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“Our willingness to accept scientific claims that are against common sense is the key to

an understanding of the real struggle between science and the supernatural.

We take the side of science in spite of the patent absurdity of some of its constructs, in
spite of its failure to fulfill many of its extravagant promises, in spite of the tolerance of
the scientific community for unsubstantiated just-so stories, because we have a prior
commitment, a commitment to materialism. [...] We cannot allow a Divine Foot in the
door.”

Richard Lewontin, Billions and Billions of demons, 1997
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MOTIVATION AND OVERVIEW

Progress in society, the final aim of any scientific effort, comes from the coordinated
action of the scientific community, whose role is to provide the necessary tools for a
correct pathway to be collectively taken. The role of the individual scientist,
however, falls far from that significance. In order to take part in progress, a scientist
must find their place in the scientific conversation through deep specialisation on a
research topic.

The scope of this thesis work is aimed at understanding the catalytical properties of
CeO2 nanocrystals and the applications arising from them, constructing a bridge
between material science and its fields of application. In order to tackle it, the chemist
labour consists in providing a cutting-edge nanosynthesis technology able to improve
efficiencies of the chemical processes, reduce energy consumption and minimise the
environmental impact of both activity and waste products. Research on nanomaterial
synthesis involves the design of nanomaterials optimised in terms of their
physicochemical, morphological, and colloidal properties towards their final
application. While for bulk materials properties are independent from size and shape,
at the nanoscale the structure and morphology of a nanomaterial, which are
consequence of the characteristics of its synthesis, determine its functionality.
Coupled with the appropriate description of the structure-activity relations, the
current aim of nanosynthesis is a quality-oriented design strategy towards
programmable properties of the products.

Within this framework, this thesis work is divided into two parts. The first part
revolves around nanomaterial synthesis, pursuing the optimised formulation of
nanostructured CeO2, a semiconductor material that holds a strong set of redox
catalytic properties (Chapter Il), and the extension of the nanomaterial’s
functionality through different derivation strategies such as doping with different
trivalent lanthanide ions (Chapter I11) and coupling to plasmonic metal domains
(Chapter 1V). The second part of this work involves the characterisation of
structure-activity relations of the CeO2-based nanomaterials synthesised in the first
part. These are evaluated through the catalytic performance of each nanomaterial for

XVil



different processes, oriented mainly to the chemical industry and biomedical fields
(Chapter V) and the characterisation of the material’s singular electronic structure,
in order to further understand the origin and mechanics of the redox catalytic
properties of CeO. (Chapter VI). Each chapter introduces State-of-the-art of the
addressed topic. The general conclusions of each chapter are detailed in Chapter
V111 The basic theoretical background in which the experimental work is sustained,
iIs compiled in Chapter I, the general introduction, and will be referred to at any
point of the text where a theoretic explanation would be necessary. Lastly, materials,
methods, and other experimental details of each chapter are described in the
corresponding section of Chapter V11, and other supplementary information can be
found in the Annexes, to which the reader is referred from the main text when
necessary.

XViii
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CHAPTER |

GENERAL INTRODUCTION

1.1 INTRODUCTION TO NANOMATERIALS

Over the history of science, the classification of knowledge into different disciplines
has been subject to change matching the human trends of thought. From the platonic
episteme or the medieval quadrivium to today’s branches of natural sciences, there
lies a long road of growth and specialisation of expertise in different fields. It is but
a step on this road that within the late XX century the field of nanoscience was born.
Nanoscience originally appeared as a branch of solid-state physics. However, it
quickly became a crossroad between empirical and formal sciences. It finds
applications in almost every natural science, turning into a transversal field to the
modern classification of knowledge.

The object of study of nanoscience is the nanoscale properties (often defined as the
range between 1 and 100 nm), the interphase between the atomic realm, where
quantum physics apply, and the macroscale, where classical mechanics take place.
The first mention of the field is generally attributed to Feynman in 1959, due to his
famous talk “There’s Plenty of Room in the Bottom™.! It is impossible to talk about
nanoscience without mentioning the concept of nanotechnology. It emerges as the
practical application of nanoscience: the ability to manipulate the nanoscale.
Definitions of both concepts are a subject of discussion within the community, as the
frontiers between them are diffuse.? The first mention of the term nanotechnology in
the literature dates back to 1974 by Taniguchi, who defined it as “the process of
separation, consolidation, and deformation of materials by one atom or one
molecule”. 3
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While Feynman and Taniguchi are considered pioneers of the field, the first
examples of nanotechnology that we know of are dated centuries before them: The
Lycurgus Cup, a Roman piece of art made of dichroic glass, whose optical properties
are known to be a consequence of the presence of a colloidal alloy of gold and silver
particles within the glass, is estimated to date around 300 A.C. Similar cases can be
found through history of the use of nanoparticles embedded in glass, ceramics and
other materials: stained glasses on medieval cathedrals, Islamic pottery, within paints
and other artefacts during Italian Renaissance, and several other examples where,
without a clear understanding on the cause, nanotechnology was intentionally
employed for the properties it held. 4°

In 1827, Brown observed for the first time the random motion of suspended particles
under the microscope while looking at pollen grains and mistook it for proof of life.
After observing the same motion on clay particles, he discarded his own hypothesis.®
It was not until 1905 that Einstein and Smoluchowski provided with an explanation:
this random motion, now known as Brownian motion, is the result of the collisions
of the observed particles against the surrounding solvent molecules.’

Within the matter of gold colloids, in 1857 Michael Faraday?® attributed the
differences in the optical behaviour of a reduced gold salt precursor solution
compared to the bulk metal to the size of the precipitated product, and even described
the phenomenon of particle aggregation?. His findings were supported and further
explained by Maxwell-Garnett in his paper “Colours in Metal Glasses and in Metallic
films” (1904)° and Mie, “Contributions in the optics of turbid media, particularly
colloidal metal solutions” (1908),*° who proved how the observed optical properties
deviated from those of the bulk material due to their small size.

& “[...] part of the gold is reduced in exceedingly fine particles, which becoming diffused,
produce a beautiful ruby fluid. [...] The particles in these fluids are remarkable for a set of
physical alterations occasioned by bodies in small quantities which do not act chemically
on the gold, or change its intrinsic nature; for through all of them it seems to remain gold in
a fine state of division. [...] it will be found that the changed gold tends to deposit far more
readily than when in the ruby state. [...] there is probably some physical change in the
condition of the particles, caused by the presence of the salt and such affecting media, which
is [...] a change of the relation of the surface of the particles to the surrounding medium
[...]” See reference 8
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Also, from today’s perspective, one of the main contributions of nanoscience to the
modern world is superparamagnetism, described by Louis Néel in 1949. For ferro-
and ferrimagnetic materials, when size is reduced enough for the material to be
single-domain, a magnetic behaviour similar to paramagnetism arises in which
magnetisation appears to be zero in the absence of a magnetic field. Still, upon the
effect of an external magnetic field, its magnetic susceptibility takes much higher
values.!! This phenomenon occurs exclusively in the nanoscale: magnetism is a
consequence of order in the solid state and, therefore, it is not an intrinsic property
of atoms, and the size limitations of the single-domain crystal make it impossible to
attain in the bulk of the macroscale.

Finally, it was even a few years before Feynman’s lecture that in 1951 Turkevich
reported a synthetic method for the production of colloidal Au nanoparticles that is
still used in the present day*?. These are just a sprinkle of examples to illustrate how,
while the language to articulate this field is relatively new, nanoscience is not an
emerging field as much as a long-unknown part of our academic know-how. The fast
development of the field from the second half of the XX Century has brought us
nowadays with a deep understanding of the nanoscale phenomena, providing us with
a great variety of nanomaterials applicable in practically every research field within
life and technological sciences.
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1.2 SYNTHESIS OF NANOMATERIALS
1.2.1 Basic principles of nanomaterials synthesis

From the first reports of nanomaterial synthesis until now there has been an
enormous amount of research directed towards the control of synthetic processes
producing nanomaterials. Many methods have been developed and studied over the
past decades. Typically, they have been classified into two main categories according
to the approach to reach the nanoscale from a macroscale perspective: “Top-down”
(reducing a bulk material to nanoscale sizes) or “Bottom-up” (constructing from zero

to the nanoscale).®

As previously described, in opposition to typical molecular products of a chemical
reaction, the properties of nanomaterials are strongly dependent not only on chemical
composition but also on size, shape, and structure. It arises new reproducibility issues
for nanomaterial synthesis. Many factors intervene, both for obtaining the desired
product and uniformity in its size distribution and shape, and for adequacy in its
presentation to be application-disposed. There is no point in the ability to manipulate
single atoms if the same product cannot be obtained twice or the assembler cannot
separate from the assembly. For that, nano-assembly processes are very sensitive to
experimental conditions.4

The ideal synthetic route needs to control all parameters mentioned (size, shape and
composition uniformity), present a stable, optimised and available product and do so
meeting the principles of green chemistry:'® The process of manufacture should be
inexpensive and environmentally friendly, meaning that sustainable chemicals
should be employed and extreme synthesis conditions or the generation of hazardous
waste should be avoided.'® The branch of the synthetic chemistry field that can
potentially meet all the mentioned conditions is a “Bottom-up” approach originating
from colloidal science: Colloidal self-assembly or “wet-chemistry” methods.’

1.2.1.1 Nanocrystal synthesis: LaMer-Dinegar Model

The principles of crystal formation by which the synthesis mechanisms are explained
nowadays come from a 70-year-old qualitative explanation of the nucleation and
growth processes, the so-called LaMer-Dinegar model.*® This model describes the
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crystal formation as a sequence of a process of “burst nucleation” and subsequent
“diffusion-controlled growth” and provides with an explanation of synthetic
conditions considered necessary for achieving monodisperse size distribution for the
colloidal synthesis of crystals.

According to this model, nanoparticle formation starts with the precipitation of a
solid from a solution. It consists of three differentiated stages (as shown in Figure
1.1) that ideally take part in turns: (i) Crystal “monomer” concentration increases
until reaching supersaturation levels in solution (Cmin), then (ii) spontaneous
nucleation considered “instantaneous” that lowers the concentration of solute below
supersaturation levels and (iii) seed diffusion-controlled growth of the previously
formed nuclei within the saturation range of concentration of “monomer”, a process

that stops once the saturation concentration (Cs, solubility of the monomer) is

reached.
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Figure 1.1: Qualitative curve representing monomer concentration in solution as function of
time. Areas I, Il and 111 represent the three stages of crystal formation.

The model validity for quantitative prediction of the process’ kinetics has been
thoroughly called into question®®, and since its publication, it has been revised and
corrected for several inaccuracies. However, as a pioneer work in the field it stood
as the only proposed mechanism of crystal formation for a long time and it has
provided space for today’s basic concepts of nanocrystal formation mechanisms:
Nucleation and growth, and size control mechanisms such as size focusing and
Ostwald ripening.?°
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1.2.1.2 Nanocrystal synthesis: Nucleation

As previously defined, nucleation is the process by which the primal crystal particle
Is formed under supersaturation conditions. To understand its mechanics, a
molecular approach introducing the concept of monomer is required: The monomer
of a crystal formation reaction is the minimal building unit of the crystal, a
“molecule” of a crystal substance. Upon supersaturation levels of this monomer in
solution, the chemical process involving collisions between molecules starts. It
generates clusters containing a different number of monomers: nuclei, which can
either remain solid as a proto-crystal or redissolve.?

Thermodynamics determine the stability of the formed nuclei through the total free
energy, the summatory of a surface term and a volume term, expressed as equation
1.1. Total free energy can be expressed as a function of the nuclei radius. The surface
term is proportional to the surface free energy per area unit (y) and the volume term
to the free energy per volume unit (eq. 1.2), in which Vr, is the monomer molar
volume and S the supersaturation level (fraction of the monomer concentration with
respect of the supersaturation concentration). This equation 1.1 is proved to
accurately predict stability data within nuclei sized 10-100 monomers.??

Surface Term

Volume Term

AGTOTAL
AG(r) = 4mr?y + Zr3AG, (L)

RT InS
Vin

AG, = — (1.2)

Figure 1.2: Total free energy of a nucleus as a function
of its radius. Plotted from equation 1.1.

As long as the system is in supersaturation conditions (S > 1), the volume term (AGv)
takes negative values, favouring crystal formation, and nucleation happens. The
surface term, however, is always positive, so in order for the total free energy to
favour the crystal formation, the second condition to be met is that the absolute value
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of the volume term has to be greater than the surface one. As a result (Figure 1.2),
only nuclei bigger than a critical radius rc are stable to remain in solution and grow
to continue decreasing their free energy. Those smaller than rc can only redissolve.
Critical radius is easily calculated by finding where AG/0r = 0 at r = r¢, proving how
it is a parameter directly proportional to the surface energy and inversely proportional
to supersaturation and temperature.®

While the main director of size distribution control is the growth stage, to avoid
polydispersity, the nucleation stage should be the shortest possible, as it can heavily
influence the posterior process. In principle, there is no time separation between the
nucleation and growth stages in the solution. When a stable nuclei forms, it starts to
grow, so both processes take place simultaneously until monomer depletion forces
nucleation to stop. Nuclei formed at different times will have different sizes after the
synthesis is terminated. So, ideally, for a perfectly monodisperse sample, all particles
must nucleate simultaneously and grow the same amount of time, as the growth rate
IS size dependent. It must be noted that in experimental conditions, S is in constant
decrease, so rc is in constant increase. As so, it is experimentally impossible to meet
the simultaneity condition. Fast monomer consumption (“burst nucleation’) ensures
the shortest nucleation period possible and avoids secondary nucleation during the
rest of the reaction. In burst nucleation conditions, the number of particles rapidly
increases, which is maximum at the end of the nucleation regime. During the growth
period, the number of particles remains constant while size distribution evolves.?*

1.2.1.3 Nanocrystal Synthesis: Growth

Particle growth rate is dependent on size, monomer consumption (reaction rate) and
diffusion rate. As previously stated in section 1.2.1.2, during the particle formation
process, S is constantly decreasing, and so the critical radius for nucleation increases.
Consequently, the particle growth rate decreases with a larger particle radius. At the
same time, at the nanoscale, precipitation processes are reversible, and the solubility
of a particle is heavily affected by its radius: Due to chemical potential differences,
smaller nanoparticles are more soluble (Gibbs-Thompson effect).?® For that reason,
an equilibrium between precipitation and dissolution is established.

The growth of crystalline particles in solution is a two-step process: diffusion of the
monomers from the solution to the surface and the chemical reaction of incorporation

9
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to the surface. Due to the monomer consumption in the surface reaction, the
concentration of monomer on the surface is always lower than in the bulk solution.
Thanks to this concentration gradient, the flux of the diffusion, governed by Fick’s
law,?® is always happening towards the surface. Two growth regimes are then
differentiated depending on whether the growth process is dominated by diffusion
rate or reaction rate. To distinguish between them, the effect of chemical potential
variation with size, the diffusion rate and the reaction rate are weighted through a
parameter called the Damkadhler number. 2427

If the reaction rate is significantly higher than the diffusion rate, the growth regime
Is a diffusion-controlled one. Monomer precipitates immediately once it reaches the
surface, and the particle growth rate is equal to the diffusion rate, which is inversely
proportional to particle radius. It translates into a “size focusing” effect, as the larger
the size of the particle the slower its growth, so the size difference between smaller
and bigger particles is constantly decreasing. This effect of size focusing narrows
size dispersion as mean size increases.

In opposition, if the diffusion rate is significantly higher than the reaction rate,
particle growth falls in a reaction-controlled regime, in which the particle growth rate
Is proportional to the monomer concentration. Within this regime, once the monomer
concentration is close to the solubility concentration, the Gibbs-Thompson effect
kicks off and smaller particles dissolve back into solution. Larger ones not affected
by it keep growing from the redissolved monomers. This is the Ostwald ripening
process, by which, at a very slow rate, larger particles grow faster than smaller ones,
increasing size dispersion as particles grow and “defocusing” the total size
distribution.?

1.2.2 Synthesis methods

In order to achieve as ideal as possible nucleation and growth processes for
monodisperse nanocrystal production, the wet-chemical methods’ approach consists
of the tuning of synthetic parameters affecting nucleation kinetics and growth
regimes. It can be attained through a wide variety of techniques and setups that, in
their majority, can be grouped into hot-injection and heat-up methods.

10
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The hot injection approach consists of the rapid addition of the precursor’s solution
to a previously heated solvent at a high temperature, so supersaturation is reached in
a very short period. When the time for the monomer accumulation stage is reduced,
nucleation occurs at a very fast rate, and monomer depletion quickly brings it to an
end, favouring size focusing. Heat-up approaches consist of the mixing of all
reagents at low temperatures and posterior heating at a controlled rate to induce the
initiation of the chemical reaction. Temperature, reaction time, precursor
concentrations, pH, ionic force and presence of surfactants or shape-directing agents
are the key synthetic parameters at play in both cases. Once the process is over, the
nanocrystal solution is quickly cooled down, preventing further evolution of the
system.?®

Both the hot injection and heat-up synthetic approaches allow for the formation of
monodisperse nanocrystals of diverse compositions with size deviations smaller than
5%. There are several strategies described in the literature in which these two
methods take form. Some of them are (i) the suspension methods, involving a
precursor and a precipitation agent like a base for the synthesis of metal sulfide or
oxide nanocrystals® (ii) chemical reduction, by which a metallic salt is reduced to
the zerovalent species, is an easy, effective, one-pot strategy for the synthesis of
metallic nanostructures'?3! (iii) seeded-growth, a very handy strategy for particle
size and shape control using small pre-made seeds allowing monomers of the same
or other material to grow in their surface,® (iv) biogenic synthesis approaches, that
introduce the use of enzymes, algae, bacteria and other biological entities to carry
the chemical reactions artificially performed by other synthetic routes for an
environmentally-friendly process®?2 (v) hydro- and solvothermal methods, which
use high temperatures and pressures of water or non-polar solvents to exploit the
solubility and other properties of inorganic precursors and achieve formation of high
crystallinity products,3* (vi) microemulsion methods, where the chemical reactions
occur in the interface of two immiscible solvents forming a stable dispersion,
typically assisted by surfactants, and combinations between them.*
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1.3 GENERAL PROPERTIES

The primary condition for something to be considered a “nanomaterial” is that its
size falls, in at least one dimension, into the nanoscale (1-100 nm). As previously
mentioned, special properties of nanomaterials come from two main features: First,
if the size is closer to De Broglie’s wavelength of a material, it may exhibit confined
wave-like behaviour, which is a phenomenon dictated by quantum mechanics. As so,
the nanoscale is the meeting point of quantum and classical mechanics. Second, the
surface-to-volume ratio increases to values high enough for surface phenomena to
be the primary factor determining the system’s characteristics. Depending on the
number of nanosized dimensions of a material, we will talk of nanofilms (2D
materials), nanowires (1D materials) or nanoparticles (OD nanomaterials). It is worth
discussing the general properties of the most common form of the latter: Inorganic
nanocrystals. Since this work is based on nanocrystals made of semiconductor and
plasmonic metal materials, this section will focus mainly in these two categories.

1.3.1 Morphology

When a nanocrystal is formed, it takes the most energetically favourable morphology
according to its crystalline structure and surface energy. For amorphous materials or
liquids, in which all surface atoms have the same energy, the less energetic
morphology is the one that minimises the number of surface atoms for a constant
volume, that is, spherical shape. For crystalline materials, once a size is reached in
which crystal facets can be defined, the environment of surface atoms is also affected
by the facet in which they are located. For that, energy minimisation gets more
complex, becoming a problem of stability of facets. Factors affecting this stability
are the density of surface atoms, charge, and intermolecular interactions with ligands
and solvent.® For example, the surface energy for fcc crystals typically is yin
(octahedron) < y1go0 (cubic) < yi110 (dodecahedron), so an octahedral shape should be
expected for fcc nanocrystals, but for ionic crystals, where charge balance is the most
important factor, (111) facets contain ions of the same charge, so facets containing
both types of charges are favoured, like (100). Also, surface ligands play a very
important role in colloidal crystal growth, as they can stabilise specific nanocrystal
facets.3738
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The final surface energy is the sum of the surface energy of each facet weighted by
their respective surface area. When the less energetic facets of a crystalline structure
include different families of facets, all of them will appear in the final morphology
of the nanocrystal, truncating edges and corners and making the nanocrystal look
rounder with each extra facet appearing.

Hybrid nanostructures

The applicability of nanocrystals relies on the properties exhibited as a result of
control of size, morphology and structure. With increasing demands for finer
nanostructures of specific properties not achievable under the single-component
nanocrystal technology, the urge for synthetic control over advanced complex
nanocrystals, hybrid nanostructures containing two domains of different
compositions, arises. It is important to acknowledge how combining two or more
domains into a single structure can lead to a synergetic combination of the properties
of the separated components (semiconductors, plasmonics, magnetic materials, etc.),
leading to increased functionality products. The simpler hybrid nanoarchitecture is
the core-shell hybrid in which one domain is encapsulated by the other, insulating it
from the hybrid surroundings. From the core-shell architecture and by refining
morphological control, many different architectures can be obtained, like
heterodimers, dumbbell-like hybrids by selective nanocrystal growth on the tips of
nanorods, and other branched structures for specific, complex applications.3®

For prediction of the shape that nanohybrids containing two domains of different
composition will take, the relations between surface tensions of all interfaces
involved need to be taken into account. The equilibrium shape from a
thermodynamic point of view is determined by the balance of forces acting on the
three possible interfaces (each component with the solvent and the interface between
both components). It can be predicted through the spreading coefficient of the
interfaces, I'i (equation 1.3), as if one component “wetted” the surface of the other.
Where y is the surface tension of the interface between each phase i, j or k. If this
coefficient is negative (I'i < 0) for i, interface formation between the other two
phases, j and k, is expected.*® While interfacial energies on the surface of
nanoparticles cannot be measured, the general trend can be observed.

I = Yjk — Vij — Vik (1.3)
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In order to step-up morphological control and achieve core-shell derived
architectures, synthetic mechanisms require to acknowledge the importance of
Kinetic control to achieve shapes beyond thermodynamic equilibrium and the role of
nanocrystals as reagents rather than just products. Nucleation and growth processes
can be harnessed by kinetic control of the nanocrystal’s morphology. Controlled
dosing of reagents, rather than the total amount reacting, can trap nanocrystals into
metastable states or modify the secondary product formation affecting the final
product (e.x. hollow nanoparticles). However, despite the potential morphological
versatility that kinetic control can offer, yields may be compromised, and a general
preparation method is yet lacking. Another viable strategy for complex nanocrystal
production is the self-assembly of different domains linked to each other into a single
nanostructure through organic molecules attached by both ends.®® This strategy,
however, loses the synergistic properties of hybrid materials that emerge from
intimate contact between components.

1.3.2 Mechanical and thermal properties

Another known effect of surface gaining weight against bulk atoms in inorganic
materials is the change in mechanical properties (hardness, elasticity, interfacial
adhesion and friction, etc.). Variations in mechanical properties in bulk materials
come from grain structure, defects, and lattice diffusion. Typically, when talking
about the mechanical properties of nanomaterials, the topic discussed is how
nanomaterials modify the mechanical properties of bulk bodies as they are
introduced to control grain size, boundaries and several other parameters affecting
these properties.** Nowadays, there exist a few methods for their determination in
the nanoscale: AFM techniques for measuring nanoindentation®?, in-situ TEM for
measuring the evolution of a nanomaterial structure in response to external stimuli*3,
or computational simulation methods are among the most important ones. However,
mechanical properties are explained through classical theory, and its applicability
within the nanoscale, where quantum effects may play a major role, is not yet clear.
As so, the reliability of the aforementioned techniques is still under discussion. 4446

In order to avoid weighting in such discussion from an external perspective, we can
talk of mechanical properties through the example of the melting point. Surface
atoms and bulk ones in crystalline solids are differentiated by the coordination
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number: First ones do not reach saturation, giving rise to surface tension. This surface
tension is higher in the solid phase than in the liquid phase. In the case of liquids,
fluidity of atoms mitigates surface tension, as surface atoms can diffuse towards the
bulk. The rigid geometry of the solid phase does not allow it, as diffusion coefficients
are several orders of magnitude lower. The melting process stabilises the liquid phase
and reduces the total surface energy, but it presents a temperature barrier due to the
lattice energy of the crystalline structure. In bulk materials, when surface
contribution is at its minimum, the temperature at which the melting is spontaneous
is the highest. Within the nanoscale, as the surface-to-volume ratio grows, the
contribution of surface energy to the total system energy increases gradually while
the contribution of lattice energy decreases, diminishing the energy barrier for the
melting process. As a result, the smaller the nanoparticle, the lower its melting point
(or any other phase transition temperature).*’

Surface tension is the motor of atomic diffusion from surface towards bulk. Again,
since surface contribution in a nanomaterial is so high, atomic diffusion in
nanocrystalline solids is higher than in bulk ones. It is translated as variations in
mechanical properties and other phenomena related to the material’s crystalline
structure. As a consequence, the plasticity of nanocrystals is much higher than bulk
counterparts.*®

1.3.3 Optical properties of Semiconductor materials

In a bulk semiconductor, the large number of molecular orbitals of similar energies
within the crystalline structure leads to the formation of two broad energy bands: the
lower energy band, valence band, filled with electrons at 0 K, and the higher energy
band, conduction band, empty at 0 K. Both bands are separated by an energy gap,
known as band gap, characteristic of each material. Above 0 K, electrons in the
valence band can be promoted to the conduction band thanks to thermal energy, and
together with the resulting hole each electron leaves when excited to the conduction
band form “electron-hole pairs” (charge carriers). The conductivity (o) of the
material is determined by the concentration of these charge carriers (equation 1.4).
Where q is the charge of the carrier, n the charge carrier concentration (in number of
particles per volume) and x their mobility.

