ce(acac)s have also proved that acetate group is present in different decomposition
products: Ce(CsH702)2(CH3COO0O), Ce(CsH702)2(CH3CO0)2, Ce(OH)(CH3COO)s,
CeO(CH;COO) and Ce(CH3COO)3
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Figure 3.15: IR of CeO, nanoparticles by Ce(acac); and Ce(OAc); using TREG and BnOH
compared with the IR obtained by acetate precursor

After recording the infrared spectra for all the samples, it was observed the
presence of the acetate ligand onto the surface of the cerium oxide nanoparticles.
Thus, both, the asymmetric Vas and the symmetric Viyym energies’® for the carboxylic
group are present with a difference of ca. 120-130 cm! suggesting the coordination

of the acetates as bridging bidentate mode. However, in order to support this
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hypothesis, a Gas Chromatography-Mass Spectrometry and NMR studies of

nanoparticles solutions were performed.

5.2. Gas Chromatography-Mass Spectrometry Characterization

The solutions obtained after the application of the thermal treatment for the
synthesis of the desired nanoparticles were analysed by Gas Chromatography-Mass
Spectrometry (GC-MS) in order to detect the organic subproducts after the
synthesis of CeO2 nanoparticles. The specifications of the GC-MS experiments are

shown in sectzon I _Annexes.

The different solutions analysed after the CeO. synthesis were the thermal
decompositions of a) Ce(OAc)s and Ce(acac)s in TREG and b) Ce(OAc)s and
Ce(acac); in BnOH.

a) CeO:2 by Ce(OAc); and Ce(acac)s in TREG

In both cases after the nanoparticles reaction synthesis, the same
subproducts were found regardless of the precursor. In these decompositions
TREG was identified as the most abundant product. Some polyglycols formed by
the coupling of TREG molecules were also found. It is interesting to note that for
both precursors the esterification product 2(2-(2-(2-hydroxyethoxy)ethoxy)ethyl

acetate was observed in very small quantity.

b) GC-MS of CeO: by Ce(OAc); and Ce(acac)s in BnOH

For the case of the nanoparticles synthesis from Ce(OAc); or Ce(acac)s
precursors in BnOH, the most abundant product of this decomposition
corresponds to the solvent employed in the reaction. The oxidation product
benzylaldehyde was identified and the esterification product benzyl acetate was also

found in both cases.
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During the thermal process to produce CeO:z nanoparticles benzaldehyde
was also obtained. A possible explication of this fact can be due to the oxidation of
benzyalcohol to benzaldehyde thanks to the quick change of the oxidation state
between Ce** and Ce?*. Finally, as the reaction is performed in air atmosphere, the

oxygen can oxidize again Ce*? to Ce™ in order to obtain CeO2 nanocrystals.

After the GC-MS analysis we could conclude that indeed acetate is on the
reaction media independently of the precursor due to the reaction between the
acetate and the alcohols in both cases. These results were in accordance with the

analysis performed in the previous Spectroscopic Characterization.

5.3. Nuclear Magnetic Resonance Spectroscopy

Proton  Nuclear Magnetic  Resonance ({H-NMR  400Hz) analysis of CeO2
nanoparticles, synthetized by Ce(OAc)s or Ce(acac)s as metallic precursors in benzyl
alcohol or triethylene glycol as solvent, were performed.

In the NMR study of nanoparticles solutions it is fundamental to ensure that
there were no solvent molecules on the nanoparticle surface so, after precipitation,
nanoparticles should be washed until the intensity of solvent signals remain constant.

In order to eliminate all the solvent present on nanoparticles surface was
necessary to wash three times more with water (in total 6 times) the previously
precipitated CeO2 nanoparticles.

After the cleaning process, when the nanoparticles were dispersed in water
using an ultrasonic bath the pH of the solution decrease until 4.65. This fact can be
explained by the hypothesis that the acetate on the nanoparticles is ripped from the
surface to produce acetic acid reacting with the protons from the hydroxyl groups
presents also on the surface. For this reason, in order to better understand the
behaviour of the nanoparticles when were dispersed in water, 'H-NMR spectra was
registered in D>0.

