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1.1 General introduction

1.1.1 Nanomaterials: Fundamentals and basic apects

Nanomaterials are referred to those materials whose size is below one micron, more
specifically, this term is usually employed for materials with size between 1 to 100
nm' (nanoscale). These concepts were first introduced in 1959 by Richard Feynman
in his lecture “There’s Plenty of Room at the Bottom” and further developed in the
subsequent years.

The revolution of nanomaterials has been done in the late 90s with the development
of controlled synthetic approaches and characterization technologies. The control of
matter at nanoscale level is now possible in the laboratory, however nanoscaled
materials are found in nature. Thus, it is possible to observe nanostructures in leaves,
butterfly wings and bones or beaks developing amazing properties such as super
hydrophobicity (Figure 1. 1), impressive colors and large size and low density
properties, respectively.

Figure 1. 1. Lotus leave and SEM micrographs of the leave at different magnifications
showing the microstructure responsible of the superhydrophobic properties.?

Humans have also used nanomaterials from ancient times, for example in Lycurgus
cup glass (4th century A.C.), where the gold and silver nanoparticles dispersed in the
colloidal form provides a dichroic effect (Figure 1. 2).



4 | Chapter 1

Figure 1. 2. Lycurgus cup glass and its dichroic effect (green/red color).?

The nanomaterials exhibit new properties compared to materials in the bulk size.
Some of the reasons of this behavior are listed here:*®

The surface/bulk atoms ratio drastically increases in nanomaterials,
providing more coordinative non-saturated atoms.

Surface/volume ratio is inversely proportional to diameter of the particle,
thus obtaining high surface materials.

Diffusion at nanoscale is more homogeneous and faster compared to
macroscopic materials as consequence of the small size.

Surface stress and tension are bigger in nanomaterials, and a local lattice
contraction can occur.

The electrostatic forces become highly important at the nanoscale.

The electrons are confined and have higher energy than its bulk
counterpart, inducing a shift towards higher energies in the optical
absorption and fluorescent emission spectra.

Interaction with light also changes because the particle size is in the same
range as the radiation wavelength.

The new synthetic approaches have allowed designing nanomaterials with different
sizes, from nano to micro, and with different morphologies and shapes. Accordingly,

they can

be classified as a function of their aspect ratio as zero-dimensional (i.e.,

isolated small nanoparticles), one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) nanostructures. 1D nanoparticles (NPs) are those where the major
growth occurs in one direction like rods, wires, tubes, etc. In 2D structures, the mayor
growth takes place in two directions. Some examples of this kind of NPs are planar
nanoparticles as hexagons, plates, disks, and thin films or stacks of layers. In 3D
structures the growth occurs in the three directions, such as in tetrahedral and
octahedral particles, cubes, prisms, etc (Figure 1. 3).*"
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Figure 1. 3. TEM and SEM images of one- two and three-dimensional nanoparticles: a)
nanorods, b) nanoshuttles, ¢) nanobipyramids, d) nanowires, e) nanotubes, f) triangular
nanoplates, g) nanodiscs, h) nanoribbons, i) nanobelts, j) nanocubes, k) nanotetrapods, I) and
m) star-shaped nanoparticles, n) a nanohexapod and o) nanocage.’

Size effects constitute a fascinating aspect of nanomaterials since they pertain to the
evolution of structural, thermodynamic, electronic, spectroscopic, electromagnetic
and chemical features of these finite systems. Some of the most important
consequences in the physico-chemical properties of the materials related to the
nanometric size are briefly explained below."#*

In metal oxide nanoparticles, the growing importance of surface free energy and
stress with decreasing particle size, induces changes in cell parameters and in the
thermodynamic stability of some crystalline phases, facilitating unusual structural
transformations.