0 = qnele + qnppu,  (1.4)
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For nanocrystalline semiconductors (or quantum dots), it occurs a phenomenon
known as the quantum confinement effect. The valence and conduction bands are
discrete sets of electronic levels, so the continuous optical transitions of the bulk
material become quantised when entering the nanoscale, and optical properties arise
now from the discrete quantum-size levels rather than chemical composition and
structure.*® When nanocrystal size decreases, the energy of electronic excitations
between levels increases. Quantum confinement size dependence comes from the
relationship between the nanocrystal radius and the Bohr radius of the bulk exciton
of the material. Quantum confinement is weak when the nanocrystal radius is bigger
than the Bohr radius, intermediate when they are of similar values, and the difference
in mobility between electrons and holes is notorious, and strong when the nanocrystal
radius is much smaller than the Bohr radius of the bulk exciton. In the latter case,
Coulomb interaction between electrons and holes lowers the energy of the
transitions, affecting the optical spectra.?

There exist two different types of transitions from semiconductor nanocrystals that
can be reflected on their spectra: Optical transitions from intrinsic states, the energy
levels for electrons and holes; and optical transitions from surface states, the origin
of luminescence. Electron-hole pairs formed by electron promotion in the material
are not permanent, they hold limited lifetimes before recombination. When they
recombine, a photon is emitted as a consequence of the shift to lower energy
electronic states. The energy of the photon emitted is lower than the one from the
photon absorbed due to the Stokes shift arising from surface traps.>° For fluorescent
emission, the lifetime of the electron-hole pair is minimal, and the recombination
process happens immediately after the excitation. Luminescent emission, on the
other hand, is a case of delayed recombination, thanks to entrapment of the electron-
hole pairs in metastable states (coming from the surface structure defects) separately.
They need an energy intake to be released from the traps, making lifetimes longer.

Band gap determination is the most important parameter required for characterising
semiconductors. Absorption spectroscopy and related techniques are the most
commonly employed for this. Given that electronic transitions are quantised, it could
be expected, in theory, that the absorption spectra of semiconductor nanomaterials
presented narrow lines as the absorption peaks. However, due to intrinsic or extrinsic
broadenings, the spectra present broad peaks of Lorentzian or Gaussian shape. Band
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gap can be extrapolated from the absorption spectra of the material through Tauc’s
Plot,>! a method proposed in 1966 for amorphous semiconductors. Tauc’s approach

relates the light absorption data to energy through the following expression (eq. 1.5):
(ah)YY = m(hv — E,) (1.5)

Where h is Plank’s constant, v is the photon’s frequency, m is a proportionality
constant, a is the absorption coefficient, that defines the capacity of penetration of
light on a material before being absorbed (eq. 1.6), Eq is the bandgap energy in eV
and y a factor denoting the nature of the electronic transition. For allowed direct and
indirect transitions, the values are y=1/2 or y=2, respectively. For prohibited
transitions, it takes the values y=3/2 for direct ones and y=3 in the case of indirect
ones. The absorption coefficient can be determined through the absorbance data and
the optical path length | (eq. 1.7). Taking into account Plank’s relation (eq. 1.8) and
Tauc’s expression (eq. 1.5), the absorption data can be plotted against energy,
obtaining a characteristic curve that shows a linear increase of absorption with
photon energy. The value of Eg is extrapolated from the slope of the linear regression
and the x-intercept. This method is applicable to any semiconductor material that
shows negligible absorbance in the sub-band energy region.

I =I,e™* (1.6)

A= logli = —alloge;a = 23034 1.7)
0

E=hv=2 (1.8)

A

Another feature extrapolated from this plot is the “degree of order” of the crystalline
structure of the semiconductor. The presence of defects or modifications of the
structure (dopants, surface adsorption, etc.) may cause the formation of intra-band
gap states. These intermediate energy levels do not only manifest through a decrease
of total band gap energy but also as a broadening of the low-energy region of the
absorption band called Urbach Tail.>> The width of the Urbach Tail is measured
through a parameter called Urbach Energy. This parameter is linked to the variation
of the absorption coefficient o with photon energy according to Urbach’s empirical
relation (eq. 1.9) and can be calculated as the reciprocal value of the slope resultant
from the linear regression of the plot In(a) against photon energy (/4v).
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hv-Eg
a=aye Eu (1.9

This feature needs to be taken into account in order to correctly determine the band
gap energy. It has been pointed out in the literature how many authors misinterpret
the shift in the plot to an apparent decrease of the Eq value.>*>* Indeed, if the Urbach
Energy of a system is low, the Tauc plot method would be rendered inapplicable to
that case.

1.3.4 Optical Properties of Metals: Localized Surface Plasmon Resonance

Quantum size effects give rise to very different effects depending on the type of
material treated. One may think that the case of conductor materials as metallic
nanoparticles would not differ too much from the quantum size effect in
semiconductor nanocrystals. However, the optical properties presented by each type
of material are unique. Colloidal solutions of nanoparticles of metals exhibit
interesting optical behaviour due to interaction with incident light. The propagation
of the electromagnetic wave along the surface excites electrons in the conduction
band. For nanoparticles smaller than the incident wavelength (r < A/10), the
oscillation of the electromagnetic field combines with a Coulombic restoring force
of opposite direction. Frequencies of both electromagnetic field and electron
oscillation align, resulting in the coherent oscillation of the excited electrons and
surface charge polarisation. This phenomenon is known as Localized Surface
Plasmon Resonance (LSPR, Figure 1.3).

For some metals like Au, Ag, or Cu, the frequency of the LSPR falls within the
visible range. Coherent oscillation of electrons on the surface leads to a distinct
absorption phenomenon from the metal nanoparticles, experimentally observable
through spectroscopy characterisation techniques. LSPR’s associated frequency
depends strongly on composition, morphology, and size of the nanoparticle and on
other characteristics of the system, such as medium refractive index and dielectric
constant, surface modification and separation between particles.>®It is possible to
empirically observe the dependence of plasmon absorbance to these parameters, the
most typical example being spherical Au nanoparticle colloids presenting colour
variation with size, since the LSPR absorption occurs within the visible range of the
spectrum.
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Figure 1.3: Scheme of the Localized Surface Plasmon Resonance (LSPR) as consequence of electron
cloud oscillation in the presence of an electromagnetic field.

The spectroscopic appearance of the LSPR can be predicted thanks to Mie’s theory.
The term extinction refers to the loss of intensity of a transmitted beam due to
absorption and scattering when interacting with a medium. Its magnitude is described
by the cross-section, the parameter that provides the total flux of electromagnetic
waves retained by said medium. Mie’s resolution of Maxwell equations for small
spherical particles interacting with an electromagnetic field provides with a
description of the contribution of size, shape, and each of the previously mentioned
parameters to the final extinction cross-section of the system. If the coherent
oscillation of electrons within particles meets the size condition (r < A/10), the only
contribution to the extinction cross-section is the absorption one, resulting in the
dipolar oscillation of the electron cloud. For larger particles, light scattering
contributes to total extinction along with absorption, and homogeneity of the field
polarisation is lost, provoking phase retardations dependent on the size. As a
consequence, modes of higher multipoles may appear, such as a quadrupole
oscillation where half the electron cloud moves parallel and the other half antiparallel
to the electrical field. Symmetry and surface curvature changes also play a role on
phase retardation and split of the LSPR into different modes. Ellipsoidal shapes
exhibit strong dependency on the polarisation spectra, increasing its effect on the
extinction cross-section with increasing aspect ratio. Mie’s theory can take each
parameter into account to predict the final extinction coefficient for each case.®®°’
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1.4 COLLOIDAL PROPERTIES

The principles of colloid science indicate that in a heterogeneous system formed by
a mixture of dispersed particles and dispersant, particles large enough (around 1 um
or above) will slowly sediment out of the suspension, and smaller particles will
remain dispersed, forming a colloid. Then, by definition, nanoparticles are colloidal
systems when dispersed in a continuous medium. Now, nanomaterials bear very high
surface energies due to their characteristic surface-to-volume ratio. In all systems
where surface tension is high, the tendency to stability goes through the minimisation
of the surface contribution. For nanoparticles, the pathway towards decreasing
surface-to-volume ratio is aggregation, the process by which particles irreversibly
attach to each other when they enter into contact. This phenomenon makes every
colloid an out-of-equilibrium state, unstable by definition: dispersed particles would
continuously grow in size by aggregation until surpassing the critical size that makes
the colloid collapse and sediment. The understanding of aggregation processes and
all the driving forces acting on colloidal nanoparticle systems is a key aspect to
correctly describing the general properties of nanomaterials.%®

1.4.1 Aggregation

Aggregation is the result of a series of physical processes of diffusion and collision,
and chemical processes, that lead to irreversible attachment once two surfaces enter
Into contact. Long-range interactions between particles that lead to collisions are
controlled by Brownian diffusion. When contact happens, either repulsion or
attachment happen as a result of a series of short-range thermodynamic interactions
understood in the context of the DVLO and derived theories.®

Aggregation processes are of fractal nature, unpredictable at single nanoparticle
level. To describe the structure of an aggregate, the sticking coefficient a (that is, the
attachment efficiency or fraction of collisions that lead to attachment) is employed.*®
If every collision leads to attachment, a=1 and the aggregation kinetics are fast
(diffusion-limited regime of aggregation). If a<1, more than one collision is required
for attachment and the kinetics of the process are slower (reaction-limited regime of
aggregation). Higher values of a lead to dendritic aggregates, whereas slower
processes involving several collisions lead to denser, more compact structures, as
particles have the chance to arrange into more stable configurations. The final
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structure and dimension may affect the surface area, reactivity, bioavailability and
toxicity of the aggregate. All these properties are predictable through the
understanding of the aggregation process.®°

1.4.2 Derjaguin-Landau-Verwey-Overbeek (DLVO) theory

The DLVO theory, constructed by the merging of the works of the different scientists
naming it%2, is used to describe the short-range (0.1-10 nm) interactions that lead
to either repulsion or aggregation upon particle collision in a dispersion, predicting
the stability of the colloid. It takes into account the attractive (Van der Waals) and
repulsive (electrostatic) forces acting in the system.63.64

Van der Waals forces (VdW) are the weak interactions consequence of oscillatory
asymmetries in the charge distribution that translate into the presence of dipolar
moments in particles or molecules dispersed in a medium. It includes the orientation
force (Keesom force), resultant of the interaction of permanent dipolar moments;®°
the induction force (Debye force) from the interaction between a permanent dipolar
moment and an induced one;®® and the dispersion forces (London forces) that include
interactions between instantaneous induced dipoles.®” As mentioned, these forces are
always attractive, so they are attributed a negative sign in the global summation of
forces acting on the system, and they are stronger at shorter distances, so the closer
the particles are between each other the more intense is their contribution.

When particles are suspended in a medium of high dielectric constant like water, the
presence of charges in the interface between solid and liquid originates repulsive
forces that prevent particles from coalescing. The surface charge has its origin in the
ionisation of surface groups and the presence of charged species in solution. Balance
between the two comes with their distribution: An ion layer of the opposite sign of
the surface charge, forming an Electrical Double Layer (EDL). The EDL model was
first proposed by Helmholtz,%® and later improved by Gouy and Chapman.®® " Their
contribution to the model is the introduction of the effect of ion mobility due to
thermal effects, disordering the ionic layer. They describe it as a “diffuse” double
layer where ions’ concentration is a gradient following a Boltzmann distribution. The
final modifications of the model were proposed by Stern. On one side, his proposal
takes into account that ions are not point charges, and at close distances their size
plays a role in the distance between the surface and the position of the diffuse double
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layer. On the other hand, Stern assumed that the part of the diffuse ionic layer closer
to the surface would be adsorbed to it, forming the “Stern layer”. At very short
distances, electrostatic interaction is stronger than thermal effects and hinders
mobility of the ions. The boundary between the Stern layer and the diffuse layer is
known as “slipping plane”, and it separates the particle and attached molecules from
the dispersion medium and ions solubilised there.” The schematic model of the EDL
IS represented in Figure 1.4,
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Distance from particle surface

Figure 1.4: Schematic representation of the electrical double layer (EDL) around the negatively
charged surface of a particle.

The presence of the EDL neutralising surface charge generates, in turn, an
electrokinetic potential between the surface and any point in distance within the
dispersant liquid. The voltage difference is called surface potential. Its magnitude is
in the order of millivolts and is affected by surface charge and the “thickness” of the
EDL.: the Debye length x ** (eq. 1.10). The value of the surface potential is maximum
closer to the surface and then falls exponentially through the diffuse layer, reaching
zero at its limit. The magnitude employed to measure it is the {-potential, which
corresponds to the potential at the slipping plane. The value of the debye length is
determined by the ionic force, | (eq. 1.11).”2 Where ¢ is the absolute permittivity
value, kg is the Boltzmann constant, T the absolute temperature, and e elementary
charge. lonic strength I is a function of the concentration ¢ of each ion present in
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solution, and z is the charge number of each ion. Low ionic strength leads to a higher
Debye length of the particles and, consequently, a thicker EDL, while strong ionic
strength translates to a lower value of the Debye length: a narrower, stronger EDL.

- kgT
k1= /2—31 (1.10)

lyn 2
I'= X6z (1.11)
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Figure 1.5 (A) Interaction between to particles as function of the distance between them according
to the DLVO and X-DLVO model. (B) The special case of a secondary potential well formation upon
reduced EDL thickness.

The DLVO model simplifies all forces acting between two particles in suspension
through the net interaction energy. The net interaction energy is the result of the sum
of the Van der Waals attractive and electrostatic repulsive forces (eq. 1.12). A
positive net interaction is repulsive, and a negative one is attractive.

Ve =2 Ve + 2V =Vepr + Vyaw (1.12)

Figure 1.5.A, where net interaction is plotted against particle distance in a model
system, illustrates how the DVVLO theory predicts the behaviour of aggregation. At
long distances, the net interaction value is negligible, and particles do not interact.
At short distances, net interaction shows peaks, if repulsion forces are dominant, and
wells, in the case of attractive regimes. The peaks act as energy barriers, as for two
particles to effectively attach in these conditions they’ll need to be provided with
enough energy to overcome the barrier. If this barrier is surpassed, the particles will
access an attractive potential well where they will enter into contact and irreversibly

23



CHAPTER | — COLLOIDAL PROPERTIES

aggregate. In the special case of reduced surface charge and strong ionic force
reducing the thickness of the EDL, the net interaction function may show a secondary
attractive well of less depth and an almost non-existent energy barrier that may be
overcome by weak thermal fluctuations (Figure 1.5.B). Particles “trapped” in this
secondary well are reversibly aggregated.+4:°8:60

1.4.3 Extended Derjaguin-Landau-Verwey-Overbeek (X-DLVO) theory

While DLVO theory is a good description of the phenomena that lead to aggregation,
it fails to qualitatively predict aggregation behaviour for colloidal systems deviating
from the simple case of the model, like biological systems. Within the short range
that DLVO interactions operate, there exist additional forces of similar magnitude
that come into play and should be taken into account, and these interactions are not
completely independent of each other.”

The addition of other attractive and repulsive forces of different natures to the DVLO
theory (eq. 1.12) is known as extended DVLO (X-DVLO). The main force included
In this extension is the steric repulsion, originated by the resistance to entropy loss
due to the compaction of big molecules (such as polymers, organic materials or
surfactants) adsorbed onto the surface. In this way, as shown in Figure 1.5.A, coated
particles may not show attractive net attraction. Other forces included in the extended
theory are the magnetic attraction, acid-base interactions, osmotic repulsion, or
bridging attraction.”

Other factors influencing the net interaction between dispersed particles are the size
of the nanoparticles (below a certain size, surface reactivity and charge may vary,
and also curvature of the surface cannot be assumed to be negligible), the chemical
composition of the surface (reflected on the Hamaker constant), the crystal structure
(presence of defects can alter surface charge distribution and Hamaker constant of
the material), shape (both EDL and VdW interactions are calculated assuming
spherical shape, shape differences can give rise to deviations; oriented attachment
and other specific aggregation mechanisms may originate from energetic differences
in the exposed crystal facets of anisotropic particles).®
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1.5 CATALYTIC PROPERTIES AND APPLICATIONS

Catalysis is the phenomenon of increasing the rate of a chemical reaction by
mechanistically lowering the process’ activation energies but without participating
in the chemical transformation. The catalyst, a substance performing the catalytic
activity, alters the mechanism of a chemical reaction but is neither a reagent nor a
product. Catalysis processes are typically classified into heterogeneous or
homogeneous according to whether the catalyst exists in the same phase as the
reactants or as a second phase in the reaction mixture.” In the first case, the catalyst
acts as support for the adsorption of the substrate, in the second case, the catalyst
operates forming intermediate compounds with the substrate. Both categories
however are not immovable, as the bounds between them are often hazy.”® Such is
the case of enzymatic catalysis, often defined as a special kind of homogeneous
process’’ in which the binding of the catalyst, an enzyme, and the substrate shares
similarities with the adsorption process of a heterogeneous catalysis.

Another example of the blurred frontiers between homogeneous and heterogeneous
catalysis are nanocrystals, often referred as “semi-heterogeneous” catalysts’® due to
their high catalytic activities, consequence of their large surface-to-volume ratio
(compared to their bulk counterparts)’® A heterogeneously catalyzed reaction
happens in the interface between the reaction media and the catalyst. The general
mechanism of this catalysis involves the diffusion and adsorption of reagents to the
“active sites” of the surface of the crystalline structure, the reaction, and posterior
desorption and diffusion away from products.?° Ergo, the catalytically active part of
a heterogeneous catalyst is its surface. Catalytic behaviour is strongly dependent on
the material’s chemical composition, crystalline structure, surface chemistry and
size. The nanoscale regime is dominated by quantum confinement and surface
phenomena, and the density of active sites is proportional to the surface-to-volume
ratio. Heterogeneous catalysis is governed then by nanoscale phenomena and part of
the nanoscience umbrella. 882

When there is a chemical transformation involved within the practical application of
a nanomaterial, even if it is not the primary objective of said nanomaterial, it happens
almost all the time due to a catalytic process. For that, chemically speaking, most
applications of nanomaterials emerge from their nanocatalytic properties. Some
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examples would be the transformations involved in sensing applications,® light
harvesting for energy production and storage, degradation of contaminants for
environmental remediation or enzyme-mimetic activity,®® imaging applications or
therapeutic applications® for biomedical purposes.

Light harvesting for different catalytic processes is a phenomenon known as
photocatalysis, where energy from absorbed photons translates into a chemical
transformation. While it falls within the scope of this work, it has not been explored
experimentally. For that reason, no further description of this phenomenon is
provided. However, it is worth mentioning how the different strategies employed to
increase functionality of pure CeO> NCs synthesized in Chapter Il, doping and
coupling to plasmonic metals in a hybrid structure (described in Chapter Ill and
Chapter V) are known strategies for the sensitization of semiconductor materials,
with the objective of enhancing their photocatalytic performance. On the other hand,
the vast world of biomedical applications of nanocrystals is a core matter of this text,
both theoretically and experimentally, and is addressed in the following section.

1.5.1 Biomedical applications

The use of nanomaterials is an expanding tool in the field of human health. Materials
smaller than 100 nm can enter inside cells by diverse mechanisms, and those below
10 nm easily diffuse out of blood vessels while circulating the body.®” This
accessibility, provided by size coupled with their intrinsic properties, arises new
functionalities that nanomaterials can bring to medicine. The application of
nanomaterials for the prevention and treatment of several diseases is called
nanomedicine.®

For inorganic nanocrystals to be employed in nanomedicine, their biocompatibility
Is crucial: They need to be dispersed in an aqueous phase with no traces of organic
non-biocompatible solvents and be chemically and colloidally stable. Changes in its
composition or aggregation may lead to toxic features, and so both must be
avoided.®® Surface modification of the inorganic nanocrystals with proteins and other
biomolecules not only improves their biocompatibility and cellular uptake but also
prevents aggregation by providing steric impediment effects to their surface.®
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Some examples of the use of nanomaterials for nanomedicine are the improvement
of diagnostic tools: gold nanostructures and magnetic nanocrystals are among the
most used biosensors for biomolecule detection and for imaging and contrast
enhancement.®® Other important applications are within the therapy scope, as is their
use as drug delivery systems, designed to improve pharmacokinetic and
biodistribution of the loaded drug®!. Delivery of a drug close to its specific target can
maximise its primary effect and minimise off-target side effects, allowing a lower
dosage than traditional uptake, which is particularly significant in chemotherapy
treatments. Their applications in tissue engineering are also remarkable; the ability
to mimic the composition of several tissues and improve their mechanical properties
has promising prospects for physical therapy. Beyond that, hyperthermia, the
localised thermal ablation of tumour cells, is induced by the use of magnetic or gold-
based nanocrystals. Inorganic nanocrystals acting as photosensitisers that produce
reactive oxygen species (ROS) when receiving photons of the adequate wavelength
are used to induce cell apoptosis in a tumour treatment strategy called photodynamic
therapy.®?

1.5.1.1 Enzyme-Mimetic Activity of Inorganic Nanocrystals

Enzymes are biological catalysts that regulate metabolic processes in biological
environments. Since the last century there have been many attempts to artificially
imitate enzymatic activity to improve stability and reusability for both in vitro and
in vivo applications. One of the first strategies to synthesise artificial enzymes were
the so-called “metalloenzymes™®3, which incorporate a metallic cofactor to a protein
scaffold to control the catalytic active site. While the metalloenzyme pathway was
rendered impractical, the research towards artificially made enzymes was not
abandoned. On the contrary, with the popularisation of nanoscience, a new trend
emerged as inorganic nanomaterials proved to have intrinsic enzyme-mimicking
activity. The first time the term “nanozyme” or “nanoenzyme” was coined was to
describe the activity of ligand-functionalized gold as a transphosphorylation
catalyst.®* Since then, it has been updated to describe nanomaterials for which their
intrinsic catalytic properties mimic any enzyme-like activity. The pioneering
example is the peroxidase-like activity of FesO4 nanocrystals. Fe?* and Fe3* ions in
solution were known for causing the Fenton reaction, similar catalytic process to the
one from peroxidase enzyme; however, it was not expected that the nanocrystals
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would show that activity without being dissolved first.%® There are several examples
in the literature of metallic, transition metal oxide and carbon-based nanocatalysts
able to catalyse enzyme-substrate reactions under physiological conditions. These
enzyme-mimicking nanocrystals show similar efficiencies and kinetics as natural
enzymes such as peroxidase, oxidase, catalase, and superoxide dismutase, among
other redox metabolic processes.%

Inorganic nanocrystals performing biomimetic activity show promising results for
several applications such as in vitro biomolecule detection, replacing natural
enzymes in assays such as ELISA (Enzyme-Linked Immunosorbent Assay)®’ or
LFIA (Lateral Flow Immunoassay)® and in in vivo applications as oxidative stress
modulators, like Radical Oxygen Species (ROS) scavenging or generation.®® They
also prove to have applications in biofuel generation, environmental remediation,

and other non-nanomedicine-related applications.®
1.5.1.2 Radical Scavenging Activity

Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) are
molecules containing oxygen (or nitrogen) atoms with an unpaired electron, also
known as free radicals. Some examples are -OH, O.--or -NO. They are very unstable
and possess high reactivity towards oxidation reactions due to their uneven number

of electrons.

ROS/RNS are naturally produced in the body both as metabolites of some cellular
processes, such as mitochondrial respiration and by exogenous causes, such as UV
radiation or the metabolism of certain drugs. They serve several cell-signalling
purposes and act as regulators for no few metabolic processes, but they are also
linked to cell ageing, cancer, and many cardiovascular, inflammatory, and
degenerative diseases due to excess concentrations. To avoid the oxidative stress that
causes these pathologies, there exist several metabolic and non-metabolic routes
regulating the ROS/RNS concentration. The substances that mediate these routes,
either natural or artificially made, are typically referred as radical scavengers or
antioxidants (as in sacrificial biomolecules and other substances in biological

environments that undergo oxidation in the presence of strong oxidizers, preventing
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the oxidation of other biologically-relevant species).®® This terminology should not
be mistaken with “antioxidant” as in the opposite of an oxidant (that would be a

reducer). By definition, then, antioxidants are weak reducers.