Figure 3.16 shows the proton NMR spectra from the CeO: nanoparticles
synthetized by Ce(acac)s in BnOH after the cleaning process and their dispersion in

D-0O.
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CH;COO-

CH;COOH

3.16: "H-NMR in D,0 of CeO, nanoparticles by Ce(acac); in BtOH

'H-NMR spectrum of CeO2 nanoparticles in D20 shows effectively two
singlets in the region of acetate protons (2.15 and 1.95 ppm) that suggest the
presence of two types of acetate groups; probably one is bonded to the nanoparticle
surface and the other is in the solvent as acetic acid confirming our hypothesis. This
phenomenon is supported by the fact that when nanoparticles are dispersed in water
the pH of the solution decreases until 4.7.

The more deshielded singlet at 2.15 ppm can be assigned to the acetate group
that acts as capping ligand and the singlet at 1.95 ppm to free acetic molecules. As
shown in figure 3.17 (left) 'TH-NMR of acetic acid commercial in D2O with the
corresponding signal at 1.95 ppm in order to support our conjecture. Furthermore,
the addition of acetic acid to the dispersion of CeO: in D2O causes a significant
increasing of the singlet al 1.95 ppm that confirms the proposed hypothesis.

Figure 3.17 (right) shows this phenomenon in CeO; nanoparticles synthetized
by Ce(acac)s in BnOH.
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3.17: (left)' H-NMR in D,O of acetic acid (right) commercial'H-NMR in D,0
of acetic acid with CeO, nangparticles by Ce(acac); with BnOH

In order to certify that the acetic acid in solution comes from the acetate
molecules bonded to the nanoparticle, two different experiments were performed.
On the one hand, after the cleaning process, the nanoparticles were dispersed in
DO at room temperature without ultrasonic bath. In this case, the TH-NMR in
D2O shows only one singlet at 2.15 ppm (figure 3.18 (right)). In a second
experiment, the nanoparticles were washed several times more with water in order
to remove as much as possible the capping ligand molecules on the surface. The 'H-
NMR of this solution does not show any acetate group signal (figure 3.18 (left))
proving that it is possible the elimination of capping molecules by extensive washing

of nanoparticles.

CH;COO-

o3 oo s 30 s @ s 0 235 13 10 s oo 03 u
1 {ppe)

3.18: "H-NMR in D,O of CeO, by Ce(acac); with BaOH (left) dispersion without
ultrasonic bath (right) after washing the nanoparticles several times more
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As a summary, 'H-NMR experiments have proved that acetic/acetate are
present on the nanoparticles surface regardless of the precursor or the solvent used
during the synthesis of CeO, nanoparticles. For this reason, proton NMR analysis

were also agree with the results obtained previously by IR and GC-MS techniques.

In order to understand the presence of acetic acid, Zeta Potential
measurements were performed. Zeta Potential (ZP) give us an estimation of the net
electrical charge contained in the slipping plane, and also depends on the location of
that plane. Thus, it is widely used for quantification of the magnitude of the charge

of the nanoparticles’s surface as shown in picture 3.19.
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3.19: Zeta Potential scheme

ZP analysis shown in figure 3.20, are the results obtained by (I) CeO:
nanoparticles dispersed in water, where the acetate acts as a capping ligand and (II)
CeO: nanoparticles dispersed in water after removing all the acetate, in for both

cases have a positive Z-Potential.
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(X) CeO2 nanoparticles from Ce(acac)s in BnOH dispersed in water with acetate as capping ligand

Zeta Potential Distribution
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(AX) CeO: nanoparticles from Ce(acac)s in BuOH dispersed in water after removing the acetate

Zeta Potential Distribution
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3.20: Positive Zeta Potential of CeO, NPs from Ce(acac); in BuOH (1) acetate acts as a
capping ligand (IL) after removing the acetate

The positive value of 35 mV (I) can be due to the protons from the hydroxyl
group that when they are removed from the surface to generate acetic acid with the
acetate, the zeta potential decrease until 16 mV (II).

For this reason, after the NMR and Zeta potential analysis we could confirm
our hypothesis performing a surface simulation, where the acetate present on the

surface has bridging bidentate coordination as indicate IR technique (figure 3.21).
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3.21: Surface nangparticle coordination with the acetate
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The negative surface charge and the difference between Vas and Vsym energies
obtained by IR indeed, it can be link by one oxygen with a hydroxyl group and the
other with a cerium generating this characteristic coordination as is showing in last
tigure 3.21.