Another important effect is related to the electronic properties of the materials. The
nanostructuration produces the so-called quantum-size or confinement effects, which
essentially arise from the presence of discrete atom-like electronic states.
Additionally, the quantum confinement is responsible for energy shift of exciton
levels and optical band gap. In nanooxides, a decrease in the average size changes the
magnitude of the band gap with strong influence in the conductivity and also
chemical reactivity. Therefore, surface properties are drastically affected by size, and
nanostructures exhibit unprecedented sorption or acid/base characteristics.



6 | Chapter 1

The presence of undercoordinated atoms (like corners or edges) or atom vacancies
produces specific geometrical arrangements as well as occupied electronic states
located above the valence band of the corresponding bulk material, enhancing the
chemical activity of the system.

In magnetic materials, as the particle size decreases, the number of magnetic domains
per particle decreases, and below a critical size, the particle behaves as a single
domain. Then, new magnetic phenomena appear, such as superparamagnetism. For
these superparamagnetic NPs, thermal fluctuations overcome anisotropy forces and
hence magnetization of the particles gets reversed easily from one direction to
another, even in the absence of a magnetic field.

Regarding semiconductors such as CdSe, CdS and ZnS, the quantum confinement
effect in particles with diameter lower than the Bohr exciton radius provides materials
whereby the NP absorption onsets and emission energies are size-tunable.

This variation of properties with size is also observed in metals like gold, silver or
copper exhibiting surface plasmon resonance. At the surface of these metallic
nanoparticles, light with frequencies below the frequency of the surface plasmons
(quantized waves of the free electrons in the incompletely filled conduction band) is
reflected. Very few metals have plasmon frequencies in the visible range but that
leads to their typical colors. The oscillation modes and frequency of the plasmon
vibration depend heavily on the shape and size of the particles, thus changing the
absorption of the material. Furthermore, in the case of resonance interaction, the
electrical field of the light moves the free electrons at the particle surface and causes
oscillations with the frequency of the light, that are highly dependent on the
anisotropy of the nanoparticle.

In conclusion, nanostructured materials exhibit improved or even unique physical,
chemical, and other properties, and open a land of possibilities for new and smart
applications.

1.1.2 Top-down and bottom-up approaches

Different methodologies can be employed in order to obtain nanomaterials, but they
are included in the top-down and bottom-up approaches. Figure 1. 4 shows a
classification of the synthetic methods included in both approaches.
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Grinding system —E Dry

Breakdown — Solid phase —| Wet grinding system

(top-down) method Mechanochemical method (Mills and Ultrasonic wave)
Mechanical alloying method

—Vaporphase Chemical Chemical vapor deposition
method method | (CVD: flame, plasma, laser, electric furnace)
Thermal decomposition method

Physical — Physical vapor deposition (PVD)
method

Plasma
Induced heating
Grain refinin : Flame hydrolysis
of a substange — Buildup Electron beam
(bottom-up)  Laser

Sodium borohydride
Liquid/Liquid Chemical reduction method Sugar

method Indirect reduction method —E Photoreaction

Molecular beam epitaxy g?lgyacr":i ¢ acid

) Spray drying process Gamma ray
— Liquid phase Spray pyrolysis process Ultrasonic wave
method Solvothermal synthesis Liquid plasma
Supercritical
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Hydrolysis
Colloidal chemistry

Figure 1. 4. Typical synthetic methods for nanoparticles for the top-down and bottom-up
approaches.®

Top-down approach is based on microtechnology methods, which employs physical
methods such as crushing or milling techniques for the preparation of
nanomaterials.**°

One example of the top-down approach is found in the production of ceramic
nanopigments which have emerged as an important field for academia and ceramic
industry. In the last years, the development of ink-jet printers has completely changed
the ceramic tails industry since this technology allows producing more sophisticated
and complicated designs compared to traditional methods. For this application,
pigments based on metal oxide nanoparticles require to be produced with a controlled
polydispersion, via nanogrinding, avoiding in this way obstructions in the expensive
piezoelectric nozzles of the printing technologies.

The advantages of this approach relate with the low cost and ease to be implemented
in the conventional industrial technologies, but the main problem lies in the broad
particle size distribution obtained by this method.