There are several endogenous biomolecules (vitamins, cysteine, glutathione, etc.)
and macromolecules (bilirubin, albumin, ferritin...) that show antioxidant properties
by acting as sacrificial reagents to consume the excess of radical species.'® However,
from the catalytic point of view, the molecules of interest are the enzymes regulating
the radicals’ metabolism. Superoxide dismutase (SOD), catalase and peroxidase are
the most important among them. The substrate of SOD is O, that is transformed
into Oz and H20: upon its activity. The H202, which is also a free radical precursor,
is decomposed to water and Oz upon the presence of the catalase enzyme. In parallel,
peroxidases are a family of enzymes responsible for the oxidation of other
biomolecules acting as substrate using H20.. The main difference between catalase
and peroxidase is the final electron donor. In the case of catalase, the same molecule
IS both an acceptor and electron donor in its dismutation to water and molecular
oxygen. The relation between all these processes is better illustrated in equations
1.13 and 1.14.10%

catalase

SOD
0.2_ +H+:>02 +H202:> H20 +02 (113)

peroxidase
H,0, + electron donor ——— oxydized donor + H,0 (1.14)

The presence of this enzymatic set in the organism regulates the endogenous
generation of ROS. However, it presents certain limitations in the case of certain
diseases or exogenous radical generation causes. The normal concentrations are not
adequate for the regulation of sudden ROS bursts, and the antioxidant activity is
susceptible to being dysregulated by pH changes. Also, their high selectivity for the
substrate leaves secondary ROS species such as OH- without specific enzyme and

susceptible to regulation only through antioxidant species such as ascorbic acid.'%

The use of nanomaterials both as drug delivery systems for antioxidant molecules
and as “nanozymes” has been popularised within biomedical research. The improved
pharmacokinetics, tolerance to changes in the environment, and lack of substrate

specificity of inorganic nanocrystals mimicking SOD, catalase and peroxidase
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activities bring good prospects for their application in oxidative stress treatment.
Some examples often mentioned in literature are CeO., which works as a universal
ROS/RNS scavenger;83103104 Fes0, and MnO2, which perform both catalase and
peroxidase activities;'® noble metals (Au, Pt, Pd...) for peroxidase, catalase or
oxidase mimicking activities;}%®1% or carbon-based nanostructures such as

fullerenes or carbon nanotubes that perform -OH and O2-- scavenging.'%
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1.6 OBJECTIVES

The intention of this thesis work is, using the knowledge and concepts described in
this chapter, to develop a “tool-box” of CeO.-based nanomaterials functional for a
wide range of applications in several research and industrial fields. Within this

framework, the following objectives are set:

= To develop a synthetic protocol for the production of colloidal CeO>
nanocrystals of the minimal size possible using a water-based precipitation
method.
= To increase functionality of CeO2 Nanocrystals by increasing the complexity
of the nanomaterial’s structure. Specifically, carrying out two derivation
strategies:
Lanthanide doping to provide the material with Photon Upconversion
and photocatalytic properties.
The introduction of a secondary metallic domain to obtain synergistic
effects between the metal’s LSPR and CeO2’s improving the
nanostructure’s optical and catalytic properties.
= To attain the complete characterisation from a physicochemical point of view
of all the synthesised nanomaterials.
= To define the possible applicability of each nanomaterial synthesized through
the description of their structure-activity relations, determining the surface
reactivity of each for various model reactions, such as fuel production or
radical scavenging, to characterize them.
= To describe the origin of the catalytic behaviour of nanostructured CeO»-
based materials through the characterization of their electronic structure using
core-level spectroscopic techniques to determine chemical states, local

geometries and nature of the chemical bond.
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CHAPTER Il

CeO, NANOCRYSTAL SYNTHESIS

21 INTRODUCTION

Nanostructured metal oxides, the crystalline solid materials of cationic metal atoms
compensated by oxide anions, hold a comprehensive set of catalytic, optical, and
electronic properties that make these materials appealing for applications in many
fields. The properties of these materials in the nanoscale strongly depend on their
size, morphology, and surface chemistry, which are determined during their
synthesis. Consequently, there is an interest in developing synthetic processes and
understanding the mechanisms governing the synthetic routes of these materials.

The model for a generic crystal formation mechanism has been previously described
in chapter | section 1.2.1. The case of oxides, however, deserves a couple of extra
lines for its description. Generally, in the case of metals, their behaviour in solution
depends on the nature of the complexation sphere around the atom. For the basic
precipitation of metal oxides, substituting water molecules with hydroxyl anions
upon pH rise leads to insolubility in basic media, the motor for crystal formation.
The accumulation of monomers occurs through the hydroxylation and posterior
hydrolysis of the zero-charge complex resultant. Usually, a diffusion-limited growth
of oxide crystal nuclei leads to very small-sized monocrystalline particles. In order
to grow beyond this focused size, it is primarily necessary for an ageing or coarsening
stage posterior to crystal formation in which they aggregate and define their shape as
polycrystalline particles.! The final shape, density and porosity of the oxide particles
then depend on the nature of the aggregation process.?

Cerium is the most abundant rare-earth metal on the periodic table. It exists in its

native form under the earth’s crust but oxidises in contact with the atmosphere.
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Cerium (IV) Oxide (ceria, CeOy), its most stable form, is at present one of the most
interesting rare-earth material compounds for nanotechnology. The interest in the
production of this material comes from its unique nanocatalytic properties.

Nanoceria's characteristic redox behaviour originates in the relationship between its
crystal and electronic structure. The famous spectroscopist Kotani mentioned once
that it does not exist a pure sample of cerium (1V).2 CeO; crystallises in a fluorite
structure, an fcc unit cell containing four atoms of Ce (distributed along the eight
corners and six facets) and eight oxygen atoms occupying all the tetrahedral sites
inside (Figure 2.1.a).* While oxygen vacancy defects are found in different facets of
the structure, exposed (111) facets of CeO2 prove to be intrinsically unstable, as they
expose an uneven amount of Ce and O atoms (illustrated by Figure 2.1.b). As a
result, it gives rise to charge separation and, subsequentially, surface polarisation.
The path towards charge balance within these facets goes through the partial
elimination of the surface oxygen.® The degree to which the reversible removal of
oxygen atoms along the (111) surfaces happens depends on the temperature and
partial O pressure of the atmosphere. The constant presence of oxygen vacancies
makes it a non-stoichiometric oxide of the chemical formula CeO,.x.

0 D O

Figure 2.1: CeO; (a) fcc Unit Cell and (b) (111) plane intersect with the unit cell from different
angles. Ce atoms in blue, O atoms in red. Crystallographic structure extracted from Artini et al.
Illustrated using VESTA software.*#!

The increase in surface area that comes with the nanometric regime generates a high
density of oxygen defects in the crystal structure. The crystal, however, can hold
them without being altered, thanks to the particularities of the compound’s electronic
structure. The cerium atom’s electronic structure contains 58e-, [Xe] 4f 5d* 6s2. For
the +4 valency, it loses the four outer electrons. The empty f states, being shielded
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from the core’s charge by three internal shells of electrons, serve as an “electron
sponge”. They hold the electron charge excess left behind by the presence of oxygen
vacancies within the crystal structure, blocking the alteration of the material’s crystal
structure at its surface. The literature describes this phenomenon as the
interconversion between 111 and IV oxidation states (4f* and 4f° configurations). This
item will be further developed in oncoming chapters.

The flexibility of the oxide towards defects on its structure allows the material to
work as an “oxygen buffer” and electron scavenger in several environments and
conditions, making it an ideal nanocatalyst for many fields.® In energy research,
CeO; works as a photocatalyst for oxidation semirreaction in water splitting.” As a
wide-band semiconductor (3.2 eV), charge carrier generation occurs under the
illumination of UV light. Oxygen vacancies play a role in tuning the observed
bandgap, work as electron traps preventing charge recombination, and serve as active
sites for adsorbate molecules to react. Transition metal doping of CeO> has proven a
good strategy towards visible absorption enhancement,® making it possible to design
a CeO2-based nanocatalyst containing a controlled amount of oxygen vacancies
capable of performing water oxidation under photosynthesis conditions.® In industry,
CeO, is widely applied for many redox processes, mainly oxidations. The
representative example of this role of CeO> would be as part of the Three-Way
Catalytic Converters (TWCs), in combination with precious metals such as Rh, Pt or
Pd and other metal oxides, in combustion exhaust streams (oxidising carbon
monoxide and unburnt hydrocarbons to water and carbon dioxide). When the oxygen
concentration of the exhaust stream is insufficient to convert toxic gases efficiently,
CeO, releases surface oxygen to compensate for the shortage and regenerates once
the partial O2 pressure returns to normal. Besides oxidations, CeO2 has shown
catalytic properties towards hydrogenation reactions, such as the CO/H; reaction.°
In biomedicine, CeO> redox properties manifest in its activity as a ROS scavenger:
it is mainly used as an antioxidant-like substance capable of modulating oxidative
stress in living organisms and, in general, for all inflammation-related processes.'*
CeO2 NCs have also been reported to have potential applications in different medical
fields such as ophthalmology*?, cardiology*3, oncology**, neurology*®, etc... Other
health-related uses are as UV absorbent or as treatment of burns and other skin
injuries.
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Also, the characteristic electronic properties of this material reflect in the increase of
unit cell parameters when size is heavily decreased and in the bandgap narrowing in
the nanoscale. Both phenomena are caused due to a higher percentage of oxygen
vacancies.6:t

2.1.1 State of the Art

CeO2 nanocrystal (NC) synthesis has been performed and reported for a long time.
Current necessities for CeO2 NCs production, considering the global necessities for
sustainable and cheap technologies, are agueous-based synthetic routes of mild
pressure and temperature conditions. Most methods involve either the use of toxic
solvents, high temperatures and pressures or other conditions which limit not only
the surface chemistry of nanostructured CeO: but also the sustainability and
biocompatibility of the product. However, aqueous media raises some challenges:
The solvent also plays a role as a reagent in the reaction; thus, controlling the reagent
concentration during the process is more complex than in organic media. Another
critical aspect to also bear in mind for designing materials aimed at biomedical and
catalytic fields is that the optimised formulation should provide an available surface.
Thus, surfactants must be avoided as much as possible, even if biocompatible.
Conversely, a big issue for both biocompatibility and catalytic performance is
aggregation: it not only reduces the availability of surface and hinders catalysis, but
it is also considered one the main causes of nanomaterials toxicity. Size is a
determinant parameter in bioaccumulation, cellular uptake mechanism and
reactivity.8

Among all the possible synthesis methods for CeO2 NCs, those of biological interest
are based on the precipitation method: The aqueous precipitation of Ce (IV) due to
its insolubility in basic media. The most common precursors are Ce (Il1) salts, as,
according to the Pourbaix diagram of cerium (Figure 2.2), the Ce (111) transformation
to Ce (IV) is spontaneous in water at basic pH. The overall process involves the
following steps: hydroxylation, oxidation, precipitation (which in turn consists of the
stages of crystal formation) and ageing.!® The final CeO2 NCs produced should
ideally be the smallest monocrystalline size possible, both chemically and colloidally
stable. Variations of synthetic parameters within this method, such as the precursor
to precipitating agent ratio, reagent counter ions or temperature, will lead to different

46



CHAPTER Il - INTRODUCTION

colloidal formulations of the same material, distinguishable mainly in the
aggregation state and final particle size. While chemically identical, different
formulations will hold differences affecting their performance both catalytically and
in terms of biocompatibility.
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Figure 2.2: Pourbaix diagram for Ce in water(E vs pH). Modified from Channei et al.*?

Some of the most remarkable protocols for CeO2 NCs reported in the literature are
those in which citrate salts are used as a stabilising agent, among other common
stabilisers such as Polyetilene Glycol (PEG) or Polyvynilpirrolidone (PVP). Citrate,
an organic molecule containing three negative charges and limited mobility
compared to smaller ions, is a very common peptisation agent for achieving colloidal
stability in nanoparticle dispersions. Heckman et al.?® reported the successful
synthesis of monocrystalline CeO2 NCs of 2.9 nm in size by injecting a Ce(NO3)3
salt into a solution of ammonia 30% and hydrogen peroxide at 70°C containing
sodium citrate and ethylenediaminetetraacetic acid (EDTA) in different proportions
as stabilisers. The use of EDTA proved problematic, as it is an adsorbed surfactant
and cannot be washed off, blocking the availability of the surface. As a result, the
catalytic activity of the NCs sees itself restrained. Performing the protocol using just
citrate as a stabiliser, in the absence of EDTA, resulted in the discrete aggregation of
monocrystals onto 7.8 nm polycrystalline nanoparticles.?! Reed, one of the authors
behind this CeO2> NC formulation, proposed that the optimal size for a nanoceria
colloid maximising reactivity while remaining thermodynamically stable is around
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2-3 nm.? It is also worth mentioning the works of Yokel et al., in which discretely
aggregated 5 nm CeO2 NCs were obtained.*>?® Their method consists of the
preincubation of Ce(NO3)s as a precursor and an equimolar amount of citric acid in
solution before adding NHs as a base in a 1:6 molar ratio at 50°C for the precipitation
and 80°C for their ageing. This synthetic protocol is a variation of the method
proposed by Masui in 2002,%" that also reports crystal sizes around 4 nm and
mentions partial aggregation. This method uses a preincubation step of citric acid
and the salt precursor to which the ammonia in a 1:3 molar ratio is injected at 50°C.
Notably, for these two reported synthetic approaches, the acid form of the citrate ion
Is employed instead of the trisodium salt, leading to a partial neutralisation of the
base immediately when injected and milder pH conditions. The final ratio of Ce
precursor to base would, as consequence, be lower than 1:3. Masui mentions how
citric acid plays a role in the final size of the particles while acting as a stabiliser due
to its adsorption to the crystal surface. The concentration of citrate as a stabiliser is
essential in terms of a strong EDL formation and for attaining the optimal size of the
product.

Other authors, such as Ivanov or Malyukin, also reported the influence on stabiliser
concentration and particle size. lvanov et al. published the patented method for
synthesising particles between 1 and 2 nm in size due to PolyAcrylic Acid (PAA)
stabilisation at highly basic pH levels.?® In the case of Malyukin et al., the
preincubated stabiliser chosen is Hexamethylenetetramine (HMTA), which works as
a surfactant prevents the particles’ aggregation in a high excess of ammonia and
hydrogen peroxide in the solution.?® These methods have the same drawbacks as the
previously mentioned EDTA method. Other synthetic methods reported for the
synthesis of CeO2 spherical NPs are summarised in Table 9.1 (surfactant-free
methods) and Table 9.2 (surfactant assisted methods) at Annex B. Different shapes
of the CeO2 NCs, such as stamps, nanocubes, nanorods, or nanowires have also been
thoroughly reported, some examples can be found in Table 9.3 (Annex B).

Finally, using a Ce (V) precursor is also possible for synthesising CeO2 NCs, leading
to the formation of NCs of very small sizes. However, due to Ce*" low water
solubility, high temperatures are typically required, making these precursors less
desirable. Table 9.4 at Annex B lists several synthesis methods using Ce(1V) salts.
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2.2 RESULTS AND DISCUSSION
2.2.1 Synthesis of CeO2 Nanocrystals

Experimentally, the synthesis protocol developed for CeO2 NCs consists of two
stages: The precipitation stage, at room temperature, where NCs highly rich in
oxygen vacancies and other defects are slowly forming in solution, and the ageing
stage, where the crystallinity is improved until reaching the minimum stable amount
of oxygen vacancies for the NC size.

The precipitation stage consists of several steps: hydroxylation, consisting of
forming a wide range of mostly soluble [Ce(OH)«]** species, occurring
spontaneously and at basic pH, as Ce*? ions have a high affinity for hydroxyl groups.
Next, the progressive oxidation of Ce (Ill) to Ce (IV) occurs within the hydroxide
species in the solution and under the presence of solubilised oxygen from the air. The
oxidation provides the “monomer” for crystal formation, as the immense polarisation
power of Ce*, containing such a high charge in a significantly reduced volume,
makes it unstable in solution. After the accumulation of enough Ce** in the solution,
nucleation and growth of the NCs start.

For the precipitation stage, the first step is the slow addition of the Cerium (I11) salt
precursor solution onto the sodium citrate (Cit) one in a 1:2.2 molar ratio while
stirring at room temperature. It allows for the [Ce(Cit).]*> complex formation and
avoids the precipitation of the insoluble Cerium (I11) citrate salt occurring when there
is an stoichometrical excess of Ce* with respect to the citrate. No difference was
observed in the resultant particles when changing the salt precursor between
Ce(NOs3)s, CeCls or Cerium (lIl1l) acetylacetonate. However, chloride salt was
preferred for its transparency within the UV region (See Inset at Figure 2.5.a) and
its biocompatibility. At this point, the pH of the solution is between 7.7 and 8.2,
depending on the citrate excess.

To this solution, a sub-stoichiometric amount of base is added, raising pH to 10.5-
11. The final molar ratio of precursor to the base is 1:2.7 to avoid precipitation of
bulk Ce(OH)s. The chosen alkaline solution is tetramethylammonium hydroxide
(TMAOH), a known biocompatible additive commonly used to synthesise several
metal oxide NCs.2%3 Alternative compounds tested as a base were NaOH, which
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provided 8-10 nm sightly aggregated NCs but otherwise proved effective, and
NH4OH, which proved inefficient due to its weak base behaviour, as it does not allow
for precisely controlling the precursor-to-base ratio. Either the reaction was not
completely carried out due to low pH, or the hydroxide precipitation occurred due to
base excess. Once the salt precursor and the base have been mixed, the solution is
left stirring for 8 hours at least, allowing the Ce** ions to slowly oxidise and
precipitate. As this sequence takes place, the pH of the solution slowly goes down to
approximately 9.

After the CeO2 NCs precipitation, the ageing stage takes place. It consists of a series
of changes that reflect on the absorption spectra of the NCs, changing the colloid’s
appearance: The slope of the peak increases, diminishing absorption on the visible
range and affecting the bandgap of the material. The changes suffered by the solids
during this stage are estimated to be surface transformations: Dehydration of surface
hydroxyl groups, diminishing the amorphous character of the surface, and the partial
filling of oxygen vacancies until reaching the minimum stable amount for the
surface-to-volume ratio at this size. The effect of ageing on the crystalline solids will
be further developed in section 2.2.3 of this Chapter. Ageing can be performed at
room temperature by leaving the solution closed and stirring for at least two months
or boiling it under reflux conditions for four hours. It is also achievable chemically
by introducing an oxidising agent such as H202. The resultant NCs from this stage
are highly stable both chemically and colloidally. In the right conditions, they can be
stored for up to 3 years before use without significant changes. Since there is no
complete annealing step, there is expected to be a certain amount of water within the
structure, also playing a role in the colloidal stability of this formulation.
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Figure 2.3: (a) UV-vis Absorption spectrum and calculated bandgap (inset), (b) Calculated size
distribution from STEM image analysis, (c) XRD pattern, (d) Recorded EELS, (e) I. HRTEM image
Il. STEM image, 11l. HRTEM image and FFT of selected area, and IV. Profile graph of a CeO, NC
(extracted from the marked arrow on the selected area).
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The UV-vis absorption spectra (Figure 2.3.a) of the synthesised CeO2 NCs show the
characteristic broad band between 200-300 nm corresponding to a O2,—Cess charge
transfer, and 100% transmittance in the rest of the visible spectra, indicating the
absence of scattering coming from big aggregates in solution. DLS of the sample
shows a unique peak at 3.5 nm when quantifying by number, which indicates that
the particles remain monocrystalline with no degree of aggregation whatsoever. The
observed bandgap of the NCs was calculated to be 3.1 eV using Tauc’s plot method
(Figure 2.3.a, inset). The final size distribution (Figure 2.3.b) was calculated by
STEM image analysis ((Figure 2.3.e, 1) to be 2.4 + 0.6 nm. XRD pattern (Figure
2.3.¢) matches the Fm3m spatial group permitted reflections for the fluorite structure.
The lattice parameter is calculated as 0.542 nm, concordant with the theoretical value
(0.541 nm)*. The mean crystallite size is calculated to be 2.5 nm through Scherrer’s
law. The broadness of the peaks is not a bad feature of the XRD pattern but an
expected characteristic for small NCs. A crystallite size bigger than 20 nm is
typically expected for a defined peak, so they contain enough planes stacked for a
good diffraction quality.3? The EELS spectrum (Figure 2.3.d) of the same sample
confirms the sample atomic composition. HRTEM imaging (Figure 2.3.e, 1) shows
spherical crystalline particles. Under enough magnification, the electron diffraction
can be distinguished (Figure 2.3.e, I11). Inverse lattice obtained through the FFT
(Fast Fourier Transform) of the same (inset) is used to measure interplanar distances:
0.31 nm, identifying the (111) plane and 0.2 nm, corresponding to the (220) plane of
the structure. Roughly, each particle stacks around eight layers of the (111) plane, as
the grayscale profile of the selected area confirms (Figure 2.3.e, IV).

The reaction yield was calculated to be 99,9% by determining Ce concentration by
ICP-OES in the purified sample and the supernatant. The purification process
consisted of using a centrifugal concentrator device with a 3 kDa Ultracel® cellulose
membrane to separate NCs from solubilised species, as the particles are colloidally
stable and cannot be separated by a standard centrifugation procedure.

2.2.2 Role of Citrate in the reaction

While it is not a direct participant in the chemical reaction, sodium citrate plays
several roles in the crystal formation process: Chelator, buffer, and stabiliser. This
section describes the critical aspects of the citrate activity within these roles. When
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the reaction is performed without using sodium citrate, the kinetics of the oxidation
is faster, and the oxidation is terminated in about one hour after the base addition.
However, in the absence of a strong EDL, the synthesised particles irreversibly
aggregate onto ~50 nm particles that, when left stored after resuspending ina 10 mM
TMAOH solution, coalesce reversibly in bigger nuclei and precipitate. This second
aggregation can be reversed by strong stirring or ultrasound treatment, proving that
it is caused by a secondary potential well.3

0.8 The first role of citrate, as a chelator,
—— CeCl,

— [Ce(Cit),* manifests in the change of the oxidation
kinetics. Cerium (I11) cations in solution,

o
o
1

if not surrounded by any ligands beside
/ / water molecules (Hexa-aqueous
OTD’j’ ro complex, [Ce(H20)6]*"), are susceptible
. to immediate hydroxylation in the

ABS (a.u.)
(@]
D
1

/ presence of strong bases. However, Ce®*
024 H cations form a highly stable complex in
the presence of sodium citrate. Acting as

a polydentate ligand, sodium citrate

“traps” the Ce®' cations present in
solution: [Ce(Cit).]*. The formation of
the coordination complex can be

Figure 2.4: UV-vis absorption spectra of Ce®* ]
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complexation. as the position of d-f transition peaks in
metals is altered by the ligand field’s effect (Figure 2.4).3* The kinetics of the ligand
exchange between the citrate and the hydroxyl groups at basic pH are slower than
the exchange involving the water ligands. Consequently, oxidation is hindered and
takes for the same reagent concentrations, up to 8h. This has consequences in the
process of “burst nucleation”, which will be addressed in the following sections.®
The formation of this complex before the addition of the base to the reaction mixture
is revealed as necessary when changing the order of addition of reagent since
variations in the final product size were observed: When adding the Ce (l11) salt
precursor to a solution containing the corresponding amount of citrate and base, the

pH levels varied, and the size dispersion was slightly wider than the typical procedure
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(2.8 nm £ 0.8 nm). It indicates that kinetically, citrate complexation is favoured, but
thermodynamically, the oxidation to CeO: is the most stable product. On the other
hand, if the citrate is the last of the three reagents added, even if the addition interval
is too short for the crystals to have appeared in solution, the resultant particles are
colloidally stable but discretely aggregated crystals of 10 nm in size, measured by
DLS.
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Figure 2.5: UV-vis absorption spectra of (a) Time evolution at standard reagent concentration.
Final DLS size 3.5 nm. Inset: Comparation between different precursors. (b) Time evolution and
final DLS size at ten times more concentration of citrate. Final DLS size 2.9 nm.

As the conjugate base of a weak acid, citrate also acts as a buffer, preventing the pH
of the colloid from falling below 7 during synthesis, and it indirectly provides the
necessary hydroxyl groups that, due to the sub-stoichiometric amount of base
injected, are not directly supplied to the reaction mixture. Citrate is also a well-
known antioxidant that may play a role in hindering the redox processes around the
cerium cations. If the typical CeO2 NC synthesis is performed in a sealed beaker
containing an almost non-existing amount of air in the head space, the oxidation
process gets hindered, and a pale violet or pinkish colour appears in the solution.
This colour is attributed to a very high density of oxygen vacancies within the CeO-
solids, and it disappears in a matter of seconds when the beaker is opened to air and
the solution is oxygenised back. The concentration of solubilised oxygen in water is
proportional to atmospheric O partial pressure, taking values around the 10° M
range, in the same order of magnitude as our synthetic concentrations. Enough
oxygen should be present to carry out the oxidation, therefore. Under these
circumstances, it is then assumed that an excess of oxygen of several orders of
magnitude is required for the reaction to occur, overcoming the antioxidant
properties of citrate. In a different experiment it was also observed that upon a
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significant excess of sodium citrate (1:22), ten times more than in the standard
process, oxidation Kinetics are even slower, and particle size measured by DLS is
slightly smaller, in agreement with the findings of Masui et al. about the role of
stabiliser in particle size (Figure 2.5).2” When performing the synthesis in anaerobic
conditions using Ce(NOg)s as a precursor, the oxidation is expected to go, to some
extent, through the nitrate counterions of the precursor under reflux conditions. It
was observed, however, that no change could be observed during the first two hours
of the process. After that time, the presence of white solids observable to the naked
eye denoted the precipitation of Ce(OH)s. Upon air exposure, the solution attains the
characteristic yellowish colour of the CeO: colloids. The presence of citrate in
anaerobic conditions may have prevented the nitrate from acting as an oxidiser with
the Ce®* and, instead, getting itself oxidated to dicarboxyacetone (DCA). However,
no other experiments to confirm this hypothesis were performed.