A possible reaction mechanism is shown in figure 3.22 to explain this

phenomenon obtained thanks to NMR and Zeta Potential analysis.

cpfle  eqepe
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3.22: Reaction mechanism for the acetic acid formation

The proposed mechanism is based on the acetate present on the surface can
react with a proton from the hydroxyl group to produce acetic acid generating an
equilibrium between the two different species.

As a conclusion, the obtained results show that for all the CeOz nanoparticles,
acetate is a part of the capping ligand forming a bidentate coordination with
hydroxyls groups on the nanoparticle surface.

Furthermore, when the nanoparticles are dispersed in water the acetate is
ripped forming acetic acid producing and equilibrium between the two different
species. This phenomenon is also confirmed for zeta potential techniques, which

shows a negative charge nanoparticles surface due to their coordination.

5.4. Capping Ligand Exchange

In order to solve the problems caused by TREG due to its high viscosity in the

fabrication of superconducting nanocomposites thin films, as will be explained in
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chapter 4: Nanostructuring YBa:Cu;O;., Layers, a capping ligand exchange is
performed.

The capping ligand exchange was performed after the nanoparticles synthesis by
Ce(acac); in TREG, where nanocrystals were washed 6 times and dispersed in 10 ml
of ethanol to obtain concentrations up to 90 mM. After that, decanoic acid was
mixed with tetramethylammonium hydroxide (1:1) in order to deprotonate the acid
and added on the nanoparticles dispersed in ethanol, with a concentration of 10%
molar respect the nanoparticles solution. Finally, the mixture was stirring during 24
hours to perform the ligand exchange. After that, the nanoparticles were cleaned

several times more with ethanol and dispersed in methanol.

Infrared spectroscopy pattern shows in figure 3.23 that decanoic was indeed
present on the surface of the nanoparticles and the capping ligand exchange was

confirmed.
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3.23: IR of CeO, NPs with CH;(CH,);COO" as a capping ligand

The principal bands® are at 2895 cm! and 2835 cm! due to Csp3 C-H
stretching and C—H bending, at 1547 cm™ and 1418 cm ! as a result of carboxylate
COz group® and at 1073 cm! by cause of C-O stretching.

The nanoparticles, after the capping ligand exchange, were analysed also by

TEM technique as is shown in figure 3.24.

148



Chapter 3: Cerium(IV) Oxide Nanoparticles

3.24: TEM image of CeO, NPs with CH,(CH,);COO" as a capping ligand

The capping ligand exchange gave the same shape of the nanoparticles than in
TREG as was shown in TEM image, but in this case the aggregation is higher and
the colloidal solution only was stable during a day. Dynamic Light Scattering (DLS)

technique was used to check the aggregation of the nanoparticles (figure 3.25).
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3.25: DLS analysis of CeO, nanoparticles after capping ligand exchange with CH,;(CH,),COO

DLS analysis shows effectively, that the nanoparticles were forming aggregates

inside of the solution around 100 nm, when CeO2 were dispersed again in methanol.
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5.5. X-Ray Photoelectron Spectroscopy

The X-Ray Photoelectron Spectroscopy (XPS) technique, also called as
Electron Spectroscopy for Chemical Analysis (ESCA) was used in order to
investigate why Ce(IV) is obtained in the final nanoparticles composition if Ce(11I)
precursor was used to produce them. The study was performed with the BnOH
prepared nanoparticles.

The main hypothesis is that benzyl alcohol was oxidized to benzaldehyde
thanks to the change of the oxidation state from Ce** to Ce3*. XPS analysis could
give elemental and chemical state information regardless of the natural of material
sample which wants to be analysed and for this reason, if Ce(Ill) was formed on the
nanocrystal during the reaction, it will be able to detect with this technique.

Figure 3.26 shows an example of XPS analysis after the nanoparticles synthesis

where for all the cases only Ce** is obtained.
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Figure 3.26: XPS analysis from CeO, by Ce(OAc); in BnOH

Results show signals for Ce 3d at 882 eV with an atomic concentration around
5% depends on the used precursor. Other signals for O 1s and C 1s were detected

at 530 and 284 eV respectively, with an atomic concentration between 42 % for O
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1s and 57 % for C 1s. All atomic concentrations were calculated from the
photoelectron peak areas.