On the other hand, bottom-up approach is based on chemical synthesis which uses
atoms or molecules as building blocks to produce nanomaterials.**° This approach is
usually preferred in nanotechnology since it provides nanomaterials with more
controlled size, morphologies compared to analogous materials obtained by top-down
approaches.
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The bottom-up approach is roughly divided into gaseous phase methods and liquid
phase methods. For the former, the chemical vapor deposition method (CVD)
involves a chemical reaction, whereas the physical vapor deposition method (PVD)
uses cooling of the evaporated material. Although the gaseous phase methods
minimize the occurrence of organic impurities in the particles, they necessitate the use
of complicated vacuum equipment whose disadvantages are the high costs involved
and low productivity.

Therefore, liquid phase methods have been the major preparation methods of
nanoparticles. Among them, the most widely used are:

- Sol-gel route: this synthetic procedure starts from metal alkoxides or
chlorides in solution (sol) which upon different processes of
polycondensation evolves a gel-like diphasic system containing both
liquid and solid phase whose morphologies range from discrete particles
to continuous polymer network. The materials obtained by this approach
usually are amorphous and need to be fired to make them crystalline. This
fact leads to agglomeration and sintering of the nanoparticles. Even so,
the temperatures required to obtain crystalline materials are much lower
than the required in the ceramic approach. Moreover this chemical route
is largely employed to produce films of different thickness and textures
(Figure 1. 5)."

Hydrolysis 0 Condensation of the sol particles
P
°
Polymerization %, Gelation
Sol

Solution of

precursors

Spin-coating Dip-coating

v 4
I I Evaporation

of solvent

Gelation and m@;?
£ Xerogel
Xerogel film M evaporation Xerogel film 9

of solvent Heat

treatment
Heat Heat
treatment treatment

saanany i:::::z Dense fiim -‘

Dense ceramic

Dense film

Figure 1. 5. Overview showing different sol-gel methods for obtaining films and powders
from a colloidal sol.*
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Hydrothermal and solvothermal methods: these alternative approaches
use solvents in a sealed container reactor (called “autoclave or bomb”,
Figure 1. 6 a) which is treated at a temperature above their boiling point.
The autogenous pressure promotes the reaction of the precursor solution.
The reaction can be performed on aqueous medium (hydrothermal) or
with organic solvents like ethanol or benzyl alcohol (solvothermal).*®
Other parameters such as the nature of the molecular precursors and the
percentage of fill of the vessel have an influence in the autogenous
pressure (Figure 1. 6 b). Under these conditions, the dielectric constant of
the solvent and ion and molecules mobility can drastically change, thus
providing reaction conditions that would be difficult to obtain in other
synthetic approaches.”® This methodology has extensively used to
produce inorganic solids, especially zeolites, but the main drawback is
that the outcome of the reaction is difficult to predict.**

b)
3200

80 %

0 100 200 300 400 500 600 700 800 900
Temperaturel °C

Figure 1. 6. a) Schematic representation of a typical Teflon stainless autoclave typically used
for solvothermal or hydrothermal synthesis*®and b) pressure as a function of temperature and

percentage of fill of water in a sealed vessel. 3

Microwave synthesis: in this method the precursor solution is heated via
microwave irradiation, avoiding in such a way thermal gradients in the
reaction vessel and obtaining uniform reaction conditions and high
reaction rates compared with conventional heating methods.*

Thermal decomposition method: It is based on the decomposition of
organometallic compounds and/or metal-surfactant complexes in hot
surfactant solutions.’® This approach can be carried out by two
techniques:
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o Hot-injection method: The precursor is rapidly injected in a hot
surfactant solution (Figure 1. 7).

o Heating-up method: the mixture of the precursors is slowly
heated to high temperature in order to initiate the crystallization

reaction.
Hot Injection
~ %¥
Q@ﬁ

Nucleation
Growth Nanoparticles

Figure 1. 7. Hot injection method for the synthesis of monodisperse NPs.*®

Thermal decomposition provides very small and homogeneous crystalline
NPs that can be dispersible in apolar organic solvents.