Last, the reason behind the high colloidal stability of the CeO2 NCs is the colloid’s
EDL, which avoids even the smallest percentage of aggregation. The well-known
mechanism of the double electrical layer formed by the bulky cation and anion
species TMA* and Cit> around the surface gives rise to a strong electrostatic barrier
preventing close interaction between particles. It can be explained through the
Einstein-Smoluchowski equation for the diffusion of charged particles (eg. 2.1) and
the previously mentioned Debye’s length (eq. 1.8 in Chapter I). Equation 2.2 shows
the relationship between the thickness of the EDL and the charge diffusion
coefficient.®

D= @ (2.1)
K1~ % (2.2)

In which D is the diffusion coefficient, q is the electrical charge of the particle, Km
is the medium’s conductivity, and uq IS the electrical mobility of the charged species,
which is inversely proportional to its mass. Higher ion mass implies lower mobility,
resulting in slower diffusions and narrower EDLSs.
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2.2.3 Apparent deviations from LaMer-Dinegar model

From the perspective of a particle, NC synthesis in solution consists of three stages:
crystal monomer accumulation, nucleation and growth. For adequate size dispersion,
it is necessary that i) monomer accumulation is terminated when the nucleation stage
starts and ii) the duration of the nucleation process should be as short as possible for
all the nuclei to enter the growth regime as close to simultaneously as possible. These
quality requirements for the crystal formation processes are typically addressed as
“Burst nucleation”. For further details on the theory of crystal formation (model,

mechanisms, and techniques), see Chapter I, section 1.2.1.

However, from the description provided in this Chapter, the synthesis of CeO2 NCs
apparently stems a set of severe deviations to this theory. The experimental
parameter often employed to govern nucleation is temperature, as generally it is
thermodynamically a high energy-demanding process, and growth does not pertain
to such energetic barriers. The hot injection or heating-up synthetic strategies exploit
temperature to enhance fast nucleation and prevent secondary nucleation after the
growth stage has started. Our case, however, consists of a prolonged process at room
temperature, motivated by the chemical potential, in which no thermal treatment is
employed until crystal formation is finished. In fact, it was previously pointed out
how chelation of the Ce®* cations in solutions with citrate as polydentate ligand is a
necessary step of the synthesis and how it retards the kinetics of oxidation.
Consequently, nucleation and growth of the NCs coexist with the reaction of
oxidation that generates the crystal monomer. When the process is terminated, it
would then be expected to have a very polydisperse set of NCs in the solution. Even
so, the employed synthetic protocol proves to be very robust in terms of mean size
and monodispersity. Sequential addition of any metal precursor or the precipitating
agent does not lead to a seeded-growth process but to new nucleation of NCs,
increasing the number of NPs per volume but maintaining size distribution constant.
Far from a model deviation, this is a common behaviour for oxide crystal formation,
as indicated in this chapter’s introduction. The diffusion-limited growth stage is
dominated by a powerful size-focusing effect, where the growth rate falls
exponentially with particle size.! Growth of oxide particles beyond the “focused”
size is expected to happen through aggregation into polycrystalline particles during
an ageing stage. However, the strong effect of EDL prevents it from happening.
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Figure 2.6: Time evolution of the UV-vis absorption spectra of oxidation of Ce3* in a citrate solution
(@) in absence of basic reagent at 90°C and (b) at room temperature in standard synthesis
conditions.

Thermal treatments during the oxidation and precipitation stage of the CeO> NC
synthesis have been tested for improving the kinetics of the procedure: Both heating-
up (mixing of all the reagents at room temperature and then heating the mixture to
100°C into reflux conditions) and hot injection (Heat the [Ce(Cit)2]* complex until
reflux conditions and then inject the base concentrated in a small volume)
approaches. During the hot injection test a particularity was observed: at high
temperatures (90°C), hydrolysis of the water molecules at the buffered pH of a
sodium citrate solution provides enough hydroxyl groups for the reaction to be
carried out in similar conditions as the room temperature process when the base is
injected (see Figure 2.6). However, every synthesis carried out under temperatures
higher than 90°C led to a faster reaction but resulted in the partial aggregation of the
nuclei into 10-20 nm polycrystalline particles.

2.2.4 Nanocrystal curing: Ageing stage

The changes CeO. NCs undergo during the ageing stage are thermodynamically
spontaneous and lead to the chemically stable formulation of the material. Its primary
manifestation is the narrowing of the charge transfer peak in the near UV range, that
also reflects in the Tauc plot. At standard pressure and temperature conditions, the
crystals take up to two months to finish this process. It can be accelerated by physical
methods (i.e., rising temperature to reflux conditions for a certain amount of time) or
chemical ones (adding an oxidiser such as H2O> to the mixture after the precipitation
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stage). To provide some insights into the nature of the transformations occurring at
this stage, deep characterisation of the NCs in the earliest stage possible of the
process and after its termination is conducted. Highlights of this characterization are
summarised in Figure 2.7.

The UV-vis spectra before and after the ageing (Figure 2.7a) show how during this
stage, the main peak shifted its position to higher wavelengths and narrowed its
width, changing the slope of the curve. The peak is positioned at higher energies than
the commercial CeO2 powder’s peak, which also matches the position of the
commercial hydroxide. This peak displacement may have an origin in the oxygen
defects and, therefore, the size of the crystals: Bigger particles peak closer to the
reference than the as-synthesized NCs. As the Tauc plot for the allowed indirect
transition (Figure 2.7b) confirms, results indicate an apparent change in the material
bandgap from 2.91 to 3.15 eV. However, the difference between both plots (dotted
line on the same graph) evidences a heavy asymmetry in the distribution of said
changes. Urbach’s parameter calculation (1.15 eV and 1.00 eV before and after the
ageing stage, respectively) indicates changes in the “degree of order” of the structure
due to the density of defects (i.e. oxygen vacancies, majorly). As mentioned in
section 1.3.3 (Chapter 1), the value of Urbach’s parameter may impact on the linear
range of Tauc’s plot. Tauc’s plot works under the assumption that the absorption
coefficient a is independent of the incident photon’s energy. For this condition to be
met, variation of a with photon energy must be negligible. It happens only if the
exponential term Urbach relation is close to 0. Higher values of the Urbach energy
parameter ensure that this condition is met. For lower parameter values, o’s variation
with incident photon energy may vary with bandgap calculations, and obtained
values are not to be trusted.3” Even so, the dimension of the parameter for the case
of CeO2 NCs is not enough to considerably impact the absorption coefficient.

HRTEM image analysis shows no difference between the NCs before and after
ageing. The DLS size determination, however, shows a slight increase (from 2.9 to
3.5 nm) in the mean size of the particles but no changes in the number of NPs per
volume. Since the difference between both characterization techniques is the
definition of the limit of the particle, we assume that observed changes come from
the region of the hydrodynamic radius of the particle not observable by TEM: the
layer of water molecules bonded to the particle by electrostatic interactions.
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Figure 2.7: (a) UVvis absorption spectra of a CeO, NC sample before and after the ageing stage
compared to the ones from commercial samples. (b) Tauc plot and calculated indirect bandgap from
the absorption data. (c) Thermogravimetric analysis before and after the ageing stage. Dotted lines:
Differential Scanning calorimetry (DSC). (d) comparison between XRD pattern before and after
ageing stage.

Thermogravimetric Analysis (TGA) coupled with Differential Scanning Calorimetry
(DSC) (Figure 2.7c¢) of particles before their ageing shows a major loss of structural
water (14.6% in total sample weight) at 322°C. For already aged CeO2 NCs, the
weight of structural water was 9.5%, and it is lost sequentially in three steps at 287°C,
378°C and 487°C. It indicates not only a lower content of structural water in the NCs
after the ageing stage but also a higher energy barrier for its release, probably

emerging from a more compact crystal structure.

XRD of the crystalline structure before and after this stage (Figure 2.7d) do not show
significant differences: Same peak position and similar relative intensities between
peaks. The mean crystallite size calculated for the NCs before ageing is 2.44 nm and
after ageing, 2.50 nm, and the lattice parameter for both cases is 0.542 nm. It could
be expected that interstitial water molecules would broaden the peaks. Nonetheless,
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it is not noticeable, implying water content is not affecting the crystalline structure,
and it could be mostly understood as a high density of surface hydroxyl terminal
groups within the structure.

It can be concluded that the as-precipitated particles, before enduring the ageing
stage, resemble the structure of an oxygen vacancy-rich cerium (1) oxide of a highly
hydroxylated surface. During this stage, they slowly dehydrate and partially fill these
defects until reaching the CeO structure holding the stable oxygen vacancies for
the atmospheric conditions of the laboratory.
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2.3 PERSPECTIVES

Maximising the surface-to-volume ratio maximises the density of active sites per
mass of CeO.. However, the typical challenge of nanomaterial synthesis runs in the
opposite direction: Achieving the controlled growth of nanocrystals to a desired size.
For metals such as gold or silver, the pathway towards controlled growth goes by the
sequential injection of precursor over previously synthesised nanocrystals under mild
conditions to prevent new nucleation in a seeded-growth fashion.3¥° For oxides such
as CeO,, growth besides the thermodynamically stable size “focused” by the
monocrystal growth mechanism comes in the form of aggregation.! A very
interesting path to follow would involve developing strategies towards the use of the
described 2.5 nm CeO2 NCs as building blocks for more complex structures, which
in the end translates to the use of synthesised NCs as reagents themselves, a known
goal for the field of nanomaterials.

As an example of the possibility of engineering complex structures using the
synthesised NCs as building blocks, a few strategies for producing different kinds of
aggregate structures are described. A few synthetic conditions leading to the
obtention of stable aggregates of less than 100 nm in size have been mentioned in
this chapter, and more examples can be found in Table 9.1 at Annex B. Another
exciting possibility for aggregation is the self-assembly into anisotropic shapes.
Favouring the expression of some facets over others through shape anisotropy can
have a heavy impact on the catalytic performance of a nanomaterial. For example,
the redox processes carried out by CeO- are favoured in the (111) facet, as it is where
the most oxygen vacancies are held.> Some examples of anisotropic self-assembly of
CeO2 NCs into nanorods, nanowires, nanocubes and other shapes can be found in
Table 9.3 at Annex B.

As a synthetic exercise, it has been proved the capacity of this CeO, system to self-
assemble into different shapes under suitable conditions. The aggregate structure is
dependent on the probability of collision between particles, which is dominated by
Brownian motion on the long-range, and the sticking coefficient, the probability that
the collision results in aggregation. A strategy to promote aggregation, therefore, is
increasing temperature to promote Brownian motion and lower EDL energetic
barriers.
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Under reflux conditions, keeping the pH close to neutral will neutralise the ionisation
of surface groups, lowering the value of the surface charge. It will lead to a lower
sticking coefficient, as the mean number of collisions required for aggregation is
higher. In these conditions, aggregation through some facets will be favoured over
others due to chemical differences between them that, in different pH conditions, are
negligible. Similar to the results of Yu Taekyung et al.,*° 2D nanosheets of CeO, can
be obtained by heating to reflux a solution of CeClz and sodium citrate in a 1:2 molar
ratio avoiding the addition of any strong base that may raise the pH over 8 for enough
time for the nanocrystals to precipitate and recrystallise into the 2D shape (Figure
2.8).

Figure 2.8: STEM images of CeO, Nanosheets. .Self-foldng distinguishes 'the 2D structure from a
particle monolayer.

On the other hand, by enhancing aggregation with the temperature at a high pH, a
mixture of Ce(OH)s and CeO. will precipitate and quickly aggregate in a condensed
spherical fashion where the internal part of the aggregate is composed of Ce(OH)s
hydroxide and CeO- rich in defects, of higher solubility than the outer part of the
aggregate, that will contain a higher proportion of curated CeO». Supposing that the
mixture is left under reflux temperature conditions long enough, dissolution and
recrystallisation processes may lead to the formation of template-free hollow CeO-
spheres, such as the ones pictured in Figure 2.9.
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Figure 2.9: STEM (top) and HRTEM (bottom) images of hollow CeO; nanospheres.
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LANTHANIDE-DOPED CeO,; NANOCRYSTALS

3.1 INTRODUCTION

It is mentioned in section 1.5 of Chapter | that doping is one of the strategies
employed to improve the catalytic and photocatalytic activity of a pure inorganic
compound. Doping semiconductor materials with the appropriate substance can
enhance their performance in different ways. Using metal ions as dopants can extend
charge-carrier lifetimes, trapping electrons or holes and preventing recombination. It
has also been reported that transition metal and non-metal doping can sensitise the
semiconductor absorption spectrum, expanding it to the visible light region, as the
electronic structure is altered by the presence of atoms of different nature due to the
appearance of intermediate electronic levels, which narrow the bandgap.t

3.1.1 State of the Art

The main objective of this strategy is to improve the catalytic efficiencies of CeO>
catalysts. Non-metal dopants (Nitrogen, phosphate, sulfur, etc.) cause a broadening
of the absorption band that extends its reach to the visible light range, consequently
reducing the bandgap.? Metal doping plays a role in introducing oxygen vacancies
within the oxide structure, narrowing the bandgap and increasing the reducibility of
the material towards redox reactions. It has been proved how the induction of oxygen
vacancy defects into nanometric CeO; sensitises the material towards visible light
photocatalysis.® In addition, the CeO: structure has been able to support high
concentrations of metal doping (up to 30% even).* Some examples of metal doping
include noble metal inclusion (Au, Ag) or divalent noble metal ions (Cu?*, Pt**, Pd?*,
etc.)® for increasing oxygen vacancy density.® Another exciting feature of transition
metal doping is the reduced charge recombination processes in contrast with the
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undoped material.” Lanthanide doping has also been extensively reported. Trivalent
cations such as Eu®*, Sm*" or Th®" induced structural defects that caused a shift to
higher wavelengths of the emission band of the material according to Wang et al.®
Gupta et al.,° however, reported how lanthanide doping in CeO- (La*" cations) had
little to none effect in the improvement of the oxygen storage capacity of undoped
Ce0O3, as the metal-oxygen bond distance is almost unaltered by the presence of a
lanthanide, in contrast with the higher distances in the case of transition metals.
Lanthanide doping, however, remains relevant not for its performance in comparison
with transition metal doping but for the exciting properties that arise from it, such as
photon upconversion.

Photon upconversion is the principle behind the design of nanocrystalline domains
able to generate visible or UV light from NIR absorption. It is the anti-Stokes
emission of high energy luminescence through the sequential absorption of low
energy photons. Inorganic materials displaying this property are usually composed
of a crystalline matrix doped with trivalent lanthanide cations. Low phonon energy
and short interdopant distances are required for inorganic nanocrystals to act as host
matrix efficiently. Several oxides and fluorides of different crystalline structures are
reported to work as an upconversion matrix, the most relevant being NaYF4 on its
hexagonal phase.l? It is still a synthetic problem, however, to obtain nanosized
crystals of hexagonal NaYF4 as, due to surface tension, stability shifts towards the
cubic phase at the nanoscale.

For the multiple-step excitation to happen, it is required the existence of intermediate
electronic states within the material structure. The 4 f" electronic configuration of
trivalent lanthanide ions is split by electronic repulsion and spin-orbit coupling,
supplying the material with a rich energy-level pattern. The most common
upconversion mechanism reported is the combination of the activity of two species
that, by energy transfer, carry the sequential absorption and posterior emission. Yh3*
is the most common sensitiser species employed, absorbing in the NIR region and
providing low energy excitations. The activator species (Er®*, Tm** or Gd** are the
most common) receive excited electrons and emit higher energy photons for their
relaxation.112
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3.1.2 Motivation

The possibility to harvest NIR photons into visible or even UV ones makes
upconversion a promising future for several fields, both in photocatalysis'® and
biomedicine in particular, since the composition of our organism is transparent to
NIR radiation but not to UV one.*?'* With the current technology of nanomaterial
synthesis, it is expected to control and tune the wavelength of emission of
nanocrystals to achieve broad NIR-to-UV upconversion. Regardless, synthesising
small nanosized crystals showing strong upconversion luminescence has been
challenging. Despite the scarcity of literature on this topic, there can be found
reported cases of upconverting nanocrystals conformed by a CeO, matrix doped with
Yb3* and Er®*.'51¢ Reproducing these properties within the CeO, nanocrystals
formulated in this work brings the possibility of enhanced catalytic activity and
expanded functionality of the material.
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3.2 RESULTS

To test the loading capacity of CeO., five samples containing different dopant
concentrations (nominally, from 5% to 25%) were synthesised and characterised: 5%
Erd*, 10% Yb**, 20% Yb3* and combinations between Er* and the two loads of Yb3*.
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Figure 3.1: UV-vis absorption spectra (left) and NIR absorption spectra (right) of CeO, doped
samples. Undoped CeOQ: included as a reference.

The UV-vis spectra of the samples, Figure 3.1 (left), show the characteristic CeO>
band around 280 nm for all the samples. Minor differences in peak position and
bandwidth are summarised in Table 3.1, along with the doping quantification
calculated by EDX and ICP-OES. It should be taken into account that EDX
quantification pertains higher degree of uncertainties due to sample preparation and
instrumental artifacts, and the most robust quantification comes from the ICP-OES
determination. The NIR absorbance of the same samples, Figure 3.1 (right), reveals
the small band of Er®* and Yb%* at 980 nm, identified by comparison with the
precursor’s spectra (Figure 9.1 at Annex C).

HAADF-STEM imaging, calculated size distribution and Tauc’s plot for bandgap
calculation of each sample can be found in Figure 9.2 at Annex C. EDX spectra of
each sample in Figure 9.3 at Annex C. The effective loading of lanthanide ions as
dopants within the CeO- structure has been achieved, holding yields around 95%-
100% concerning the expected values. However, the band structure of the material
does not show significant changes even to larger amounts of doping, as UV spectra
and bandgap values illustrate.
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Sample UV peak Bandgap D(()Ei[?g()% (I?g;;lrgé’é))
Ce0O2 279 nm 3,10 eV - -
CeO2:Er (5%) 281 nm 3,10 eV 6% Er3* 4.87% Er®*
CeO02:Yb (10%) 281,5 nm 3,12 eV 11% Yb3®* 9,77% Yb3*
CONLE e anev [T ST
Ce02:Yb (20%) 278 nm 3,14 eV 21.2% Yb** 19.47% Yb**

CeO2:Yb, Er 277 nm 312 eV 21.1% Yb* 19.68% Yb**

(20%, 5%)

3.6% Er®*

4.68% Er®*

Table 3.1: UV peak position, bandgap, and doping quantification both by EDX and ICP-OES
(uncertainty <0.01%) for the CeO, and doped CeO, samples.

The XRD of the samples (Figure 3.2) is analysed to determine the impact of doping
in the crystalline structure. Results are summarised in Table 3.2. Doping does not
visibly alter peak position. Since Er and Yb atoms are smaller than Ce ones due to
the lanthanide contraction effect, a distortion of unit cell parameters is expected.
Mean Scherrer’s size and STEM measured size are very similar to the undoped
particles. Still, the lattice parameter seems to be reduced compared to the value of
the undoped particles (0.542 nm) and the literature’s value (0.5410 nm).}” This
contraction of the lattice parameter is most notable in the (111) and (220) planes, in
opposition to the (200) plane that remains unaltered. This feature could mean that
lanthanide ions occupy positions within these planes.
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Figure 3.2: XRD patterns of doped CeO2 NCs. Gray lines: CeO; peak positions.

To determine photon upconversion capacity of the doped NCs, a setup for recording
the emission spectra of the particles at 90° position from the incident beam using a
CCD camera was prepared. Sample preparation included the concentration of the
colloidal solution and the deposition of dried material onto a glass substrate. NCs
were excited with a cw NIR laser (excitation wavelength of 980 nm, power 120 mW)
focused onto the sample with a 10x objective (NA=0.25). No spectra could be
recorded for any doped samples in both colloidal and dried form, as no emission was
observed. Therefore, it was concluded that absorbed 980 nm photons are dissipated
through other mechanisms as the NCs hold no Upconversion properties.
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Sample ST_EM Sche_rrer’s hk Lattice Mean
size size parameter Value
111 0.5413 nm
CeO2:Er (5%) 247nm  2.38nm 200 0.5474 nm 0.5429 nm
220 0.5400 nm
111 0.5374 nm
CeO2:Yb (10%) 251nm  2.46nm 200 0.5413 nm 0.5388 nm
220 0.5375 nm
_ 111 0.5380 nm
C(el(gj/gg%? 261nm  251nm 200 0.5410nm  0.5391 nm
220 0.5384 nm
111 0.5359 nm
CeO2:Yb (20%) 2.63nm  2.54nm 200 0.5402 nm 0.5381 nm
220 0.5381 nm
_ 111 0.5383 nm
C(ggj/ng%'? 236nm  2.31nm 200 0.5442nm  0.5399 nm
220 0.5372 nm

Table 3.2: Summarised parameters from XRD data analysis of doped CeO, NCs

3.3 PERSPECTIVES

Even if no Photon Upconversion was observed during the tests, the absorbance

spectra of the doped samples show the characteristic 980 nm band of Yb3*. It means

an energy uptake excites electrons within the sample if illuminated from a source of

the adequate wavelength, and charge carriers are generated. If the mechanism of

dissipation for that energy uptake is not spontaneous emission, then electron-phonon

coupling could cause the temperature to rise locally. Doped CeO2 nanocrystals may

be an interesting asset for either photocatalysis or light-to-heat conversion.
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CHAPTER IV

MULTIDOMAIN Au/Ag-CeO; HYBRID NANOSTRUCTURES

41 INTRODUCTION

The second strategy towards improving the catalytic activity of a pure inorganic
compound is designing hybrid nanocrystals, combining domains of different
compositions into a single nanomaterial: nanocomposites. Section 1.5 of Chapter |
of this text mentions this strategy, which serves as introduction for the concepts
behind catalytic performance and enhancement strategies.!? The interest in hybrid
nanomaterials arises from the synergistic properties they hold, which the sum of
those of their individual components cannot match .2 A brief comment on plasmonic
sensitisation and how hybridization affects the properties of metal-semiconductor
nanomaterials, as they are the object of study in this section, is required.

Hybridization synergistic effects on metal-semiconductor nanocomposites manifest
in their optical properties, electronic structure, and charge separation phenomena.
For example, the metal's characteristic LSPR is affected by the close contact with the
semiconductor in both absorption cross-section and position. The observed red-shift
can be explained as the change in the surrounding medium's refractive index due to
the semiconductor-metal interface's creation. This effect is maximised in core-shell
structures as the thickness of the semiconductor shell grows. Another feature of the
coupling is the near-field effect caused by the metal onto the semiconductor, which
affects scattering within the semiconductor's surface.*

The most representative characteristic of the metal-semiconductor synergy is the
promoted charge separation phenomena occurring within the semiconductor-metal
interface: Schottky barriers facilitate the transference of electrons between the
conduction band of the semiconductor and the metal's surface plasmon. At the same
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time, the holes remain localised to the surface defects in the structure of the
semiconductor, increasing charge carrier lifetimes by preventing recombination.
Furthermore, excited electrons generated by the LSPR can be transferred to active
sites within the semiconductor's structure, sensitising the material to lower energy
photons received under visible/NIR illumination, which is beneficial during a
catalytic process. The charge transfer phenomenon holds an interest in the fields of
photovoltaics and photocatalysis, and the possibility of tuning the structure to
optimise the photoinduced processes is key for the application of the materials for
solar energy harvesting and other photochemical processes. >/

4.1.1 State of the Art

Combining two components onto a unique nanostructure in a controlled manner is a
synthetic challenge. For the synergistic properties to manifest in a nanocomposite,
intimate contact between components is required. The most important structural
parameters affecting the epitaxial growth of two components are lattice constant
mismatch and respective crystalline structures, charge distribution along the
surfaces, interfacial energy, miscibility, and the presence of defects. Synthetic
approaches that provide a high degree of control over the final nanomaterial's size,
composition and architecture are fundamental for exploiting these features.