Two sets of multiplets (u and v) were obtained, corresponding to the spin-orbit
split 3ds/2 and 3ds/2, with a value around 18 eV. For Ce(IV) samples, each spin-orbit
component (3ds/2, 3d32) was dominated by three features, opposite to Ce(Ill),
which present only two. These three were presents in last figure 3.23 as six peaks
corresponding to the pair of spin-orbit doublets.

The highest binding energy peaks u'll and v appear around 915.5 and 896.9 eV.
These are the result of a Ce 3d” 4f? O 2p¢ state, where the ulll associated to the Ce

3d;/, is characteristic of the presence in the sample of tetravalent Ce.

After the analysis and the confirmation that the nanoparticles were composed
only by Ce (IV), the reaction was preformed with the same precursor and solvents
conditions but under argon, as was explained in previous section 3.2. Synthesis of
Nanaoparticles, in order to try to obtain Ce2Osinstead of CeOz nanoparticles.

The main difference in the XPS pattern between Ce(I1I) and Ce(IV) oxide is
that they have different multiplet splitting and for the case of Ce(IV), it has a peak
around 917 eV which is absent in Ce(Ill) spectrum. Figure 3.27 shows a theoretical
XPS of Ce(3d) core level spectra in CeOz and Ce20:s.
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Figure 3.27: Theoretical XPS analysis of Ce(I1l) and Ce(I1/) oxide
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After the nanoparticles synthesis under argon media, the XPS obtained

shows that Ce(IV) was mainly present on the sample (figure 3.28).
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Figure 3.28: XPS of CeO, by Ce(OAc); in BnOH under argon condition

CeO: nanoparticles were the most abundant product because the shape of the
curve compared with the theoretical XPS present a similar behaviour. However, the
curve allows us to confirm that also a few quantity of Ce(IIl) was also present on
the compound.

The main advantage to find part of Ce(III) on the sample is that this fact allows
us to explain the formation of benzaldehyde found by GC-MS technique after the
nanoparticles synthesis in BnOH which, it can be due to Ce(IV) could oxidize part
of benzyl alcohol forming Ce2O3 and benzaldehyde and after that, the Ce(I1I) could
be oxidize again to CeO2 with the presence of the atmospheric oxygen.

This phenomenon was also reported on CeO: applications, as a typically
process used in pharmaceutical industries or pharmacy to produce benzaldehyde

from benzyl alcohol*.
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6. Conclusions

CeO:2 nanoparticles were produced via thermal and microwave process using
Ce(acac)s, Ce(acac)s and Ce(OAc)s precursors in high boiling point solvents,
triethylene glycol or benzyl alcohol.

The main advantage of this methodology is due to is a one-pot and fast process
without undesired subproducts, which allows to control the size, shape and
composition of the nanoparticles with high reproducibility.

For the case of acetylacetonate precursors round shape nanoparticles of 2.5 nm
were obtained. If acetate precursor was employed, the obtained nanocrystals were
with square shape and size around 4 nm.

All the CeO2 nanoparticles prepared proved to be stable in polar solvents in
high concentration (90 mM) as is shown in DLS studies. These high concentrate
solutions remain stable for more than one month in the case of TREG and BnOH
synthesis.

The structure, composition and capping ligand were deeply studied by different
techniques. The final results show that acetate ligand was on the surface of the
nanoparticles acting as a capping ligand and generating a bridging bidentate
coordination independently of the nature of the precursor. Moreover, when the
nanoparticles were dispersed in water, this acetate can form acetic acid deceasing the
pH. This characteristic can be used in order to perform a capping ligand exchange
because was an easy mechanism to modify the physical properties of the
nanoparticles such as the stabilization in different solvents (polar or nonpolar).

It has been demonstrated by XPS measurements that CeO; is the major
component of the nanoparticles when the synthesis was performed in air. However,
XPS results show that if the reaction is performed under argon a small amount of

Ce203 is also found.
As a summary, CeOz nanoparticles with a high controllability of the size,

shape, composition and stability in different polar solvents were obtained useful for

further applications like nanocomposite YBCO preparation.
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