- Chemical reduction of metal nanoparticles: In this route, a metal salt in
solution or supported in a carrier is reduced using a reductant such as H,,
sodium borohydride, phenylethanol, alcohols, dimethylformamide, etc.
The addition of surfactants avoids the uncontrolled growth of the NPs.
This methodology is widely employed for preparing metal NPs in
suspension, as well as to support them on a substrate or carrier. The latter
option is preferred in heterogeneous catalysis to get recyclable catalysts.

In the bottom-up approaches, organic components participate in the physico-chemical
mechanisms directly involved in the nucleation and limited growth of the
nanomaterials. However, for the preparation of inorganic solids, these organic
moieties must be removed by calcination, ozonolysis, washing, etc. In other cases, the
combination of both organic and inorganic components in a single material may be of
interest. The development of hybrid organic-inorganic materials which combine in a
synergistic way the properties of organic materials (hydrophobic/hydrophilic balance,
chemical stability, bio-compatibility, optical and/or electronic properties and
chemical functionalities) and the inorganic solids (mechanical and thermal stability,
electronic, magnetic and redox properties, density refraction index, etc.) provides
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hybrid materials with new functionalities. Furthermore, the interface between
inorganic and organic does influence strongly their properties. Hybrid materials can
be thus broadly classified in two main classes, depending on the nature of bonds and
interactions existing at the hybrid interface: Class | hybrids, including systems with
weak interactions such as hydrogen bonding, van der Waals or electrostatic forces
between the constituents, and Class Il hybrids, where at least parts of the organic and
inorganic components are linked by one strong chemical bond (covalent, iono-
covalent, or Lewis acid-base bonds).""*® They exhibit outstanding properties that can
find application in such a different areas as photonics, electronics, catalysis,
luminescence, biomaterials, biosensors, bioreactors, etc.™

1.1.3 Application of nanomaterials

The current applications and the possibilities of future markets for nanoparticles are
schematically summarized in Figure 1. 8. Indeed, most of the current applications
exploit the effect of the interaction of light governed by the size of the particles, such
as inks, dyes or UV-filters for cosmetics, paintings, pigments or catalysis. However,
the intense research on nanomaterials from the late nineteens has fostered the
development of emerging applications that involve more sophisticated properties of
the nanostructured materials. Thus, new technologies in the fields of solar cells and
photofuels, color lighting systems and displays, lasers and telecommunications,
chemical (bio-)sensors, biological probes and so on are envisaged to find industrial
opportunities at short or medium-term.

Current 1-5 Years 6-10 Years 10- 30Years
applications
+ Cosmetics ;
+ Security application
+ Self-
cleaning * Luminescent probes | ¢ panel
windows in biological displays
screening
+ Pigments applications 5
. - Solar cells + light emitting
+ Stained + Bar coding . Date storage diodes
glass )
windows + Chemical\biological . Smgle electron
sensors devices
+ Sunscreen
+ Coloured lighting * quantum
computing

Figure 1. 8. Applications and future markets for nanoparticles.
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Recently, W. J. Stark et al. published a tutorial review providing the state of the art of
nanomaterials in the industry.”® In this report, they distinguish in the established
industrial applications between the chemically inert nanoparticles or additives such as
carbon, titania and silica polymer fillers, pigments, dyes and UV protection,
functional surfaces, etc. and the chemically active particle as catalysts, biomaterials
and antimicrobial additives. In Figure 1. 9, key examples of the outstanding properties
and functionalities of inorganic nanoparticles are given. It is clear that diminution of
the size affords an enormous change in surface area and provides a huge interface
between the constituents. For catalytic, antimicrobial and many electronic properties,
these interface properties add significant value to the final product.