Wet-chemistry techniques to produce hybrid nanocrystals are usually based on either
the simultaneous co-precipitation of the components in a one-pot approach or
following a sequential process where a second component is grown onto preformed
NCs in a different stage (heterogeneous nucleation). This synthetic strategy, known
as the seeded-growth approach, represents the most common method. One-pot
methods are characterised by their simplicity and robustness. However, these
benefits make the implementation of directed growth strategies difficult, as the
common grounds for the growth of more than one component limit the degrees of
the synthetic control of the system and, with it, the freedom of controlling their
functionality. Different structures of metal-metal oxide and other hybrid materials
with different architectures, such as nanostars®, core-shell and heterodimers®
synthesised through this approach can be found in the literature.
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Heterogeneous nucleation presents lower energy barriers than homogeneous
nucleation. Thus, if the structural conditions are met, growth on top of a previously
formed crystal is more favourable than separate precipitation in the presence of the
seeds. Seeded-growth methods allow for a great degree of control of all the
parameters mentioned above: the seeds' size, composition and shape are determined
before adding the second component. In turn, the growth of this second component
can also be directed by different strategies to tune reactivity, controlling the final
architecture of the hybrid. Several examples of metal-metal oxide hybrid
nanocrystals, such as Au-Fes30s,° Au-ZnO' or Au@MgFe,04* synthesised by
seeded-growth methods, are reported in the literature. Moreover, the morphology and
crystalline structure of the seeds may lead to selective growth over some facets,
leading to the formation of anisotropic structures.**'* Other structures that have
attracted attention recently for their catalytical potential and plasmonic resonance
modulation are hollow nanostructures. They are also produced by a sequential
synthesis method, where the seeds act as a sacrificial template for depositing a second
component that conforms to the cage material. The main mechanisms to create voids
are Kirkendall effect'®¢ and galvanic replacement.’

Hybridization to plasmonic metals appears as an exciting strategy towards increasing
nanostructured CeO> functionality. On the matter of CeO2 coupled to plasmonic
metals, there exist already reported examples of the enhancement of its catalytic
properties in comparison to the simple combination of individual components.8 Said
hybrids are prepared by a wide range of methods, one-pot!®? and seeded growth?!
strategies. However, following the tendency towards increasing the complexity of
the resultant architectures, synthetic protocols have become considerably more
complicated themselves. The aim of this section is to achieve the heterogeneous
nucleation of CeO2 on top of plasmonic metals and to extend the control of the
morphology of the products to higher degrees of complexity only by simple tuning
of reaction parameters.
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42 RESULTS

This section’s objective, as previously mentioned, is the derivation of previously
designed CeO2 NCs through their hybridization to a metal domain, achieving
plasmonic sensitisation and extending the control of the morphology of the products
to higher degrees of complexity only by simply tuning reaction parameters.
Commencing from previously developed works from the group for the synthesis of
AuCeO2 nanocrystals by both one-pot??> and seeded-growth® approaches, the
production of AuCeO; and AgCeO- hybrids of several architectures was studied to
define the systems' properties and applicability.

4.2.1 One pot method

For the one-pot approach, all precursors are mixed together in the reaction media to
form a uniform dispersion of AgCeO. or AuCeO: hybrids. Morphological
characteristics such as surface coverage and shell thickness of the product are
adjusted by tuning parameters like precursors ratio, pH or reaction time. Surface
coverage is an important parameter to control, as it determines the extent of the
metal-oxide interface and the existence or not of a metal-solvent interface. As
previously stated, exposed facets are key for the catalytic properties of the material
and consequently, they’ll be defined by this parameter. The simplicity of the one-pot
method allows good reproducibility; however, it does not allow for a versatile size
control of the product, as the size of the core crystal cannot be adjusted.

4.2.1.1 AuCeO

For the AuCeO> case, the typical reaction involves the subsequential injection of
first, 1 mL of Au precursor solution (HAuCls, 25 mM) and then 1 mL of CeO:
precursor (CeClsz, 25 mM) onto a refluxing solution of sodium citrate 10 mM to a
final volume of 100 mL. Afterwards, the mixture is left reacting for 2h. HRTEM and
HAADF-STEM images of the final product reveal the formation of core-shell
Au@CeO> NCs consisting of ~7 nm Au cores surrounded by a CeO2 shell composed
by several 2.5 nm CeO; crystalline domains. It is important to note how the Au core
size in the hybrids (~7 nm) is smaller than the equivalent Au NPs synthesised in the
absence of CeO2 (~11 nm). The porosity and lack of uniformity of the CeO- layer
indicate a VVolmer-Weber growth mode?* for the material, expected for the high
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lattice mismatch between the two components (0.4065 nm and 0.5412 nm,
respectively). Interestingly, no free Au NPs can be found in the solution.
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Figure 4.1: Time evolution of the AuCeO, hybrids synthesis by the one-pot method, followed both
by UV-vis spectroscopy and HRTEM imaging.

While the process apparently consists of a reaction involving Au®* to Au® reduction
and Ce®* to Ce** oxidation processes, the chemical process is a little bit more
complicated. Sodium citrate was previously stated to hold several key roles in CeO>
NC synthesis (see section 2.2.2 in Chapter Il), as it does for Au.? It does not only
act as a colloid stabiliser. Firstly, in the absence of citrate, no Au reduction is
observed in the reaction media, which is to be expected as both cationic species lead
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to slightly acidic pH levels. Second, the Au reactivity is maximised at slightly acidic
pH levels of around 6.5, while CeO; oxidation occurs at basic pH levels. Therefore,
the role of citrate as a buffer provides adequate pH levels (between 7-8) for both
species to react at the same time that Au®* is reduced by sodium citrate itself. It adds
another known item to citrate's list of tasks to perform. Ce®* is oxidised by the
solubilised oxygen present.

During this process, Au cores are formed and crystalised within the first 10-15 min
of the reaction. In these pH conditions, CeO> reaction is slower. Progressive
nucleation on top of the Au surface can be observed between 15-120 mins after the
Injection, as the HRTEM imaging (Figure 4.1) shows. The size of Au cores does not
change over time after the CeO: starts to deposit, as the rigidness of the oxide shell
impedes reconfiguration of the feebler metal trapped inside.

Several features can be observed through UV-vis spectroscopy analysis of the
samples (Figure 4.1, top left). Besides de CeO> characteristic band between 200 and
300 nm that illustrates the degree of CeO2 coating over the Au cores as the reaction
proceeds, the LSPR peak position at around 538 nm (the typical position for 10 nm
Au seeds is 518 nm) emerges 5 minutes after the precursors' injection. It was
previously mentioned how the close contact between metal and the semiconductor
counterparts alters the LSPR extinction cross-section and position due to the higher
refractive index of the environment surrounding the metal. The refractive index of
Ce0- (n = 2.2) is significantly higher than the one of water (n = 1.33). As so, in the
case of an open CeO: shell, where a fraction of the Au surface is exposed to water,
the red-shift experienced by the LSPR is smaller than in the case of a completely
closed CeO- shell where the refractive index is at its maximum. Interestingly, the
extent of red-shift saturates once a certain shell width is reached. From this point on,
even if the shell keeps growing, the peak remains constant. It is a signature of the
maximum distance at which near-field enhancement extends.?”?8 Intensity changes
in the LSPR peak also respond to this change in refractive index. Lastly, shape
changes of the peak (width and baseline height) correspond to changes in the Au core
shape. At short reaction times (up to 10 minutes), the sample is composed of
elongated Au NPs of low crystallinity, which has been reported in the literature as
an Au reaction intermediate of mixed valences.?®?° LSPR absorption peak in these
gel-like Au structures presents higher FWMH values as there is a large size and shape
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variability within the sample. Once the Au formation is completed and CeO- starts
its nucleation, the LSPR peak undergoes a narrowing process as the shape variability
of the Au cores decays. After the reaction is over, reflux conditions favour
recrystallisation of the shell towards a more uniform configuration under a small risk
of aggregation of the colloidal system.
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Figure 4.2: (a) Normalized peak and (b) Peak intensity comparison of UV-vis spectra and
HR(S)TEM imaging of resultant AuCeO- hybrids containing (c) 0:1, (d) 0.3:1, (e) 1:1, (f) 2:1 and
(9) 5:1 CeO; to Au molar ratio.
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Morphological control is achieved through variations in the amount of CeO:
precursor. The structural evolution with increasing Ce: Au ratios is followed by UV-
vis absorption spectroscopy (Figure 4.2 a,b) and HRTEM/HAADF-STEM imaging
(Figure 4.2 c-g). Lower Ce: Au ratios lead to incomplete Au surface coverage and
thinner shells. The 2.5 nm CeO, nanocrystals nucleate on top of the Au core. The
only Au surface sacrificed is the fraction destined for the CeO»>-Au interface, but it
remains accessible due to the porosity caused by the CeO2 growth mode (Figure 4.2
d, e). Increasing the CeO. precursor leads to thicker and more compact shells (Figure
4.2 f, g). The acidic nature of the metal cations leads to a pH decrease that could stop
the reaction from happening, and thus a pH control is a necessary step for higher Au:
Ce ratios. Adjusting the reaction media to pH 8 using a few drops of NaOH 0.1 M
may be required. Higher pH levels than standard protocol conditions (pH 9) lead to
faster precipitation of the CeO, on the gold surface, leading to a more compact
coverage of the Au surface and free nucleation of CeO2 due to this excess. It,
however, can be removed easily through centrifugation. Notably, when the amount
of CeO2 precursor is one order of magnitude larger than the amount of Au precursor,
the pH of the solution drops significantly. At pH 6, the surface charge of CeO:
nanocrystals is low due to the closeness to the point of electrostatic instability (-
potential in the range of £20 mV).3%3! In this environment, nucleating particles tend
to aggregate following an oriented attachment self-assembly mechanism, forming
2D planar structures defined as "nanosheets” of Au-embedded CeO:..

4.2.1.2 AgCeO,

Ag is a noble metal very similar to Au. Belonging to the 11" group of the periodic
table, they share many characteristics: both present an LSPR within the visible range,
an fcc crystalline structure of similar lattice parameters (0.4065 nm for Au and
0.4079 nm for Ag), similar reactivity and atomic radius, etc... It would be expected
that it behaves similarly than Au for its hybridization with CeO,. The same way as
in the Au case, when injecting the correspondent volume of Ag precursor (AgNOs
25 mM, 1 mL) and CeO: precursor (between 0.5 and mL) to a refluxing 10 mM
sodium citrate solution, Ag nucleates first and then CeO nucleates heterogeneously
on top of the Ag surface, forming AgCeO: hybrid NCs. The larger the amount of
CeO- precursor, the thicker the CeO: layer.
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Figure 4.3: Time evolution of the process and final characterization of AgCeO- hybrid nanocrystals
produced by the One-pot method at pH 7.5 by UVvis spectroscopy and HR(S)TEM imaging. Picture
below: appearance of the colloid solution at each of the measured steps.

However, some differences concerning AuCeO. hybrid NCs arise from the few
dissimilarities between both metals. Ag reduction Kinetics are faster in basic
environments, and its dissolution in the form of Ag* takes place in acid media.®? This
reactivity affects its miscibility with CeO., altering the final architecture of the
hybrids. Performing the reaction at neutral pH leads to forming of AgCeO:
heterodimers, a Janus-like structure where Ag and CeO- share a single interface, but
the rest of their surfaces are available to the solvent. This configuration originates
from the low miscibility between Ag and CeO». This effect has a chemical
explanation: the precipitation of the CeO. causes the depletion of OH" groups from
the solution. It does not alter the reaction conditions in a basic media where hydroxyl
groups find themselves in excess. In neutral media, water molecules take the role of
the base, and the liberation of H* involved in the CeO- precipitation causes an abrupt
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decrease of pH locally in the surroundings of the nucleated particle. The local acidic
conditions can cause the dissolution of the Ag into Ag* ions. The most stable
configuration for CeO. once both Ag and CeO. surfaces coexist in the hybrid is to
nucleate in the CeO. surface rather than extend the coverage of the Ag, which is
slowly dissolving and growing away from the nucleated CeO>, originating a semi-
hollow structure. The resultant hybrids take the morphology of "hollow™
heterodimers, as shown in Figure 4.3. The hollowing process resembles a galvanic
replacement reaction. However, it should not be mistaken for one since CeO:
precipitation causes the environment for Ag dissolution sequentially, rather than a
simultaneous reaction in which CeO: requires the Ag dissolution to precipitate.

A notable feature of the AgCeO- system that differs from the AuCeO> one is the
influence of the reaction time. For the core-shell case, it was stated that CeO> caging
prevents core size to be altered. Nonetheless, for the heterodimer morphology, if the
reaction conditions are kept after the hybrid formation, the system will keep evolving
thanks to the reactivity of Ag around CeO2. Once the hybrids are formed after 2h of
reaction, continuous liberation of Ag* prevents monomer depletion from the solution.
It gives rise to a continuous Ostwald ripening regime, making bigger Ag cores grow
while smaller one's collapse, a consequence of the pseudo-galvanic replacement. The
final size of the hybrids is then time-dependent. After enough reaction time, voids
are formed in the interior of the CeO> aggregate, giving rise to a new morphology of
the hybrid: Empty CeO- cages capped by the Ag core (Figure 4.4, after 6h). To stop
this process, the mixture must be cooled down and cleaned from unreacted precursors
to avoid further evolution. These hybrids are much bigger than the heterodimers or

core-shell nanoflowers, and the solution appears turbid suspension.
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4.2.1.3 AuAgCeO2

In the case of injection of both Ag and Au precursors into the reaction mixture, the
metals come together in an AuAg alloy that forms the core of the hybrid core-shell
nanoflowers. In Figure 4.5 (a), the absorbance spectra following the time evolution
of the AgAuCeO; system and its comparison to AgCeO2 and AuCeO: hybrids are
presented. The alloying of both metals is proven by the joint LSPR peak, which
positions itself between the AgCeO. and AuCeO> ones. Figure 4.5 (b) and (c) show
HAADF-STEM and HRTEM images of the resultant particles conformed by 2.5 nm
CeO- nanocrystals on top of a 5-7 nm AuAg alloy.
a b
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Figure 4.5: (a) UV-vis spectroscopy of AgAuCeO- hybrids synthesized by the one.pot method.
Dotted lines: time evolution of the synthesis. Red: Equivalent syntesis of AuCeO,. Bue: Equivalent
synthesis of AgCeO,. (b) HAADF-STEM imaging of the sample. (c) HRTEM imaging of the sample.

4.2.2 Seeded Growth Approach

The seeded-growth approach consists of the sequential synthesis of the metal core
first and its posterior coating with the CeO: layer. While it increments the complexity
of the overall procedure, it allows for the decoupling of both redox processes, which
translates into an independent control of the size and thickness of the core-shell
hybrid nanocrystal, eventually opening the possibility of different engineering
morphologies. It doesn't come without drawbacks, however. Attaining a controlled
deposition of the CeO> onto the metal surface and avoiding its homonucleation is
one of the main challenges of this approach. To tackle this problem, a strategy to
promote heteronucleation is hampering the hydrolysis rate. Sodium citrate, acting as
a chelate agent for Ce3* ions in solution, slows down the reaction kinetics, playing,
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yet again, a vital role in the synthetic process. By maintaining a high enough (20-40
times the concentration of precursor) amount of citrate on the reaction media,
complex formation constantly occurs, preventing the supersaturation of Ce**,

4.2.2.1 Synthesis of metal seeds

Monodisperse Au NPs and Ag NPs of different sizes ranging from 10 to 100 nm
stabilised in sodium citrate were produced by synthetic methods previously
developed by the group.?>3 These methods are based on reducing the metal
precursor in a boiling citrate solution (for the Ag case, tannic acid is also employed
as a co-reducer). Size control is achieved by sequentially injecting small amounts of
the precursor at a lower temperature, following a seeded-growth strategy. For each
NP "generation” (growth step), a vial of the as-synthesised particles is stored, so at
the end of the process, vials of monodisperse NP of different sizes between a few
nanometres and the final size are obtained. For a more detailed characterisation of
the produced nanoparticles, see sections 9.3.1 and 9.3.2 (Annex D). For the second
stage of the process, the CeO2 shell deposition, metal nanoparticles as synthesised
are employed without further purification.

4.2.2.2 Seeded-growth synthesis of Ag/Au-CeO; hybrid nanostructures

For the CeO. layer deposition onto the metal surface, a specific volume of the
previously made seeds is poured into a preconditioned reaction media (5 mM sodium
citrate), and the pH is adjusted to 8-9. Afterwards, this solution is heated to reflux.
When the temperature reaches 60°C, the Ce precursor is injected, and the mixture is
left under reflux conditions for 2h. For the detailed process, see experimental section.

When Ce®* is injected into the solution, Ce-citrate complexes are immediately
formed. Upon boiling, the ions slowly oxidise through O present in the solution and
hydrolyse, nucleating onto the metal surface. While at high temperatures, the
dissolved O in water is lower than at room temperature, performing the reaction in
an open flask allows the reaction to be carried out. As the reaction proceeds, the
appearance of the solution changes both in colour and intensity as a consequence of
the refractive index affectations to the LSPR absorption. For the case of Au cores,
the colour shift is from wine red to bright purple. For Ag cores, it goes from yellow
to a reddish-orange solution. These changes are easily monitored through the
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respective UV-vis absorption spectra, represented alongside the STEM images of the
manufactured metal@CeO: core-shell hybrid nanocrystals in Figure 4.6 and Table
4.1.

The seeded-growth approach allows for precise and independent tailoring of both
sizes of the core and the thickness of the CeO- layer. The aspect ratio of the LSPR
absorption peak (calculated as extinction intensity/HWMH of the peak) remains
constant as the reaction moves forward, indicating that no change in seed size,
morphology or aggregation state occurs during the process. For different
Metal@CeO> core sizes, different generations of seeds are employed. In detail,
hybrids containing 35 nm (Figure 4.6.a) and 25 nm (Figure 4.6.b) Au seeds and 50
nm Ag seeds (Figure 4.6.c) were obtained. Increased thickness of the CeO: shell
was attained by raising the amount of Ce®* injected per amount of metal seeds
(Figure 4.6.a 111-V). However, exceedingly high Ce** amounts may increase
concentration levels enough for homonucleation, leading to single CeO> NCs rather
than thicker shells. Sequential injections of small amounts of precursor or lower
temperatures are strategies to incorporate to reach thicker shells without self-
nucleation of CeO2 NCs but a certain limit to the maximum thickness still applies.
Similarly to the one-pot case, a low Ce-to-metal ratio results in incomplete clover-
like shells, which present a fraction of accessible metal surface (Figure 4.6.a I1).

Seed (size) LSPR peak Shell size Peak displacement

~5nm 19 nm
8 nm 31 nm

Au (30 nm) 526 nm
11 nm 39 nm
12,5 nm 44 nm
Au (25 nm) 524 nm 8 nm 25 nm
Ag (50 nm) 431 nm 13 nm 56 nm

Table 4.1: Shell thicknes and LSPR position and displacement for the AuCeO, and AgCeO, samples
depicted in Figure 4.6.

Interestingly, the red shift of the LSPR position after the coating is proportional to
the Ce3*:Metal ratio until saturation is reached, as the UV-vis spectra prove (Fig 4.6
A, right). Precise control of the shell thickness is key for the hybrid design, as it
affects the material's applicability. Thinner and less compact shells maximise surface
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towards enhanced catalytic applications, but thicker ones provide protection against
chemical transformations such as dissolution and aggregation, ensuring long-term
stability of the material .3*
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Figure 4.6: (a) Characterization by UV-vis spectroscopy and STEM imaging of 35 nm Au seeds and
four corresponding samples of AuCeO; hybrids of different shell thickness. Colour of the line in the
UV-vis spectra matches the colour of the border for the microscopy image of the sample. (b)
Characterization by UV-vis spectroscopy and STEM imaging of 25 nm core AuCeO- hybrids. (c)
Characterization by U-VVvis spectroscopy and STEM imaging of 50 nm core AgCeO, hybrids. Scale
bars: 100 nm
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A thorough look at the metal-CeO- interface (Figure 4.7) evidences again a VVolmer-
Weber growth mode that lead to high compressive and tensile stress of the material
due to the formation and coalescence of "islands™ of the CeO. on top of the metal.
Nevertheless, the lower curvature of the surface in bigger seeds leads to forming a
more compact layer than in the one-pot case.
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Figure 4.7: HRTEM microscopy of 45 nm core AuCeO; hybrids. Scale bars (i) 100 nm, (ii) 20 nm,
and (iii) 5 nm

4.2.2.3 Effect of reaction parameters over the CeOz growth

To attain a heteronucleation regime free of self-nucleated CeO,, the restraining of
reaction Kkinetics is necessary to favour only the less energetic reaction pathway. For
the CeO2 NC synthesis, oxidation kinetics are controlled by citrate chelation of Ce®*
ions and a sub-stoichiometric amount of base at room temperature. Likewise, for the
hybrid system, the effect of citrate concentration, pH and temperature and precursors
concentration has been evaluated.

Role of citrate as a reducer, pH buffer, stabiliser and, in this context, chelate has been
thoroughly described through the text. Its hold over the reaction kinetics gives the
precursor's reactivity a strong dependence on pH and temperature, which allows for
finer tuning of the AuCeO: hybrids' morphology. It is worth mentioning how, for the
proper development of the reaction, the concentration of citrate in solution needs to
be carefully chosen. Citrate-stabilised metallic NPs used as seeds are very susceptible
to aggregation when subjected to changes in the electrolyte concentration.
Consequently, in both its defect (less than 2 mM) and excess (more than 10 mM),
the seeds will be at risk of aggregation, causing the collapse of the system and the
isolated precipitation of aggregated Au and CeO> NCs.
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It has been brought up several times both within this section and previous ones that
the Ce®" oxidation and hydrolysis is favoured at pH higher than 7.3 It could be
expected that the presence of the metal seeds allows for hydrolysis at lower basicity
conditions due to their catalytic properties. Nonetheless, adjusting the reaction media
to slightly acidic conditions (pH 6) by adding a few drops of HCI, no precipitation
whatsoever of CeO, occurred, neither on the top of the metal seeds nor
independently, and under boiling conditions after some time the metal seeds
aggregate and collapse. Performing the reaction at the pH levels provided by the
citrate-buffered media (pH 7-8) leads to a slow hydrolysis (up to 4h-5h) and a non-
continuous coverage of the metal surface. Saturation of nucleated oxide particles
around the metal seed surface is not attained, and the characteristic "islands™ of the
system's growth mode do not coalesce. As pH was adjusted to the initially proposed
ideal levels (pH 9), the reaction proceeded faster (1h) and colloidally stable
metal@CeO:> core-shell hybrid nanocrystals were obtained. Further increase of pH
(pH > 11) leads to very fast and uncontrolled precipitation of CeO2, both self-
nucleated and on top of the metal surface.
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Figure 4.8: UV-vis spectroscopy (top) and STEM imaging (bottom) of AuCeO hybrids prepared by
the seeded-growth approach at (a) 100°C, (b) 80°C and (c) room temperature. Scale bars: 50 nm
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For the evaluation of the effect of temperature in CeO. growth, the synthesis of
AuCeO> hybrids is carried out at different temperatures and the differences in the
produced CeO: layer are evaluated (Figure 4.8). Besides the expected dependence
of the overall reaction Kkinetics to temperature, this parameter proves to play a key
role in both thermodynamic barriers of nucleation and structure of CeO, domain. At
100°C (Figure 4.8.a), standard reaction conditions, a fast reaction produces a non-
compact shell of high surface exposed per mol of material. At 80°C and mild basicity
conditions (Figure 4.8.b), all the Ce3* takes more time to deposit, but highly uniform
and dense CeO. domains are produced. When performing the reaction at room
temperature and under a slight excess of base (Figure 4.8.c), a thin (2-3 nm), non-
continuous CeO2 monolayer deposits over the Au surface, but neither the growth of
this layer nor the self-nucleation of the remanent Ce®* in solution is observed after
24h. The explanation of these changes is easily described: Once temperature allows
overcoming the energy barrier for nucleation, the CeO. layer grows by the
aggregation of the heteronucleated CeO: particles on top of the previously formed
CeOg surface. As with any other aggregation process, CeO. grows following widely
known aggregation mechanics (see section 1.4.1, from Chapter I). Temperature
promotes faster aggregation kinetics, resulting in higher sticking coefficients that
produce more porous, dendritic structures in comparison to the dense, compact ones
produced by slower aggregation rates.
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Figure 4.9: STEM imaging of (a) AuCeO; heterodimers and (b) CeO; cages synthesized by Ag
sacrificial templating. Scale bars: 200 nm

Morphology of the final hybrid can be tuned exploiting the reactivity dependence on
these parameters: mildly basic pH conditions (pH 7-9) favour the heteronucleation
of CeO: on top of the metal or previously nucleated CeO». Within this range, a higher
basicity (pH 9) leads to faster production of core-shell morphologies for both Au and
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Ag seeds (Figure 4.9). Milder conditions (pH 7 and lower temperatures) open the
possibility of tuning coverage fraction of the metal surface by favouring the
definition of the CeO, domains over their extension along the metal surface. It
translates into different morphologies for the hybrid nanocrystals: For the Au seeds,
allows to the production of heterodimers, where the CeO> domains grow as "petals"
or “clovers” within the structure (Figure 4.9.a). For the Ag seeds, reactivity of this
metal allows for its use as sacrificial template, as the local acidic conditions
originated by the CeO2 nucleation at neutral pH cause the Ag to dissolve as Ag",
creating voids inside the CeO; layer (Figure 4.9.b).

4.2.2.4 Surfactant-mediated synthesis

The use of surfactants is very popular among the nanosynthesis field as colloid
stabilisers, the purpose initially intended for them to fulfil, and as mediators of
nucleation and growth processes since it has been proved that their presence affects
the reaction %37 This kind of molecules hold the capacity to tune surface reactivity
and, therefore, every surface-mediated phenomenon, such as catalytic activity. When
in contact with a colloidal nanocrystal system, surfactants interact by forming a
corona around the solid surface. The density and extension of this corona, for a given
surfactant species, is dependent on its concentration. Moreover, chemical nature of
the surfactant species also determines the hardness of the corona formed.

The way this corona interacts with the growth of a CeO:> layer on top of an Au surface
may provide insights into its own structure. Accessibility of the reaction precursor to
the Au surface and growth direction of the CeO, domain will vary whether it forms
a uniformly distributed layer around the surface, growing in density as concentration
increases or if, on the contrary, its formation is more of a packed molecular domain
growing in extension around the particle surface. The final growth mode will be
evidenced in the layer's morphology after synthesis.

In order to test CeO- capacity to efficiently work as a "negative"” for the surfactant
corona around Au NPs, the growth reaction was performed over 50 nm Au seeds
previously conjugated to increasing amounts of irreversibly bonded surfactant. The
model surfactant chosen was mercaptoundecanoic acid (MUA) for its long chain
length and high affinity of thiol groups to Au surfaces.® The ratio of surfactant-to-
surface was calculated assuming a packing area of 0.22 nm?/molecule for the MUA
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and calculating the available Au surface according to the size and concentration of
the Au NPs.% The experiment was performed for 1:1, 100:1 and 1000:1 surfactant-
to-surface ratios. It is not expected for the surfactant to exclusively deposit on top of
the particle surface, so the first sample, 1:1 surfactant-to-surface ratio is considered
in defect conditions. As expected, while in the absence of MUA a homogeneous
CeO: layer is grown, the formation of separated domains in the form of clover-like
or heterodimer-like structures is observed as MUA concentration is increased
(Figure 4.10, left). The selective deposition of CeO> can be explained by the
formation of MUA domains which protect certain areas of the NP surface. As a
result, the surface available exposed is reduced, thereby generating binary Au-CeO:>
structures (Figure 4.10, middle). Note that if, in subsaturation conditions, MUA was
evenly distributed on the surface, the reaction would take longer and would result in
less dense coronas, but isotropic still. Finally, when the concentration of MUA is the
highest tested, the growth of CeO: is almost suppressed, proving that in saturation
conditions there is no available surface (Figure 4.10, right).
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Figure 4.10: STEM imaging of AuCeO, hybrids synthesized by growing the CeO; layer onto Au
NPs previously conjugated with different amounts of MUA. Surfactant-to-surface ratio from left to
right: 1:1, 100:1 and 1000:1. Scale bars: 500 nm (top) and 100 nm (bottom).

A deeper analysis of the surfactant interaction with the Au surface and its influence
can be found in the publication that, following the theoretical Dissipative Particle
Dynamics (DPD) simulations performed by Suarez-Lopez, arises from this work. In
this paper, where the MUA domain formation is followed, its presence on the Au
surface denies the process of full coating of the Au NP.4°
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4.2.3 Combination of one-pot and seeded-growth approaches: Synthesis of
hybrid trimers

The versatility of both one-pot and seeded growth strategies described here allow to
extensively manipulate the hybrids architecture towards more complex structures by
simple variations of the synthetic procedures. Following the scientific spirit of
stretching as far as possible the possibilities of structural control over a given system,
a last approach is proposed to achieve further levels of complexity on the hybrid's
morphology. The combination of one-pot and seeded-growth strategies is carried out
by introducing metal seeds to the one-pot setup and performing the co-precipitation
of CeO: and the metal in presence of said seeds. The resultant metal-oxide-metal
structures, herein denoted as hybrid trimers, account for a great variety of complex,
colloidally stable structures that are also easily tuned by synthetic parameters such
as pH.

For chemical stability issues with Ag NPs (known templates for Au-Ag galvanic
replacement*, and, as demonstrated previously in this text, reactive in CeO:
environments), in this section Au NPs are chosen as seeds and the co-injection of
both Au and CeO- precursors and Ag and CeO> precursors.

4.2.3.1 Au and CeO; precursor co-injection over Au seeds

At the simultaneous addition of equimolar amounts of HAuCls and CeClz onto a pH-
adjusted citrate solution containing also previously synthesised 50 mM Au NPs, both
precursors heteronucleate on top of the Au seed surface, forming secondary domains.
The kinetics of both reactions is tuned by the solution pH levels. Mild basic
conditions (pH 7.5-8) lead to faster precipitation of the Au, while at more basic
conditions (pH 9), CeO. is the faster to precipitate. It traduces in different
morphologies of the resultant trimers: slower CeO> precipitation at neutral or mildly
basic pH results in thin, elongated semicrystalline Au tails emerging from the Au
NPs and surrounded by the CeO: shell (Figure 4.11.a), structurally similar to a
tadpole, while a faster CeO> precipitation leads to "nanostars™ of thick, short Au
extrusions over the CeO> shell (Figure 4.11.b), as the presence of the shell blocks
the growth of the Au domain. All these structures are susceptible to forming
plasmonic hot-spots due to the spatial confinement of the plasmonic metals.
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Figure 4.11: AuAuCeO; hybrid "trimers" synthesized at (a) pH 7.5 and (b) pH 9. Both characterized
by UV-Vis spectroscopy (left) and HR(S)TEM (right).

4.2.3.2 Ag and CeO: precursor co-injection over Au seeds

The case of AgNOs and CeCls co-precipitation on top of 30 nm Au seeds is very
similar to the previous case. Reactivity is highly dependent on pH, and the final
morphology of the hybrid trimer will depend on this parameter. At pH levels below
7.5 the reaction does not take place, and at pH over 10, kinetics both processes are
completely disconnected from each other: CeO2 grows first on top of the Au surface,
and later Ag nucleates independently.

At slightly basic conditions (pH 7.5-8), the same way as the AuCeO> "nanostars"
from the previous section, Ag is the faster to nucleate in the Au surface, and CeO>
forms the shell afterwards. However, the nucleation of CeO> around the particle
causes the dissolution of the just-nucleated Ag due to its reactivity in this almost
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neutral environment. As result, the morphologies adopted by the trimers are hollow
CeO: tubes between an Au and Ag domain (Figure 4.12.a). Interplanar distances
measured over the marked sections at the bottom of the figure match the (111)
distances of CeO2 (0.31 nm) and Ag (0.24 nm), respectively. If the temperature is
maintained at boiling conditions for too long, Ag and CeO: will continue to evolve
until the Ag completely dissolves and nucleates independently. It is proof of how this
product is not a thermodynamically stable one but rather a consequence of kinetic
control over the process. Higher basicity (pH 9) translates as faster CeO:
precipitation kinetics, that results in the formation of a closed CeO. shell where Ag
heteronucleates (Figure 4.12.b) without entering into contact with the Au surface.

An interesting feature of these structures, where both Ag and Au coexist, is that the
LSPR of both species remains independent, resulting in very broad band absorbing
in almost all the visible range (from 200 to 600 nm), as appears at the UV-vis
absorption spectra of the samples. Due to the surface alloying of Au and Ag, the
original red-shift of the Au LSPR gets hindered, similarly to the AgAuCeO:
structures of Figure 4.5. However, as the CeO: shell grows, the surface of the
original seeds is no longer available, and the nucleating Ag does not enter into direct
contact with it. As a consequence, the LSPR of the Ag particles remains independent.
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Figure 4.12: UV-vis (top) and HR(S)TEM (bottom) characterization of AgAuCeO- hybrid trimers
synthesized at (a) pH 7.5 and (b) pH 9. Diagrams of the trimers are color-coded according to the
domain composition: Yellow for Au, blue for Ag and gray for CeO..
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43 PERSPECTIVES

Besides the possibility of deepening morphology control of the shown hybrids by
themselves, several possible pathways exist to increment the complexity and
functionality of the Metal@CeO: hybrid nanostructures presented in this chapter. A
promising strategy would be to increase the number of components of the
construction, incorporating structural domains providing support and
physicochemical protection for their application in real-life environments.

As a proof-of-concept, AuCeO: hybrids have been synthesised by both strategies
described in this text and then left to be incorporated into different support materials
by other PhD students and other personnel from both our group and adjacent groups.
Below, a small characterisation of the different materials obtained is provided.
Special mention to J. Fonseca for their incorporation onto an UiO-66 MOF structure
(Figure 4.13), J. Oliveras and M. C. Spadaro for the graphene functionalisation and
high-resolution microscopy of AuCeO»-decorated graphene samples (Figure 4.14)
and to O. H. Moriones for the SiO; and polystyrene coating of the material (Figure

4.15).
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Figure 4.14: (A) HAADF-STEM images of the Graphene-AuCeO, sample at different
magnifications. (B) HRTEM image of the sample, FFT and frequency filtered structural map of the
white-marked area. The power spectrum of the white box evidence the graphene flake orientation,
highlighted in the coloured frequency filtered structural map. Different orientations are reported in
different colour (yellow, green and red). Blue areas on the bottom part corresponds to CeO;
frequencies. (C) HAADF-STEM image of the sample and STEM-EELS elemental maps obtained on
the selected area as indicated in the white box. The maps shown in the Spectrum Images have been
obtained by using Au M-edge at 2206 eV (blue) and Ce M-edge at 883 eV (green), as well as
composites of Au-Ce.
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Figure 4.15: Characterization of the sequential coating of Au@CeO- hybrids with SiO, and
polystyrene (PS) via UV-vis spectroscopy and STEM.
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CATALYTIC APPLICATIONS OF CeO,-BASED
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51 INTRODUCTION

Practical applications are one of the pillars of material-related research for the
generation of scientific advances. In this matter, the production of the minimal stable
size for CeO2 NCs and their derivation through doping and hybridization should be
put to the test to consider which practical improvements the synthesised materials
may bring. As described in section 1.5 (Chapter I), the applicability of nanomaterials
revolves mainly around their catalytic properties. This aspect defines the final
purpose of a nanomaterial in different fields such as industrial chemistry, energy
production or biomedicine. Under this premise, this chapter addresses
bibliographically the current state of catalytic applications of CeO.-based materials
and the perspectives brought by this approach towards the optimised formulation of
CeO2 nanomaterials. However, an experimental review of these aspects falls out of
the expertise developed. Instead, a characterization of the developed materials in
terms of reactivity towards different processes, as proof-of-concept of possible
industrial applications that may be developed in further works, is presented.

In the last fifty years, many CeO»-based materials have been developed and tested
for their application in catalysis for different fields. The interest in this material
emerges from its remarkable activity as a redox catalyst, which arises from the
characteristic Oxygen Storage Capacity (OSC) of the material. OSC or “electron
sponge” properties refer to the lability of near-surface lattice oxygen of CeOz, which
allows for the formation of oxygen vacancies within the structure and makes the
material a non-stoichiometric compound (equation 5.1). Oxygen vacancies in the
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surface are bosom for catalyzed redox processes, as they conform an active site
where adsorption can take place, and the absence of oxygen leaves behind a charge
excess (as equation 5.2 evidences) that promotes different reactions in order to regain
charge balance. The location of the two electrons left behind by the formation of
every oxygen vacancy is still a matter of discussion. It has been described in the
literature as a valence switch between 3+/4+ oxidation states in neighbouring atoms
in order to assimilate charge excess, which avoids altering the crystalline structure
(meaning that no surface transformations towards Ce,O3 occur).? Computational
studies, however, have pointed out how the nearest neighbour atoms to the oxygen
vacancy in CeO2 hold a 4+ oxidation state, localising the excess of charge away from
the vacancy.®* This matter is further developed in Chapter VI, where the electronic
structure of the material is discussed. This section is focused on the consequences of
this electronic structure over the surface reactivity of CeO, and its potential catalytic
applications.

Ce0, = Ce0,_, +§ 0, (5.1)

— 1 —
0l2attice - 502 + 2e (5.2)

5.1.1 Nanostructured CeO: in Catalysis

On the matter of catalytic applications, many works review the current and future
operation of CeO»-based materials in different areas within industry and research.>®
While many other materials such as precious metal present stronger activities, the
role of metal oxides as both structural and catalytic supports for metallic NPs
continues to be a topic in the conversation as proves to be a key aspect for
optimization and cost reduction in the field. The most widespread use of CeO: is in
the automotive industry, as part of the TWCs (combined to other catalysts such as
Rh, Pt and Pd) for the treatment of exhaust steams (CO/NOy transformation to CO>
and N2, and the oxidation of unburnt hydrocarbons),” preventing pollutant liberation
to the atmosphere, and as a catalyst for soot combustion in diesel engines. For this
kind of application, the most common formulation is the solid solution of CeO2-ZrO».
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ZrO3 enhances the OSC of the material and plays a role in the prevention of sintering
at high temperatures. Another well-known application of the material is both as a
structural component or catalyst in fuel cells for environmentally friendly energy
generation.®

The current interest in nanocatalytic CeO, research lies mainly in two well-
differentiated branches: processes related to clean energy generation and other
industrial operations, and biological applications. Energy and industry include
different reforming processes, Water-gas shift reaction and photocatalysis, among
others, where nanoscale properties of materials are a feature rather than a
characteristic condition to carefully engineer. For biological applications, on the
other side, colloidal properties play a key role in the material’s functionality and

toxicity. The latter will be reviewed separately due to the vastness of the topic.

Steam reforming (involving the reaction of the chosen hydrocarbon with water) is
the typical industrial route for hydrogen production. Methane, at 900°C, is the most
common hydrocarbon employed. Reforming processes refer to the synthesis gas
(syngas) production from hydrocarbons (equation 5.3). Syngas is the mixture of CO
and H gases in an undetermined ratio. It is employed mainly for the production of
fuels. Methanol and ethanol are also interesting alternatives to methane for
reforming, as they are liquid reagents that are easier and cheaper to manipulate, allow
for the reaction to be performed at lower temperatures (200-300°C) and the still high
hydrogen to carbon ratio ensures a higher energy density than other long-chain
hydrocarbons that share the other two characteristics.® For that, CeO»-ZrO; is again
the most explored system among CeO»-based materials acting as catalysts for these
processes.' Au and other noble metals such as Pd in combination with CeO; are also
emerging as promising catalysts for methanol and ethanol reforming respectively,
mechanistically evidencing the importance of the role of oxygen vacancies on the
overall catalytic process.*1?

C,H,, + nH,0 - nCO + (n+ %)H2 (5.3)

The Water-Gas Shift Reaction (WGSR) between CO and water to produce CO> and
H2 (equation 5.4) is employed to adjust H2/CO ratio on syngas before using it as a
reactant for chemical processes requiring specific concentration conditions, and even
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to purify the H. stream under the adequate setup. There exists a large trace of
different CeO.-based materials within the literature that prove to be active for the
catalysis of the WGSR, especially metal-supported CeO3, both pure, doped, or mixed
with other oxides.™

CO + H,0 - CO, + H, (5.4)

CeO2 has also brought attraction for photocatalytic processes such as the water
splitting reaction as a potential alternative to TiO». It also is a wide bandgap
semiconductor capable of generating charge carriers upon UV light illumination, and
its characteristic oxygen vacancies have been shown to act as electron traps
preventing recombination as well as adsorption sites for catalytic processes.4*°
Nonetheless, global efficiencies of these applications are yet to demonstrate if CeO>
can substitute TiOo.

CeO:- is also widely used as a UV blocker in glass and polymers. Transition metal
doping is reported to be a working strategy towards the enhancement of carrier
mobility,’® and Yb*/Er®* co-doped CeO: nanoparticles show NIR-to-visible
upconversion properties, even if these were not possible to be reproduced within our
CeO2 NC formulation.r”!8 Other catalytic applications of CeOj-based materials
worth mentioning are the oxidation of organic pollutants!® and dehalogenation
(oxidation of HCI) from industrial wastewaters,?° as a catalyst for organic chemistry
reactions,?! and to produce liquid hydrocarbons from syngas and other gas-phase
reagents.??

5.1.2 ROS scavenging properties of CeO>

The most remarkable applicability nanosized CeO> holds probably falls within the
biomedical field, both for diagnosis and disease treatment. The OSC of the material
allows it to work as a radical scavenger for biological systems, exhibiting antioxidant
properties. Free radicals are naturally produced in the form of ROS and RNS
molecules in aerobic metabolic processes. They hold key roles in several biological
processes, but their excess induces oxidative stress, which causes damage to
biomolecules such as DNA or phospholipids and is related to several other
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alterations, including cell death. Among them, ROS are highly related to
inflammation processes, which take part in the majority of pathologies and diseases
affecting our organism.??

There exist several metabolic routes which regulate ROS/RNS concentrations,
governed by different enzymes (SOD, Catalase, glutathione peroxidase, oxidase...)
according to the substrate molecule they act on, as well as endogenous and
exogenous antioxidant molecules that can suppress the free radical presence (see
Chapter | section 1.5.1). In recent years, nanosized CeO: has been thoroughly
reported as a buffer for ROS in the organism, active to excess concentrations but
inactive at functional ROS levels. Another advantage of nanosized CeO: is that it is
able to mimic several enzymatic processes thanks to its selectivity towards unpaired
electrons rather than a specific molecule.?* As with any other enzyme-mimicking
nanomaterial, it is important to mention that CeO2 NCs are not a mere provider of
Ce** ions but an active principle whose properties are held by the solid-state nature
of the material. The catalytic cycle at play, illustrated by equations 5.5 and 5.6, seems
to enter action only under enough concentration of the radical molecule, allowing
space for the biological functions of these species to be fulfilled and acting only in
their excess.?®

Ce0, + xOH — Ce0,_, + 202 +H* (5.5)

CeO,_,+ xOH — CeO0O,+ OH™ (5.6)

Upon its success as a radical scavenger, nano-formulated CeO- can be enabled as an
antioxidant substance surpassing the limitations of previous antioxidant therapies,
whose high uncontrolled reactivities and limited absorption profiles affect their final
performance.? CeO; has been studied for its potential effect against oxidative stress
on related pathologies such as chronic inflammation?’, ischemia,?®
neurodegenerative disorders (Parkinson’s and Alzheimer’s diseases or ageing, for
example, are associated with a higher uptake of O2 of the nervous system, which
make it more susceptible to oxidative stress),?® diabetes,*® cancer (as evidenced by
the Warburg effect),31:32 etc... It also holds beneficial properties for regenerative
medicine, as one of the biggest challenges nowadays on the field is to overcome
inflammation.3
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One of the main concerns about CeO> formulation towards the biomedical field is its
biocompatibility. The low biodegradability causes it to accumulate in the liver and
spleen on the organisms, and the long-term effects of the accumulation are not yet
clear.3* It has been tested both in vitro and in vivo, and while there are still gaps to
fill on the topic of the safety of inorganic nanomaterials, CeO, does not seem to
present high risks to the organism by itself. In fact, observed toxicity may arise from
size, shape, excipients and other intermediate species present on the nanoparticle
formulation, and aggregation profile of the nanocrystals, usually caused by the
uncontrolled dispersion into highly saline biological media.®>® Therefore, well-
described CeO. NCs of small and monodisperse size distribution dispersed in
biological media should not raise concerns about its safety under the adequate dose
and proper handling of the colloids.*’

Radical scavenging properties also serve as tool for diagnosis through biosensing
applications. CeO> acts as a free radical probe for colourimetric immunoassays by
oxidising an organic reporter molecule in the presence of H>O-, replacing antibodies
and natural enzymes in ELISAs. For this application, the stability of the inorganic
nanocrystal presents as an advantage, as enzymes may undergo denaturalisation and
deactivation. It can also be used as the colourimetric reporter itself since the colour
of the CeO> NC dispersion changes as catalytic activity increases the number of
oxygen vacancies.®® A CeO-based device has been reported to detect chronic
inflammation, distinguishing between normal and altered physiological levels of
ROS and pH, based on the enzyme-mimetic properties of CeO, and their pH
dependence.*?

Besides the radical scavenging, nanosized CeO: also shows other enzyme-mimetic
catalytic properties,** like DNA photolyase-mimetic activity, which is not present on
the human organism.*? The ability to repair damage caused by UV radiation in DNA,
coupled with the radical scavenging properties and the UV shielding properties from
its extinction profile, may come as a significant advance in regenerative medicine,
especially in dermatology, for preventing skin diseases associated to exposure to
radiation.*?
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5.2 RESULTS

The proper evaluation of the catalytic properties of the synthesised materials would
require a degree of dedication and expertise on the matter worth another completely
different PhD dissertation. In order to take the characterization of the different CeO-
based materials one step further, however, a series of tests to serve as proof-of-
concept for surface reactivity in several model reactions have been performed.
Within the group’s expertise, the main function studied of CeO»-based materials is
ROS scavenging. However, through collaborations with experts from different
research areas the study of applicability alternatives beyond the biomedical field has
been assesed. These tests have served not only to stablish a comparison between the
different synthesized materials but also to understand the perspective and necessities
of the different fields of application of the materials, gaining valuable insight about
the importance of taking into account the final target of a material at the design stage,
as the material’s formulation beyond its physicochemical characterization can render

useless the most advanced material.

In the following, a brief description of the use of nanostructured CeO. for carbon
reduction, and its application to buffer ROS in biological context is described.

5.2.1 CO2 Reduction

The chosen reaction for the evaluation of the reactivity of the synthesised
nanomaterials is the reduction of CO> to other molecules of interest such as methanol
(MeOH, CH30H) (equation 5.7). Hydrogenation of CO- is an interesting approach
for recycling a major air pollutant, and methanol is a common industrial substance
employed both as fuel and in the production of other chemicals, which makes it a
desirable product. The reaction, however, is described in the literature as a
challenging process due to the difficulties for the activation of the CO2 molecule and
the possibility of side reactions lowering the reaction yield.*

CO, + Hy - CO + H,0 AHy « = 42.1 k] /mol (5.9)
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Acording to the literature, reverse WGSR (eq. 5.9) can take place at high
temperatures and produce CO and excess water that may tamper with the catalyst
activity. To avoid it favouring methanol production (eg. 5.7), lower temperatures and
higher pressures, according to Le Chatelier’s principle, should displace the
equilibrium between both chemical processes towards the production of methanol.*
The main competition, however, is established between methanol production and
methanation (eq. 5.8), as both are exothermic processes. In order to attain high
selectivity, an adequate catalyst able to activate the CO2, molecule at low temperature,
breaking only one of the C-O bonds, should be employed. For that, conventional
catalysts are dispersed metals in oxides, being the most commonly employed
combinations of Cu/ZnO/Al>Os. Oxides prove to facilitate CO; activation, and the
metal cores the H>. It has been proposed that high defect density in oxides enhances
the surface chemistry towards CO activation, so CeO is a potentially good
candidate for the substitution of ZnO. Au-CeO, systems can be found in the
literature, studied in the context of this reaction, proving how important is the
presence of a metal-oxide interface for the CO> transformation into methanol.*¢

The proof-of-concept of the reactivity for the different CeO,-based NC in this context
was assessed for the described reaction, and the preliminary results obtained are
summarised here. The synthesized nanomaterials were dryed and milled by hand to
obtain fine powders which were exposed in a reaction chamber to a gas flow
composed by the reactants of equations 5.7 to 5.9 at different temperatures. The
output stream was collected and its composition analysed by gas chromatography in
order to determine if any chemical transformation takes place in the presence of the
tested CeO»-based nanomaterial.

The flow rate was adjusted to a 10 mL/min flow rate at temperatures ranging from
180°C to 300°C. The tests have been performed at a moderate pressure of 10 bar and,
for some cases, also at 15 bar in order to test the impact of the parameter. Samples
tested came from colloidal NCs previously synthesised and dried at 60°C overnight:
CeO2 NCs, Au NCs, AuCeO2 NCs (synthesised by the One-pot method at a 1:3
precursors ratio) and CeO2:YDb, Er of different doping concentrations. Further
technical details may be checked in section 7.5.1 of chapter VII. Evaluated
parameters to determine whether if a chemical reaction had taken place or not in the
reactor were: space-time yield (STY), understood as the mass of MeOH produced
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per mass of nanomaterialt and time (units mg/g-h), and selectivity (%) between the
three possible products described in egs. 5.7-5.9. While being a parameter of interest,
experimental setup did not allow for the correct assessment of the reagent conversion
as no in situ measurement of the composition of the entrance stream could be

performed.
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Figure 5.1: STY(left) and selectivity (right) values at different temperatures for the reactivity tests
towards CO- hydrogenation in the presence of (a) CeO, NCs and Au NCs, (b) AuCeO, NCs and (c)
CeO2:Er (5%) NCs.
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Space-time yields at different temperatures for the tested nanomaterials are plotted
in Figure 5.1(left). Some kind of activity is recorded for the CeO> and the AuCeO>
NC samples. In the presence of the doped CeO. NC samples and the Au NC control,
on the other hand, does not seem to occur any chemical process, as the low and
constant values of STY at different temperatures evidence. Interestingly, for the
AuCeO2 NCs, STY at 10 bar reaches a value of 21.6 mgmeon.gear 2.h™t at 300°C, while
CeO2 NCs reaches 4,3 mgmeon.gear *.h™t and Au NPs 1.4 mgmeon.gear -t at the same
temperature: further proof of the synergistic effects emerging from the integration of
both components on a single structure, as the measured values surpass the ones
resulting from the sum of the individual components. For CeO, NCs, STY increases
with pressure, while for the rest of the materials works the other way around. At 15
bar, however, STY for CeO2 and AuCeO: is very similar (14.8 and 15.8 mgmeoH.Jcat
L hi, respectively). These results appear to be very promising when compared to STY
of other nanomaterials made of Cu and ZnO, the typical composition of commercial
catalysts for this reaction, which are reported to reach values around 50 mgmeoH.gcat
Lhtin the same conditions.*” However, it is important to remark that these are
preliminary tests and the obtained results come form an experimental design thought
as proof-of-concept. There are still many variabilities to take into account in order to
describe these materials as catalyst of any kind. Lanthanide-doped CeO2 NCs did not
generate STY of any significance no matter dopant concentration or temperature,
evidencing a disruption of the intrinsic properties of pure CeOo.