2C0+0, .
surface area ( 2co, e.g. highly catalytic
g Au-nanoparticles

bulk @
terial
4 e.g. antimicrobial polymer
anti-bacterial

foil with silver-doped TCP
properties particles

(oY hardness e.g. high surface hardness
ot o L a in nanocomposites
(% * Sy increase in
Vel Q_L ¢ 1
bt electron band
nanoparticles gap e.g. efficient solar cells
electric 0

properties * e.g. nanofilled coatings

magnetic
properties e.g. magnetic separation

Figure 1. 9. Key examples of the properties of nanoparticles with potential industrial
applications.*®

In the following sections, the relevance of nanomaterials the fields of Catalysis,
Photocatalysis and Photonics will be discussed in detail.

1.1.3.1 Catalysis for greener processes

In the eighties a social concern about all chemical risks regarding the industrial
processes was developed. This leads to the need of designing and developing more
environmentally friendly and sustainable processes. The Green Chemistry concept
was introduced in the beginning of the 1990s by Anastas and Warner and was defined
as the “design of chemical products and processes to reduce or eliminate the use and
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generation of hazardous substances”.” The same authors also introduce twelve
principles in order to guide the practice of green chemistry, pointing out the
importance of designing including novelty, planning and systematic conception.
Moreover, to achieve a sustainability at the molecular level is also important.**

From the different principles of Green Chemistry one of the most important is the
ninth one which enunciates the use of catalysts instead of stoichiometric reagents.
This would led to deployment of more sustainable processes, lowering the energy
required to carry out a process, avoiding the production of waste and directing the
reaction towards the desired product.

A catalyst is able to increase the rate of a chemical reaction lowering the free energy
required to reach the transition state while the free energy from reagents to products
does not change. Moreover, a catalyst is not consumed into the reaction but may be
inhibited, deactivated or destroyed by secondary processes.

Catalysis has been applied in many industrial processes including the production of
fuels, energy, plastics, paints, fibers, removal of contaminants, etc., thus over 90% of
all industrial chemicals are produced with the aid of catalysts.?? Its use is quite
important from the industrial point of view. They provide more environmentally
friendly processes and led to a decrease in costs, because the amount of energy
required and waste are reduced, and the natural resources are better employed.

The catalytic processes can be classified according to the media where the catalyst is
located:

- Homogeneous: Same phase as the reagents.
- Heterogeneous: Different phase to the reaction medium.

The homogeneous catalysts are usually more active, selective and better characterized
at molecular level than their counterparts. Nevertheless, heterogeneous catalysts
present some advantages as easy separation, reusability and higher catalyst stability.

One of the areas where catalysis is of great importance is Fine Chemistry. Fine
chemicals are defined as complex, single, pure chemicals substances that are
produced in limited quantities (<1000 tons per year) in multistep batch chemical
processes and they are usually sold for more than $10 per kilogram.?® Even producing
low volume of production, Fine Chemistry present high versatility and it is an
interesting field for the research of new environmentally friendly processes.

In this context, the development of new heterogeneous catalysts with enhanced
catalytic properties would be desirable. Nanotechnology offers new opportunities to
get more active catalysts by increasing surface area and by exposing new faces of
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crystals to the reagents. The enhanced activity of nanocatalysts is explained
geometrically since when a nanoparticle became smaller, bigger the number of edges
and corners is, what produce changes in the adsorption force or oxidation state due to
modifications in its electronic structure.

One example of how nanotechnology can help to develop new active and selective
catalysts is gold catalyst. Classically gold was considered as poor active metal when
used as catalyst. The reason for that assumption resides in the traditional method
employed to prepare NPs (deposition techniques). The materials exhibited large
particle size distribution which hamper the appearance of quantum size-effects.?* In
recent years, with new methodologies and accurate preparation conditions, small and
homogenous gold NPs have been prepared, being highly active and selective
catalysts in CO oxidation, propylene epoxidation,” alcohol oxidation,® nitro
compounds hydrogenation,® etc.

On the other side, the atomic distribution in the exposed surfaces of a catalyst has a
great influence in the catalytic processes because each family of planes exhibit
different distance between the active atoms, which strongly affects its catalytic
activity. The development of new synthetic approaches has allowed designing new
catalysts with preferentially exposed facets leading to more efficient catalysts.
Selective carbamoylation of 2-4 diaminotoluene with dimethylcarbonate (Scheme 1.
1) is a reaction of industrial interest because the product is necessary for the
production of polyurethanes, which are currently prepared using toxic fosgene.

OCH3 H3C NHp  final N,N'-dicarbamoylated
selective product

HaC HN~<
o
" o OCHg
HaC HN—<

H2 OCH3 2

o}

>

HsC  HNCHg  HgC  NH2 § OcCH,

polymethylated products
—> and other mixed methylated
NH2 HNCH3 and carbamoylated products
(complex mixture)

4 5 6

Scheme 1. 1. Reaction of dimethylcarbonate (DMC) with diaminotoluene (DAT).?’
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It has been recently reported that different exposed faces of CeO, has remarkable
influence in the product distribution of this reaction. Thus, nanoparticles that expose
preferentially (110) and (111) planes show high selectivity toward the carbamoylated
product while NPs with preferentially (100) exposed facet show higher selectivity
toward the methylated products.?”

Gold NPs 111 oriented has been synthesized on layered N-doped graphene. This
catalyst has been tested on Ullmann-like homocoupling, C-N cross coupling and in
the oxidative coupling of benzene to benzoic acid, showing six orders of magnitude
enhancement compared to non-oriented gold NPs.

Due to the outstanding properties of nanomaterials in the field of catalysis, Chapter 2
and 3 of this PhD defense will focus on the development of nanocatalysts with
accurate control of morphology, phase, shape and size by using diverse synthetic
methodologies. Their implications in different catalytic reactions will be further
studied.

1.1.3.2 Photocatalysis

In the last years, an increase in the global temperature around the world, known as
global warming, has been detected, which is caused by the increasing concentration
of greenhouse gases such as methane or CO,. These gases usually come from the
combustion of fossil fuels used as energy source. In this sense, there is an urgent need
of developing new environmentally friendly technologies in order to avoid the
aforementioned problems.

Sunlight is an abundant and cheap energy source that has been used since ancient
times by plants to obtain energy. In the last years a growing interest into development
materials and devices able to take profit of this light to convert CO, into fuels, to split
H,O into H, and O,, or to create electrical current has emerged. As a consequence of
this interest, a new discipline was born known as photocatalysis, which refers to the
action of a substance whose function is activated by the absorption of photons.?

In heterogeneous photocatalysis depending where the initial excitation occurs the
photoreaction can be classified as.”

- Catalyzed system: when a molecule adsorbed on the catalyst surface is
excited and interacts with the ground state of the catalyst.
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- Sensitized system: when the catalyst is excited by the electromagnetic
radiation and then transfers an electron or energy into a ground state of a
molecule.

Semiconductors are those class of materials that present no electronic states between
the top of the filled valence band (VB) to the bottom of the vacant conduction band
(CB), this energy interval void is called band gap.?*® When a photon with higher
energy than the band gap excites one electron from the CB to the VB, an electron-
hole pair is created. If its lifetime is long enough they migrate to the surface of the
semiconductor to carry out the reduction or oxidation reaction on previously adsorbed
acceptor molecules (Figure 1. 10, pathways 1 and 2). Moreover, electron-hole
recombination can occur in the surface (pathway 3) or in the volume of the
semiconductor (pathway 4). Both processes are detrimental for the photocatalytic
reaction.