While values of STY seem to be somehow noteworthy, the composition of the output
stream of the reactor evidences poor selectivity when STY increases (Figure 5.1,
right). It should not be assumed however that no other species are formed: the
formation of formic acid, formaldehyde and other intermediates has not been
evaluated. Higher temperatures favour the production of carbon monoxide, as
predicted through Le Chatelier’s principle. It is, however, a drawback the high
fraction of methane produced in the presence of both CeO, and AuCeO, NCs at
temperatures over 220°C. While it implies an evident deviation from the standard
selectivity requirements, it leaves room for improvement upon the optimization of
the formulation of the nanomaterials, as these are still preliminary results. The
differences on the catalytic behaviour of the nanomaterials towards the same
chemical process are consequence of their different structures. It is evidenced the
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potential of hybrid nanostructures as catalytic tools in comparision to their pure
counterparts, consequence of the intimate contact between both components.

It is worth noting that, for this kind of application, the nanomaterial needs to be
formulated as a solid powder rather than a colloidal dispersion. In this regard, sample
preparation requires purification and drying processes that may cause sintering and
other phenomena that ultimately translate into the loss of active surface. In this case,
we cannot ensure the degree of impact of this parameter in the final catalytic activity
measured, as the catalysts design was originally optimised towards colloidal
applications. Even so, in order to ensure maximum dispersion of the nanocrystals, a
third, structural component, the MOF scaffold, is being introduced in the system:
Following the fashion of a previous collaboration work from the group,* CeO, NCs,
Au NCs, and AuCeO, NCs have been encapsulated into the Metal-Organic
Framework (MOF) UiO-66 (See section 4.3 in chapter V). They will be tested in
the same conditions as the naked NCs, in order to assess the performance of the NCs
in terms of yields and selectivity, attempting to optimize the material for the
application at hand from the perspective of the interaction with the supporting
component. As previously mentioned, the presented tests are preliminary results, part
of a bigger experimental set aimed towards the design of advanced functional
materials.

5.2.2 Radical scavenging activity

A common molecule employed as a ROS model is hydrogen peroxide (H202). The
pathway towards its degradation goes by the split of the O-O bond, which generates
the hydroxyl radical species OH’, and finally, molecular oxygen and protons,
lowering the pH of the media (Figure 5.2, illustrated also by egs. 5.5 and 5.6).%° This
reaction can be catalytically enhanced by heterogeneous catalysts such as CeO> or
by trace metal ions in solution (Fenton-like reactions). Short lifetimes of free radicals
make their detection difficult. For that reason, most quantification assays explored
are indirect methods based on the chemical derivatisation using a probe molecule
such as Amplex Red,®® Terephthalic acid,®* or 3,3',5,5-Tetramethylbenzidine
(TMB),>? which are peroxidase substrates whose production can be followed by
spectroscopic techniques. The risk that such strategies involve are that the system
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may see itself perturbed by the chemical derivation, resulting in the alteration of
kinetics of both production and degradation of free radicals.>®

Three different sets of experiments have been performed to test the enzyme-mimetic
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Figure 5.2: Model for the reaction mechanism of the catalytic oxidation of hydrogen peroxide on
an oxygen vacancy-rich CeO; surface. Reproduced from ref. 49

activity of the CeO»-based nanomaterials synthesised in previous chapters. The first
aims to study the effect of the catalytic activity from the catalyst perspective through
the direct degradation of H>O: in the presence of the nanocrystals, a case of catalase-
mimetic activity that is complemented by the characterisation of the CeO2 NCs from
Chapter VI section 6.2.2.2. The second consisted in a standardized assay to determine
the catalytic activity of the nanocrystals as peroxidase-like “nanozymes” (enzyme-
mimicking nanocrystals) in order to easily compare catalytic properties between the
different synthesised materials and relate them to other known enzyme-mimicking
nanocrystals. Since CeO- is a semiconductor, it could be thought that it could act as
photocatalyst for the peroxide degradation rather than having intrinsic enzyme-
mimetic activity. Previous work from our group indicate that pure CeO, NCs
efficiency as photocatalyst is quite poor,>* however, to avoid any possible
interference, the experiments corresponding to this section were carried out in the
dark. Finally, for the third part, the in-vitro testing of nanomaterials toxicity and their
radical scavenging properties has been assessed in cell cultures. Samples chosen
were pure CeO2 NCs of 2.5 nm, Yb- and Er-doped CeO, NCs of 2.5 nm (doping
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concentration of 20% Yb3* and 5% Er®* respectively) and AuCeO, NCs of 12 nm
synthesised by the One-Pot method of a 1:3 molar ratio of each component.

5.2.2.1 Effect of catalase-mimetic activity on CeO,-based NCs

When injecting a certain amount of H20. solution onto the dispersed CeO2 NCs, the
colour of the solution visibly changes from pale yellow to intense orange and
bubbling of O can be observed. After enough time, the bubbling stops and the colour
of the mixture slowly returns to its original state (Figure 5.3). Following eqg. 5.5, the
bubbling of O is accompanied by a decrease in pH, and the regeneration of the
catalyst is linked to the production of OH". The colour change indicates changes in
the extinction of the material. These changes have been monitored by UV-vis
spectroscopy and continuous pH measurements for a period of 4 days in equimolar
mixtures of CeO, and H2O> (0.5 mM) in a solution of 2.2 mM sodium citrate for the
three CeO2-based nanomaterials sampled.

Figure 5.3: Pictographic description of the effect of H,O, over CeO, NCs

Changes in the extinction profile of the CeO:-based nanomaterials and the
consequent bandgap variation upon H202 exposure are plotted in Figure 5.4. It can
be observed that the peak broadens, decreasing the slope of the peak and increasing
the total area under the curve on the visible region (>400 nm). After reaching the
maximum shift, at different rates depending on the sample, the spectrum comes back
to the original state, as if it were a “swing”. The solution’s appearance to the eye
changes in a similar fashion as CeO> NC samples before the ageing process shown
in Chapter Il section 2.2.4.
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Figure 5.4: UVvis spectra (left) and respective Tauc plots for bandgap determination (right) of the
monitorization of H,O; exposition to (a) CeO, NCs, (b) CeO.:Yb,Er (20%, 5%) NCs and (c) AuCeO,
NCs.

From the variations on Tauc plots (Figure 5.4, right column) and Urbach Energy
calculated (Annex E, Figure 9.8), this effect is associated with a high increase in
oxygen vacancy defects on the NC surface, which are believed to be active sites in
the catalytic process. Now, from a comparative point of view, two main differences
over the extinction changes can be pointed out among the different CeO»-based
nanomaterials tested: The intensity and kinetics of the process. For the CeO2 NCs, it
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can be observed that the maximum intensity of the “swing” (0.26 eV difference on
the calculated bandgap by Tauc plot) is achieved in less than 10 minutes, lasts around
1.5h, and it is almost back to the original state after 24h. However, it takes five days
for the complete restoration. For the doped CeO. NCs, the intensity of the swing at
its maximum is not as pronounced (0.20 eV bandgap decrease), and it takes more

than 30 mins to reach it, lasts around 5h after the exposition and after 5 days is not
yet fully recovered to the original state.
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Figure 5.5: Recorded pH variation during the H,O; exposure to different CeO-based NCs.

Its easily deduced that lanthanide-doped CeO2 NCs hold less OSC than pure CeO:
NCs, so the swing is less intense and it takes more time to complete the catalytic
cycle. For the case of AuCeO2 NCs, the presence of the LSPR on the spectra partially
masks the swing on the CeO- peak, but for comparison purposes, the Tauc plot has
been calculated using only the region where Au absorption is constant. Absolute
values, however, are not to be taken as a reference. While changes are almost
imperceptible and observable “swing” is less than 0.1 eV, it takes only 20s to reach
it and lasts only 15 minutes, completing the regeneration to the original state in less
than 48h. The fast kinetics of the cycle indicate that the small swing intensity is not
linked to a lower OSC of the material compared to the naked CeO> NCs, but to a
higher catalytic capacity which has not been saturated by the chosen CeO-to-H20-
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ratio. For the three different CeO.-based nanomaterials, the pH variation during the
H>O, exposure has also been monitored and plotted (Figure 5.5). Table 5.1
summarises the main features recorded in both UV-vis spectra and pH monitorisation
of the samples. Coherently, a decrease in pH is observed as the catalytic degradation
of peroxide to O, takes place. Even though a small pH rise after reaching the
minimum value is recorded, the return to the original pH level is not attained. It could
most probably be explained by the partial neutralisation of the excess sodium citrate
present in the solution acting as a buffer.

CeO; CeO2:YDb, Er AuCeO;
ApH 1,04 1,17 0,81
Time for ApH 2h 3-4h 4h-5h
AEq 0,26 eV 0,20 eV 0,11 eV
Time for AEq 1,5h 4h 15 min
Recovery time 4 days >4 days <48h

Table 5.1: Main features recorded of the effect of H.O, exposure for CeO,-based NCs.

5.2.2.2 Determination of the Enzymatic Activity of CeO2-based NCs

Many inorganic materials have been reported to hold enzyme-mimetic catalytic
activity since the emerging of this research field.>> Due to the versatility of their
operation, which is presented as an advantage against their biological counterparts,
the accurate description of their catalytic properties becomes a challenge. Their
catalytic activity is highly dependent on the physicochemical properties of the
material: size, morphology, composition, surface chemistry, aggregation state... In
contrast, enzymes work on a very limited range and under very specific conditions.
To avoid providing misleading information when describing the catalytic profile of
a material, the complete physicochemical characterisation should always be detailed.
Parameters employed to describe the catalytic properties of enzyme-mimicking
nanocrystals are the specific activity and kinetics for a given enzyme-catalyzed
reaction. The activity of a catalyst refers to the amount of substrate molecules
transformed per unit of time, which is dependent on the catalyst concentration.
Specific activity is a constant describing the activity per amount of catalyst for a
given amount of substrate and temperature. The Kinetics of the enzymatic process
are typically described in terms of Michaelis-Menten curves. The catalytical
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properties of the synthesised CeO»-based materials in a biological context were
characterised by the determination of their specific activity as peroxidase-like
enzyme-mimicking nanocrystals. In the present study, a colourimetric assay for the
determination of the peroxidase-mimetic activity through the oxidation of TMB,
standardised by Jiang et al.,>® was performed for the three nanomaterials also tested
in the previous section (CeO2 NCs, AuCeO2 NCs and CeO>:Yb, Er NCs) and Au NPs
of 10 nm, as a control for the hybrids’ activity.
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Figure 5.6: Reaction-time curves for the catalytic oxidation of TMB with H,O, using increasing
amounts of (I) CeO2 NCs, (1) CeO2:Yb,Er NCs, (I11) AuCeO, NCs and (IV) Au NCs. Insets: Linear
adjust for the initial rate of the reaction, zooming from the yellow area of each graph.

The assay consists of the catalytic oxidation of a common peroxidase substrate,
TMB, in the presence of H>O>. It leads to the degradation of the substrate into
coloured species whose production can be easily followed through UV-vis
spectroscopy. It is important to note that, in order to adapt the assay to measurable
kinetics for the nanomaterial tested, several experimental conditions were modified
from the standard protocol: it was carried out at room temperature rather than 37°C,
the employed substrate amount was 0.2 mg rather than 1 mg, and the concentration
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of H20. was 0.15 M rather than 1 M. Consequentially, since catalytic activity is
dependent on both substrate and nanocrystal concentration and temperature, final
values of specific activity measured will be lower than those of the standard protocol.
Also, since both H.O and TMB are susceptible of degradation under light exposure,
the experiments were carried out in the dark to prevent any interference from external
factors. The correspondent controls in the absence of nanocrystals and in the absence
of H>O> have been also carried out and can be found in section 9.4.2 (Annex E).

The time evolution of the UV-vis spectra for the catalytic degradation of 0.2 mg of
TMB in 150 mM of H20. using from 0 to 20 mg of each nanocrystal mentioned
above was recorded and plotted. It can be found in section 9.4.2 (Annex E). The
reaction-time curves for each nanocrystal amount are plotted in Figure 5.6. Activity
(A, measured in pmol of TMB reacted per minute) for each quantity of catalyst is
calculated through equation 5.10, where V is the total reaction volume, ¢; the
extinction coefficient for TMB at the wavelength of interest, which in our case is
ees2nm= 39.103M-icm and | path length of the cuvette. The term 0A4bs/0t corresponds
to the absorbance variation rate that, for simplification, is calculated as the slope of
the linear region of the plot, the initial rate (Figure 5.6 insets).

V (0Abs
‘Q( at) (5.10)

A
SA=2 (5.11)

Specific activity (SA, expressed in units, U, per mass of catalyst, eq. 5.11) is
extracted as the slope of the linear regression of activity vs nanocrystal mass curve
(Figure 5.7). The calculated specific activity at room temperature and for 0.2 mg of
substrate for the CeO> NCs is 1.60 U/mg. Considering that, for assays at 37°C, the
literature values for other enzyme-mimicking nanocrystals are in the same order of
magnitude, CeO, demonstrates great potential as radical scavenger.>® For doped
Ce02:YDb, Er NCs the calculated specific activity was 0.56 U/mg and for Au NCs,
0.3 U/mg, which are very low values. For the case of the AuCeO2> NCs, as can be
observed on the Mass-Activity plot, the evolution is not linear, reaching an activity
as high as 2.5 pmol/min at 20 pg of sample. This lack of linearity indicates that the
kinetics of the catalysis are very fast and for the highest mass of catalyst used the
amount of substrate is not enough to reach saturation. For comparative purposes, the
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specific activity was calculated through a partial fit that did not take into account the
highest point, obtaining a value of 59.5 U/mg for the AuCeO> NCs. While it is not a
correct value, strictly speaking, it is already 40 times higher than plain CeO: alone,
and, from the lack of saturation in the measured conditions, we can estimate it to be

even higher.
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Figure 5.7: (a) Activity vs mass plot for all nanocrystals tested and linear fit for specific activity
determination. (b) Zoom of the green area marked on the Activity vs mass (c) Calculated values of
specific activity for all the samples.

5.2.2.3 In-vitro testing of ROS scavenging properties

The last part of the characterisation of the enzyme-mimetic activity of the different
CeO»-based nanocrystals consisted in determining the in-vitro toxicity of the
nanomaterials and their prophylactic effect towards oxidative stress at a cell culture
level. Three nanocrystal samples: CeO2, CeO2:Yb, Er (20%, 5%) and AuCeO, were
purified and filtered to prevent contamination and homogenised at the same
concentration of CeO,. Later they were conjugated with Bovine Serum Albumin
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(BSA) in 10 mM Phosphate Buffer (PB) to prevent alterations to their aggregation
state due to exposure to cell culture media, which contains high concentrations of
salt.>” The experiments were carried out using a HEK-293 cell culture, and viability
was measured through the PrestoBlue assay.
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Figure 5.8: Viability in terms of % of a HEK-293 culture exposed to 100 ug/mL of the three CeO.-
based NCs studied and the BSA control.

For a first assessment of the toxicity of the nanomaterials, the chosen cell line is
exposed to 100 pg/mL of BSA-conjugated CeO,-based NCs (Figure 5.8). After 24h,
it is observed that exposed cells show notably high viability values, around 100-
120% when normalised to the non-exposed control cells, more notable for the case
of pure CeO2 NCs. It would indicate that CeO.-based nanomaterials tested did not
cause any cytotoxicity. These are, however, sligthly higher viability values than
expected, specially after the BSA control evidenced a small percentage of
citotoxycity (viability of 86.5%), most probably caused by the partial substitution of
DMEM by the BSA solution in the cell culture. The principle of the Prestoblue
viability assay is based on the reduction of resazurin into a fluorescent salt by living
cells. Microbial contamination or optical interference of the NCs could explain high
values, but both causes were discarded with the respective controls. Thus, it could be
explained by changes in the metabolism rate of the cells upon exposure to the NCs
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as Ce0s». Yet, since the origin of this effect falls out of the scope of this work, no
further experiment has been proposed to understand it, and the tested NCs were
regarded as safe. Nonetheless, to avoid misleading readings on the second part of the
experiment, regarding the prophylactic effect of the nanocrystals against H>O>
exposure, the normalisation for the second part was performed considering the
Nanocrystal-exposed cells for the 100% value rather than the cells alone suspended
in DMEM.

In order to assess the prophylactic effect of the NCs as antioxidant agents, the
calibration of the ideal H2O> concentration for the experiment was performed by
testing the toxic effect of different peroxide concentrations on the cells. The objective
was to find a concentration range in which the survival rate is as low as possible
without reaching 0% to allow space for regeneration but maximising the effect of the
CeO:.. For this, different concentrations of H.O», ranging from 0.05 mM to 0.5 mM,
were tested in the HEK-293 line, measuring the viability at 24h through the
Prestoblue assay. Results are summarised in Table 5.2. The highest concentration
tested proved to be too much excess of peroxide, and even the Prestoblue reagent
was affected by it 24h after, leading to negative values of calculated viability. The
middle and lower amounts (0.2 mM and 0.05 mM) proved to be more adequate,
inducing high levels of oxidative stress on the cells that led to the death of most of
them but allowing for the surviving ones to keep growing.

[H207] Viability SD
0,05 mM 2.84 % 1.35%
0,2 mM 0.27 % 0.75%
0,5 mM <0.1 % 2.1%

Table 5.2: Viability results for the exposure of increasing concentrations of H,O, to a HEK-293 cell
line.

The radical scavenging properties of the synthesised NCs were tested on HEK-293
cells. For this, cells were first preincubated for 24h with different doses of BSA-
conjugated NCs (from 0 to 100 pg/mL of CeO2) and then exposed to the chosen
concentrations of H>O, (0.05 and 0.2 mM). Since the presence of the nanocrystals
on the culture wells has proved to alter positively culture growth in the previous
experiment, cells exposed to the highest dose of NCs were used as reference control
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for viability, as previously stated. In this way, the apparent alterations that this effect
may have risen in the final determination of cell viability would be minimised. Cell
viability was measured through the Prestoblue assay at 24h after peroxide exposition.

ROS scavenging properties of CeO,-based nanomaterials in biological environments
are confirmed by the in vitro assay. Figure 5.9.a shows the response of the maximum
dose of each nanocrystal sample to the exposure to two different H>O2 concentrations
previously tested: 0.2 mM and 0.05 mM. As expected, for a lower amount of
peroxide, the prophylactic effect of CeO> is more notable. Still, in both cases, the
viability increased in the presence of the nanocrystals in comparison to their absence.
Furthermore, the effect of increasing doses of CeO. for the different nanocrystals
was tested and plotted in Figure 5.9.b-d. Increased protection against the effect of
oxidative stress is observed as the dose of CeO> increases, as expected based on the
previous results presented, even if minor deviations appear. The tendency among the
different materials is the same as in the previous tests: AuCeO (Figure 5.9.c)
performs slightly better than pure CeO: (Figure 5.9.b), and, while lanthanide-doped
CeO2 NCs (Figure 5.9.d) do not show toxicity themselves, the catalytic properties
are not comparable to the other two materials. Another feature to take into account
is whether the particles have been internalised inside the cells or remain free on the
culture media, in order to determine if the cell is exposed to oxidative stress or not
before CeO: acts. The degree of internalisation of de NCs in the cells as a function
of preincubation time would be an interesting trial to carry out. It may lead to a better
understanding of the role of the material in the evolution of free radicals. However,
for the objective of this experiment, where the scavenging takes place does not affect
the result.
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Figure 5.9: Viability in terms of % of a HEK-293 cell culture preincubated with CeO-based NCs
24h after exposition to H.O,. Evaluating (a) different concentrations of H.O, for a given dose of the
three CeO,-based NCs studied and different doses of CeO, for a given H,O concentration in the
case of (b) CeO2 NCs, (c) AuCeO, NCs and (d) CeO2:Yb, Er NCs.
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5.3 PERSPECTIVES

Regarding the CO> reduction reaction, as previously mentioned, there is room for
improvement. The results of the performed tests as they fail to reach the requeriments
to consider the materials as suitable catalysts. First, the formulation of NCs as a dry
powder provokes the loss of both active surface and nanoscale traits of CeO- through
aggregation and sintering of the nanocrystals. The strategy to avoid it is to ensure
that the NCs remain dispersed after the drying through the encapsulation of these
into the Ui0-66 MOF structure, as mentioned before. While it entails a small loss of
active surface of CeO> to the MOF, it is expected to be significantly lower than the
uncontrolled aggregation of the NCs. If this approach does not result fruitful, and
yields, selectivities and other aspects not considered (such as reusability or
conversion) are not improved, the target product should be reevaluated, and a more
suited reaction should be tested. While this exercise is proof of activity for reduction
reactions, CeO: is typically employed for oxidation reactions due to its OSC.

In the case of the radical scavenging activity, the results are very promising. A deeper
look at the catalytic capacity of AuCeO- hybrids as a function of shape, size, Au/Ce
ratio, and other parameters controlled in the correspondent synthesis chapter could
provide the necessary data for establishing the structure-activity relationships on this
hybrid material. Besides this possibility, it would be interesting to go beyond the
scope of the assay presented here by arranging a proper experiment to determine the
amount of NCs internalised by the cells in the in vitro assays. The effect of the
particles on metabolism should also be studied, and also cell viability should be
evaluated using different methods for its determination, such as the LDH test, based
on membrane integrity or cellular count, by colourimetric methods or flow
cytometry. Also, tracking the subcellular localisation of the NCs would provide the
necessary insights to describe the mechanism of action the NCs take on the organism.
In this way, a proper description of the enzyme-mimicking catalytic activity of the
nanocrystals could be provided.

Finally, two different fields of application have been tested, but there is still a wide
range of potential applications worth examining. As was observed in the catalytic
tests, Yb- and Er-doped CeO, samples do not perform adequately for reactions
involving the OSC properties of the material. It can be interesting to find a field
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where the catalytic activity of the material is enhanced by lanthanide doping in order
to ensure the functionality of these materials. It has been mentioned several times
within this thesis work how CeO,, being a semiconductor, may perform
photocatalytic reactions such as water splitting or pollutant degradations. While the
characteristic electronic structure of pure CeO. may not be the most suitable for an
efficient photocatalytic process, the case of lanthanide-doped CeO2 NCs may
overcome this problem.
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CHAPTER VI

ELECTRONIC STRUCTURE OF NANOSTRUCTURED CeQO3:
ORIGIN OF THE CATALYTIC PROPERTIES OF THE
MATERIAL

6.1 INTRODUCTION

Regarding CeO> NCs and derived nanomaterials applicability, the conversation
always revolves around the catalytic properties of the material. While a specific
review of this topic is due in Chapter V, it is important to note that the characteristic
that makes CeO: interesting is what the literature describes as the ability to switch
between 3+/4+ oxidation states. This ability, also known as “electron sponge”
properties, turns the material into an oxygen buffer for redox properties. This
“switch” balances charge excess from the loss of superficial oxygen during the
catalytic cycle avoiding any change in the crystal structure. This feature finds its
origin in the singular electronic structure of the material and will be further described
within this chapter.

In order to understand the mechanistic aspects of the catalytic processes from the
catalyst perspective; determine the differences between nano-sized and bulk CeOg,
correlating the catalytic properties to size and defect density; identify the features of
the synthesised CeO> NCs and derived, as well as be able to predict the nature of
their catalytic properties, the characterisation of the Ce 3d orbital by XPS and the L3
(2p—>5d) spectral line by XANES (X-Ray Absorption Near-Edge Structure) has been
performed. Even if the difference between Ce®'/Ce** states occurs within the 4f
orbital, its occupancy affects the rest of the electronic structure, so both techniques
should be able to discern between the different configurations of Ce atoms within the
solid.
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Since the analysis and interpretation of the recorded data pertain a higher degree of
complexity than other characterisation techniques, these measurements are grouped
together in a single chapter rather than atomised within the several characterisation
sections of this work. Also, the comparison between measurements is key for
understanding the system's properties. A brief description of each technigue and
state-of-the-art in the matter of CeO: is provided as introduction.