éldalion
D

©®;

= © Volume
A Recombination
Reduction

A

Figure 1. 10. Schematic photoexcitation in solid and possible relaxation paths. A= electron
acceptor, D= electron donor.?*°

Since the first work of Fujishima and Honda who discovered the photocatalytic
splitting of water on TiO, electrodes,* several semiconductors have been applied as
photocatalysts, including oxides (WO, ZnO, o-Fe,0;, SnO,, etc), metal
chalcogenides (CdS, CdSe, MoS,, WS,, etc), oxynitrides, oxysulfides, oxyhalides,
etc. *

In order to carry out a photocatalytic reaction, it is necessary a correct alignment of
the band gap energy positions of the semiconductor and the redox potentials of the
adsorbed molecules. Thus, for a reduction process, the conduction band edge must lie
above the lowest unoccupied molecular orbital (LUMO) of the acceptor molecule
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while, on the other side, for a transfer of an electron to the adsorbed molecule to the
valence band of the semiconductor (hole transfer between VB and the oxidized
molecule) the energy level of the highest occupied molecular orbital (HOMO) of the
adsorbed molecule must lie above the valence band.?®**® In this way, a good
photocatalyst for a specific reaction should be able to have a band gap matching the
potentials required to carry out the photocatalyzed reaction. Furthermore, for more
sustainable catalysts, it would be desirable to be activated with visible light instead of
ultraviolet radiation. Figure 1. 11 shows the band gap energies and the conduction and
valence band potentials of various semiconductors.
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Figure 1. 11. Conduction (red line) and valence band (red line) potentials and band gap of
selected semiconductors relative to the redox potentials at pH 7.3

Taking all this into account, the introduction of nanomaterials in this field has some
advantages compared with its bulk counterpart:*

- Avoids back transfer from absorbed molecules to the semiconductor: the
diffusion length is the average distance that a carrier can migrate without
recombining. In nanoparticles, the carriers have higher probability of
reaching the surface and to react with an adsorbed molecule.

- Shortened carrier collection pathway.

- Improved light distribution: nanoparticles offer higher light scattering
than direct reflection from flat surfaces of the macroscopic particles, this
produces better absorption of the incident light which otherwise would be
lost.

- Surface area-enhanced charge transfer: as nanomaterials have high
surface volume ratio, they offer higher sites and reactive surfaces to
produces charge transfer between the semiconductor and the absorbed
molecule.
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Bottom-up methodologies provide nanoparticles with tunable band-gaps and
electronic properties. Consequently, the design of nanostructures and their
incorporation in complex architectures allows better light harvesting, avoiding
electron-hole recombination, thus affording more efficient materials for
photocatalysis. In recent years, several examples of highly efficient nanocatalysts
have been reported. Complete photoreduction of CO, to methane by H, has been
recently reported using Ni supported on silica-alumina,® where the nickel NPs size is
of utmost importance, thus when its size grows up, its photocatalytic activity
dramatically decreases.

In the chapter 4 of this PhD Tesis, the synthesis of nanomaterials using different
methodologies and their application in CO, reduction and production of solar H, will
be disclosed showing how the control over the size and the composition of the NPs is
of central importance for the photocatalytic results.

1.1.3.3 Photonics

Photonics is the science of light generation, detection and manipulation through
emission, transmission, modulation, signal processing, switching, amplification, and
detection/sensing.**® This field has emerged, in the last 40 years, as a really
important science thanks to new discoveries and developments of new materials that
have applications in fast communications, aerospace, sensing, lighting, computing
and medical areas.*

The main advantage that nanomaterials exhibit in contrast to classical photonic
materials relies on the possibility to modulate their dimensionality and the anisotropy
of their optical properties. Today a huge amount of optical materials shaped as
guantum dots (0OD), nanowires (1D), nanosheets (2D) and tridimensional materials
(3D) can be easily prepared. Furthermore the chemical nature of the photonic crystals
ranges from oxides, chalcogenides, halides, fluorides, metal nanoparticles, etc.

In photonics, luminescent lanthanide-doped nanomaterials have become very
important in the last decades. Lanthanide elements (also known as rare earths) have 4f
orbitals gradually filled, from 4f° (La*") to 4f** (Lu*"). The word lanthanide has its
origin from Greek word lanthano (Aavbdavw) which means “lying hidden”. Despite
being naturally abundant elements they were considered rare because its separation
from the minerals is not an easy task.

One of the most important feature of lanthanides is their photoluminescence. Upon
irradiation in the UV region, luminescence in the visible and near-infrared region is
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observed depending of the lanthanide ion. For example, Eu®" emits red light, Th**
green, Sm*" orange, and Tm** blue light (Figure 1. 12). Other elements such as Yb**,
Nd** or Er** show luminescence in the near-infrared region.

.
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Figure 1. 12. Photographs of Eu®*, Th** and Tm** doped periodic mesoporous organosilica
monoliths, &) day light illumination and b), c) and d) 245 nm.*

The emission comes from intraconfigurational f-f transitions. As these orbitals are
well shielded from the environment by 5s* and 5p° orbitals, the ligands in the first and
second coordination sphere don not perturb the electronic configuration of these
elements. This fact leads to narrow band emissions and long lifetimes of the excited
states, characteristic of the lanthanide elements.

Classically, luminescence of lanthanide ions is obtained through excitation using
radiation with shorter wavelength than the emission generated. Nevertheless, it is also
possible to obtain photoluminescence by exciting at longer wavelength (infrared or
near infrared) than the emission, usually in the visible range. This process is called
upconversion (UC) and it is a nonlinear optical process, in which two or more low
energy photons are successively absorbed, and converted into one of higher energy
(Figure 1. 13).
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Figure 1. 13. Schematic representation of the UC process

This phenomenon is widely known for over 50 years* with high impact in the
development of optical devices such as infrared quantum counter detectors,
temperature sensors and compact solid state lasers that were developed in the past 30
years using bulk glass or crystalline materials.* In the last decade there is a growing
interest in the UC materials as a consequence of the availability of low cost infrared
laser diodes and the improvement of different synthetic approaches at the nanoscale
level. They become interesting for new technologies such as photonics®,
photocatalysis***> photovoltaics®®, sensors®’, biotechnology®, etc. Regarding all these
issues, in Chapter 5 of this PhD work, the synthesis of up-converting nanoparticles
will be discussed as well as their introduction in different organic-inorganic hybrids.
The structural and optical evaluation of the systems will be detailed.
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1.2 Objectives

The general objective of this PhD Thesis is the study of new nanomaterials and
hybrid nanocomposites using simple and low cost synthetic approaches based on Soft
Chemistry routes, with improved activity in the field of catalysis, photocatalysis and

photonics.

This general objective can be broken down to five more specific objectives that would
together achieve the overall goal of the Thesis as follows:

CATALYSIS #1: A study of the synthesis and characterization of ZrO,
nanoparticles as nanocatalysts. The work includes the stabilization of the
different crystalline phases as well as their chemical modification with
WO, species, and the evaluation of their catalytic activity in some
interesting reactions.

CATALYSIS #2: The synthesis of new nanomaterials for the selective
hydrogenation of organic compounds with industrial interest.”
PHOTOCATALYSIS #1: The development of new photocatalysts based
on nanocrystalline Cu-doped TiO, materials. The main structural
parameters including crystalline phase, size and morphology, distribution
of cupper ions and superficial properties will be analyzed, and related
with their photocatalytic activity in reactions with environmental
implications such as CO, reduction and water treatment.
PHOTOCATALYSIS #2: The preparation of upconverting Y,0; NPs by
an easy precipitation method and the evaluation of their photocatalytic
properties in a photovoltaic device for hydrogen generation from water.
The photovoltaic device will be sensitized with Y,0; nanoparticles and
guantum dots in order to absorb infrared radiation to enhance the
photocatalytic efficiency.

PHOTONICS #1: The development of two different hybrid
nanocomposites prepared by sol-gel processes which both exhibit
upconverting properties. The structural and optical features of these
materials will be analyzed in detail and their potential application in
photonics will be examined.

" The content of this chapter is classified as CONFIDENTIAL, thus its content will not be

shown.
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