6.1.1 X-Ray Photoelectron Spectroscopy (XPS) of Ce 3d

XPS is a technique employed for surface chemical analysis. It is based on the
photoelectric effect, which involves the emission of electrons from internal shells
upon illumination under soft X-ray photons (1-2 keV) at ultrahigh vacuum
conditions. Measuring the kinetic energy of emitted electrons allows to the
calculation of the binding energy for their specific core level, thus identifying the
chemical species. Binding energies are very sensitive to the chemical environment,
making XPS one of the most interesting tools for structural characterization of
nanomaterials and bulk materials' outer layers (5-10 nm). The ultrahigh vacuum
conditions, x-ray bombing and charging effects, however, cause surface
transformations that lead to variations within the fine structure of the recorded
spectra, and must be considered for their correct interpretation. The topic of Ce ([Xe]
4f 1 5d 1 6s?) is a complex case for XPS to resolve. The electronic structure of the
stable compounds it forms is subjected to heavy discussion and pertains to such a
level of specialisation on the field that one would not expect to resolve it in a work
which only approaches the topic tangentially. In order to be able to understand and
compare spectra from the different materials, however, a brief explanation of the
appearance of the Ce 3d line in XPS is due.

The resolution of the Ce spectra involves a series of discussions that can be grouped
into two main issues. It was already mentioned that the two stable oxidation states
for this atom are Ce** ([Xe] 4f %), in the oxide form CeO,, and Ce®* ([Xe] 4f 1) in the
sesquioxide form Ce203 (or as salt species of any of the two cations). The first issue
Is the complex structure of the Ce 3d spectra, showing an unusually high number of
bands due to the partial f character of O 2p Valence Band orbitals. This interaction
is a consequence of the partial hybridization of the mentioned O 2p molecular
orbitals with empty Ce 4f orbitals. This effect is maximised under X-ray illumination,
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as core holes in 3d orbitals rearrange the valence electrons, pulling 4f orbitals below
the Fermi level and decreasing the energy barrier for hybridization. As a
consequence, a mixture of possible ground states gives rise to the appearance of
multiple transitions (see Table 6.1); three for the case of the 4+ oxidation state, and
two for the case of the 3+ oxidation state (as the 4f° configuration is not possible for
the 3+ valence). The hole in the valence band left behind by the O 2p-Ce 4f
hybridization is denoted in literature as either V" (n being the number of electrons
in the valence band and z the number of electrons in hybridised f orbitals) or L" (being
L a “ligand hole” or the extra e left behind by an oxygen vacancy). 12

Species Initial state Final state Notation
3d ® 4f 2(vnt VO /ul
Ce?* 3d104f! (V™)
3d24f LV v'iu
3d ® 4f 2(V"?) v/u
Ce* 3d 104f0 3d ® 4f 1(vn L) v’iiu”

3d 9 4f °(V") v lu
Table 6.1: Possible XPS transitions of the Ce 3d band for the 3+ and 4+ valences due to O 2p-Ce
4f hybridization. Valence band denoted as V".

In addition to said transitions, it is necessary to take into account spin-orbit splitting
for the complete construction of the spectra. For all electrons except for the ones
populating s levels (I = 0), the quantum number j (j = | + s, | being the angular
momentum takes the value from the orbital, s =0, p = 1, d= 2, etc. and s the orbital
spin £%) splits the orbital into two energy levels populated by 2j + 1 degenerate
electrons. This effect is also referred to as j-j coupling. For the Ce 3d case, spin-orbit
splitting leads to the 3ds/> and 3ds/> doublet, containing 6 and 4 e, respectively, from
the total 10 e” populating the d orbital. Consequently, each of the transitions from
Table 6.1 will appear as two peaks: one reflecting the transition from j = 5/2 (herein
described as v) and the other reflecting the transition from j = 3/2 (herein described
as u) separated by a difference of ~18.5 eV, the energy difference between the two
levels. Due to the difference in population, each of the v (3ds2) peaks and the
summation of all of them should match a 6/4 intensity ratio to the respective u (3ds)
and the summation of all of them. In total, the Ce** spectrum is composed of six
peaks, and the Ce®" spectrum consists in four peaks located at different energies.®
Figure 6.1 contains the indexed Ce 3d XPS spectrum for a commercial CeO2 powder
sample, taken in this work as a model for bulk CeO..
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Figure 6.1: Ce 3d spectrum of a model bulk CeO, sample indexed with the transitions indicated in
Table 6.1. Marked in blue the peaks corresponding to transitions associated to a +4 oxidation state.
In red, the theoretical positions of peaks for the +3 oxidation state (which are not present in the
spectrum).

The second issue on the matter of the deconvolution of the Ce 3d spectra is related
to the generation of oxygen vacancies in nanostructured CeO». Several authors
associate oxygen with a “mixed valence” state between +3/+4 on the fcc crystalline
structure.*> As a consequence, their presence may lead to the coexistence of both
Ce® (W0, v’, u% u’) and Ce** (v, v’°, v>>, U, U, U>”’) bands in the spectra, the ratio
between their intensities proportional to the number of oxygen vacancies supported
by the structure. The result is a spectrum containing ten peaks of different
intensities.® Other authors, in contrast to the previous explanation for the unusually
high number of peaks in Ce 3d XPS spectra, associate its complex structure to
multiple final states, involving previously mentioned valence band hybridization to
unoccupied 4f orbitals [3d ° 4f °(\V"), 3d  4f (V™) and 3d ° 4f 2(V™?)] and internal 3d°
5p° np! configurations, suggesting that CeO, contains only Ce*" under a complex
electronic structure.”® Studies on the spectral structure of valence electrons on CeO-
corroborate the participation of Ce 4f orbitals in the chemical bond between Ce-O
and also, surprisingly, the involvement of 5p and 5s atomic orbitals in the formation
of valence molecular orbitals, reinforcing this last hypothesis.®
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Solving the matter of the effect of oxygen vacancies on the spectra involves not only
a theoretical dimension but also a technical one. It has been previously mentioned
that the concentration of oxygen vacancies is a function of the surface-to-volume
ratio of the material (size of the nanocrystals), temperature and Po.. Working under
ultra-high vacuum conditions provokes a perturbation of the original state of the
material. Moreover, it has been pointed out that x-ray irradiation induces chemical
reduction of the CeO; surface (2 CeO. - Ce203 + 0O2). In consequence, spectral
measurements prove to be time-dependent, and the intensity of Ce3* peaks increases
with exposure time, while, for Ce** peaks, it decreases.'® Hybridization between Ce
4f and O 2p, however, affects the linearity of these changes, as explained by Romeo
et al.: The reduction of Ce®* structures results in the decrease of 4f° features, as they
do not participate of the Ce3* spectra. At the same time, due to the position of the
Fermi level, the degree of hybridization is lower in Ce3* structures than in Ce** ones.*
Since valence electrons partially populate the 4f orbital upon hybridization, the
contribution of 4f° is higher when hybridization is minimised. Both these tendencies,
acting in opposite directions, are in competition during the progressive reduction of
CeOg, and it has been suggested that the intensity decrease of 4f ° structures is not
noticeable below ~30% concentration of reduced Ce atoms. Over this amount, the
crystalline structure finally collapses.? For the same reason, the calculation of the
number of electrons populating 4f orbitals at the ground state is not simple, and
relations between peak intensities and areas of the different transitions (V°, v, v’, etc.
for the 3ds and their 3ds. pairs u° u, u’...) require a complex process of
deconvolution which may require different approaches for bulk and nanomaterials.*!

Using XPS to quantify the presence of Ce atoms bearing the 4f* configuration (3+
oxidation state) through the Ce 3d spectrum may require a higher level of expertise
and not provide conclusive answers under our current tools and capacities. Therefore,
as a complementary technique, X-Ray Absorption Spectroscopy studies have also
been carried out in order to provide a different perspective on the matter. However,
for the sake of making the most of the means employed for the CeO- characterisation,
a model sample for bulk CeO> has been used to extract information about the features
of the spectra of the CeO2, NCs and CeO--based hybrid nanomaterials synthesised in
comparison to bulk.
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6.1.2 X-Ray Absorption Spectroscopy (XAS)

XAS is a set of analytic techniques based on the excitation of core electrons of matter
using high energy photons belonging to the X-ray range (0.1-100 keV) to
chraracterize its electronic structure. XAS is performed at synchrotron facilities due
to the photon beam energy requirements. In our case, it is an alternative to the
ultrahigh vacuum conditions employed in XPS, as measurement conditions allow for
samples at either solid or liquid phases without any vacuum requiriments.

Upon X-ray excitation of an electron, a sharp increase of the absorption is recorded
in the spectra. This notation for absorption edges (K, L or M) corresponds to the
quantum number n of the excited electron’s shell (=1, p =2,d =3...). According
to the region of the edge studied, two techniques are differentiated. The lower energy
interval of the spectrum, corresponding to discrete transitions of the excitation of
electrons to higher unoccupied electronic states, is known as X-Ray Absorption
Near-Edge Structure (XANES). It provides information about electronic structure
and symmetry of the metal atoms’ core. The higher energy range of the absorption
spectra, corresponding to an excitation of the electrons to the continuum
(photoelectric effect), is known as Extended X-Ray Absorption Fine Structure
(EXAFS), and provides information about the number, distances, and nature of
ligands, and other features from the metallic atom environment are known through
EXAFS, 1213

The Ls line of Ce atoms, corresponding to the excitation of 2p electrons, was the
chosen for the characterization of the Ce-O bonds, which hold a complex structure
that ultimately leads to the “electron sponge” properties of nanostructured CeO.. For
quadrupole transitions into 4f orbitals, corresponding to the weak pre-edge band, the
spin-orbit term (*>*!L) determines symmetry and, therefore, the shape of the spectral
line, according to the selection rules. Ce** species with [Xe] 4f° configurations (S =
0, L =0) are assigned a 1S symmetry term. Ce®" species with [Xe] 4f! configurations
(S = 1/2, L = 3), are assigned a 2F symmetry term. Consequently, 4f ® and 4f !
configurations will result in clearly distinct pre-edge band shapes. The final XANES
spectrum is composed of the sum of all observable transitions. A system consisting
of a 4f% and 4f* mixture will result in a spectrum containing the weighted sum of 1S
and ?F states.41°
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W, = al4f°) + bl4f1L) (6.1)

In similar fashion as the three transitions contained in the Ce*" 3d XPS band
previously described, the quadrivalent CeO: Lz edge band, correspondent to 2p —
5d dipole transitions, shows two broad peaks. It can seem inconsistent, as both 2p
and 3d holes are localized and could be expected to cause similar effects over the 4f
states in terms of the system’s multiconfiguration.® On the matter of the many-body
final states in the XANES spectra, it arises certain discussions within the scientific
community, as it is typically addressed as a mixed valence system, while in the
spectroscopy field it is referred to as an interatomic intermediate valence system.’
It was previously mentioned that the origin of the 4f multiconfiguration is the
hybridization between localised 4f levels from Ce atoms and delocalised 2p levels
from oxygen atoms, denoted as 4f"*1L, where L represents a ligand hole (see previous
section 6.1.1). The ground state for this configuration is given by the wavefunction
expressed by equation 6.1, where a and b describe the mixing ratio of the two
possible configurations separated by AE before hybridization. Values of a and b
depend on the hybridization energy (referred to typically as V) between localised Ce
4f and delocalised O 2p atomic orbitals, that needs to fulfil the condition V > AE.
This ground state is the same for both photoabsorption and photoemission
spectroscopies.

For the final state, the energy difference between 4f © and 4f L configurations
depends not only on AE but also on the Coulombic interactions Qna and Qnr between
the hole and the d/f orbitals, which pulls them down, and the Coulombic repulsion
Uqr between 5d and 4f electrons, which pushes the f levels up. The value of Ugs term
Is 0 in XPS, as 5d states remain unoccupied. Therefore, the final states are different
than those of XANES spectroscopy, involving different energy separation and degree
of hybridization of the electronic configurations of the final states. Authors Jo and
Kotani also explained the two-peak structure of the Lz edge band as the consequence
of the effect of an intraatomic coulombic interaction between 4f and 5d states.
According to them, the edge peak associated to transitions to unoccupied 5d states
splits into two structures: the higher energy one corresponds mainly to the interaction
between 4f° configurations and well-localized (unscreened) 5d states. In comparison,
the lower energy one would correspond to mainly 4f L configurations interacting
with extended (screened) 5d states.!8
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6.2 RESULTS
6.2.1 XPS characterization
6.2.1.1 Ce 3d peak

The general spectra (0-1380 eV) for a total of seven samples was recorded (see
experimental section for details): CeO2 NCs both before and after the ageing process,
lanthanide-doped CeO2 NCs (10% Yb**, 10% Yb3* 5% Er®*, and 20% Yb3* 5% Er3*)
and AuCeO: hybrid NCs of two different shell thicknesses (5 nm and 11 nm). In
order to define a bulk model to compare the samples to, recordings of the spectra of
commercial powders of CeO, and Ce(OH)s of ~200 nm size. A deconvolution
attempt of the Ce 3d section of the spectra was carried out for all the samples using
Origin 2018 peak fitting tool, a Shirley background, and peak position values from
the literature.?

The accuracy of the deconvolution, however, is not as precise as expected. A number
of the deconvolution parameters obtained show incongruent values, especially for
nanosized samples: peak position and area values break the area conditions given by
spin-orbit splitting (constant difference of ~18.5 eV and 3:2 area ratio). For that
reason, upon further revision, these results are not ready to quantitatively describe
the differences between bulk and nanostructured CeO>. Obtained fittings including
peak position and area values can be consulted in section 9.5.1 (Annex F, Figure
9.13: Ce 3d peak deconvolution of CeO2 NCs (left) after ageing and (right) before
ageing.Figure 9.14). A summary of literature and measurement values of peak
position in each of the samples can be found in Table 6.2. As expected, v° and u°
transitions (corresponding to the 4f2L final state for the 3+ valence) are of very little
importance since they correspond to a hybridised state only permitted under X-ray
illumination on the (allegedly) minoritarian species within the sample (Ce®*). Also
some important general displacements can be observed in the peaks position (after
calibration of the spectrum using the C 1s peak) for certain samples such as CeO>
NCs before ageing (around -4 eV for each peak compared to literature values), that
can be assumed to be artefactual. Apart from those, a dispersion of £1 eV in all peak
values in comparison to the literature values is found.
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3+ 4+ 3+ 4+ 4+ 3+ 4+ 3+ 4+ 4+
Peak Index VO v V' v v u® u u' u" u
Literature | 880,6 | 882,6 | 885,4 | 888,8 | 898,4 | [898,9| 901,0 | 904,0 | 907,4 | 916,7
Commercial
CeO - 882,8 | 883,9 | 889,4 | 898,8 - 901,3 | 902,1 | 908,5 | 917,2
2
Commercial
Ce(OH), - 882,8 | 885,6 | 888,5 | 898,7 - 901,3 | 902,8 | 907,7 | 917,0
CeO,NCs | 881,7 | 881,7 | 885,2 | 888,2 | 897,5 | |894,7| 899,9 | 903,3 | 905,1 | 915,8
Not aged CeO
EICS 21 876,9 | 878,7 | 881,1 | 884,4 | 894,8 | |893,4| 897,0 | 899,9 | 903,0 | 913,3
Y
Ce0,:vb - 882,6 | 886,3 | 888,7 | 898,6 - 899,2 | 901,2 | 906,4 | 916,8
(109%0)
:Yb, E
CeO,:Yb, Er - 881,5 | 885,4 | 888,2 | 895,8 - 897,6 | 900,3 | 905,0 | 915,2
(10%, 5%)
CeO.:Yb,Er
2 - 881,8 | 885,5 | 887,9 | 897,7 - 900,6 | 902,4 | 905,9 | 915,5
(20%, 5%0)
AuCeO2
(thin) 880,8 | 882,5 | 885,6 | 889,9 | 898,6 | |1889,9| 901,0 | 904,0 | 908,2 | 916,8
AuCeO
(:Jhi(?k)z 881,5 | 882,9 | 884,6 | 888,6 | 899,0 | |1898,6| 901,3 | 903,6 | 908,0 | 917,3

Table 6.2: Literature (ref.2) and recorded values of peak position for Ce 3d transitions in each of
the samples. Grey: Peaks associated with Ce®* species.

While the attempt to quantitatively characterize the presence of oxygen vacancies or

valence switch within the nanosized CeO> found itself to be a task beyond our

abilities, plenty of information about the structural traits of the set of samples studied

can be extracted from the measurements. To further deepen into it, peak position was

corrected for the displaced sample (CeO2 NCs before ageing ), and all the spectra

were normalized by the area between the 874-923 eV interval and finally plotted

together to stablish structural relations by comparison (Figure 6.2.a). A detailed

comparison between the different samples and the synthesized CeO> NCs can be

found in Figure 6.2.b-e.
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Figure 6.2: (a) Normalized Ce 3d XPS spectra of all measured samples. From back to front:
Commercial CeO: (pink), Commercial Ce(OH)s (reddish orange), AuCeO: NCs of thin shell
(orange), AuCeO; of thick shell (yellow), CeO,:Yb®" (10%) (green), CeO,:Yb3*, Er®* (20%, 5%)
(greenish blue), CeO,:Yb3*, Er** (10%, 5%) (light blue), CeO. NCs before ageing (dark blue) and
CeO; NCs (violet). Below: Comparison between CeO, NCs and (b) commercial CeO,, (¢) AuCeO,
NCs (Right: Au 4f spectra), (d) CeO, NCs before ageing, (e) doped CeO, NCs. Peaks associated to
Ce®* transitions are marked in red, peaks associated to Ce ** transitions in blue.
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The first thing to consider is that commercial samples of CeO2 and Ce(OH)4 present
very similar spectra, so we assume it is the signature spectral structure of bulk Ce**
compounds. Now, several structural features can be described. First, the CeO2 NCs
spectra widely diverges from the model bulk structure, showing more peaks of lower
definition (Figure 6.2.b). Interestingly, Ce3* associated transitions appear to have
higher significance in smaller systems. Specifically, Ce3" associated transitions are
more evident for the 2.5 nm CeO> NC (both before and after the ageing process)
(Figure 6.2.d) and thin-shelled AuCeO: hybrid NC samples, in opposition to the
same AuCeO- hybrid NCs of thicker shell and trivalent lanthanide-doped CeO2 NCs
samples (Figure 6.2.c and Figure 6.2.e, respectively), that are more similar to the
bulk sample spectrum. The yet unanswered question is whether these Ce3* transitions
are intrinsic to the nanomaterial or if the higher surface-to-volume ratio may increase
the kinetics of reduction under X-ray illumination, making the Ce®* peaks artefactual.

For the case of AuCeO; hybrid NCs, shell growth occurs through an aggregation
process, and, consequently, as shell thickness increases its structure resembles more
the one from the bulk material. Due to the low depth capacity of the XPS technique,
signal-to-noise ratio on Au 4f spectra (Figure 6.2.c, right) of AuCeO, samples is a
reflection of the thickness of the shell. A higher signal implies higher amount of Au
electrons participating in the photoelectric effect, implying a thinner CeO: layer. In
the case of doped CeO2 NC samples, which have not been proven to hold any bulk-
like features to be related to in terms of size, the portion of Ce** transitions of 4f°
ground states is surprisingly high. This appearance of their spectra can be associated
to the loss of the “electron sponge” properties upon the dopant loading, as the
correspondent catalytic tests of Chapter V demonstrate. While the position of the
dopant atoms has not been mapped, they are clearly affecting the generation of
oxygen vacancies, probably by blocking the 2p-4f hybridization and, therefore, the
characteristic properties of nanostructured CeO> do not manifest.

Another feature to carefully detail while describing the plotted spectra is the ratio
between v/u peaks (4f2L? transitions) and v’ ’/u’’" peaks (4f° transitions), meaning,
the degree of hybridization on the ground state. Higher weight of v/u peak than
v’"’lu”’” implies more density of hybridised states (4f?L?) than non-hybridised ones
(4f9). This feature is easy to assess qualitatively by comparing the intensity of peaks
at 898 eV (4f °) and 901 eV, respectively 4f ° and 4f2L2 states, in the spectra. For the
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bulk and doped CeO. samples, the ratio between said peaks is constant: the weight
of transitions from non-hybridised final states is bigger than hybridised ones. For
pure nanosized CeO2 NCs and AuCeO- hybrid NCs, the tendency is not so clear. The
intensity ratio between v’’” and u peaks changes for these samples, as previously
mentioned peaks show similar intensities. Especially, in the case of non-aged CeO-
NCs and AuCeO2 NCs of thinner shell, peaks corresponding to hybridised states hold
more weight than peaks corresponding to non-hybridised ones. It evidences a heavier
density of transitions from hybridised states.

The two main features observed from the Ce 3d line of the different measured
samples are the presence of Ce®* associated transitions at smaller sizes and the
presence, in different proportions, of multiple lines belonging to both hybridized and
non-hybridized states both at bulk and nanoscale. It has been described several times
in this text how catalytic properties of CeO- are related to a valence switch between
Ce®*/Ce* and, specifically in the introduction of this section, how XPS is one of the
strongest techniques to quantify the amount of each within the solid. Nonetheless, it
Is not possible to find enough correlation to suggest that the previous affirmation is
correct from the results presented.

While Ce® transitions appear only at the nanoscale, it was not possible to discern
whether their origin is intrinsic or artifactual. On the other hand, hybridization
appears independently of the size range, but not in a constant proportion. Also,
strictly speaking, size is not the cause of the singular catalytic properties of the
material but the circumstance when they are most notable. Hybridization of atomic
orbitals O 2p and Ce 4f within the solid is the consequence of the formation of a
chemical bond. Having different proportions of hybridized and non-hybridized
configurations in the bulk (or semi-bulk) material and nanosized one implies a
different ground state configuration is emerging for the material when reaching the
nanoscale. It could explain the origin of the catalytic behaviour of nanostructured
CeO2 and its “electron sponge” properties. The repercussions this would have are
mainly a divergence on the reactivity properties of free Ce3* and Ce** ions and the
catalytic applications of the material, as the latter would stem from the complex
structure of the Ce-O bond.
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6.2.1.2 O 1s peak

Finally, the deconvolution of the O 1s signal also provides information about the
surface composition of the sample. The chemical environment of oxygen atoms alters
the binding energy of 1s electrons, giving rise to peak shape and position deviations.
According to the work of Biesinger et al, the lattice oxygen in metallic oxides peaks
at 529-530 eV depending on the metal species.'®?° It is also reported that binding
energies of surface functional groups such as hydroxyls (-OH) or peroxide groups
(O), that originate due to defects below the surface, and adsorbed molecules
containing O% (H-0, organic molecules containing C-O or C=0 bonds) are slightly
higher (between 531-534 eV).?! Specifically for the case of oxide nanomaterials of
rare-earth and transition metals, the structure of the O 1s peak is typically associated
with a density of surface defects, associating the hydration of the structure to the
surface hydroxyls peak and oxygen vacancies to the H,O/O one. However, for a
precise quantification of these features, the absence of any O-containing species
besides the material to characterize within the sample to measure is required. Organic
species such as the sodium citrate employed as stabilizer can alter O 1s shape due to
C-O and C-OH functional groups. Even if sample preparation involves a deep
purification process to remove salts and other soluble species in the colloid, traces of
organic molecules may remain adsorbed to the surface. Checking C 1s signal for
each sample (Annex F, Figure 9.17) is a necessary step to correctly interpretate O
1s peak structure. So far, all the samples show the 285 eV C-C peak, and a small
shoulder belonging to the C-OH groups. However, the area ratio between C 1s and
O 1s peaks is not high enough to consider its contribution significant in any case
except for the thin-shell AuCeO, sample. The deconvoluted O 1s peak for all the
measured samples is shown in Figure 6.3. Position, relative area and all
deconvolution parameters can be found in Table 9.7 of Annex F.
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Figure 6.3: Deconvolution of O 1s XPS peak for all of the measured spectra.

It can be observed that the weight of the lattice oxygen peak is maximized in bulk
(Commercial CeO, and Ce(OH)s) and bulk-resembling samples (AuCeQOz), which
matches the tendency of a lower surface-to-volume ratio. As expected, Ce(OH)a
sample also presents a high contribution of -OH and H-O-H groups. Following the
example of the literature, the latter ones are interpreted as adsorbed water molecules
in the place of oxygen vacancies. Nanosized CeO: and doped CeO> samples are the
ones containing the biggest contributions of -OH and H-O-H peaks, as expected,
also, by the surface-to-volume ratio increase.

Surprisingly, an unexpected peak around 526-527 eV (out of range for lattice O% of
any reported oxide) can be seen in all spectra but bulk commercial CeO>. Since
literature search did not provide with a concrete answer to its origin, no explanation
can be categorically affirmed. Nevertheless, since binding energy of 1s electrons in
oxygen follows a tendency according to the atomic environment (H-O-H > -OH /O
> M-0%) it can be deduced that the peak corresponds either to a charging effect or to
a lattice O% bonded to a different metal atom. From a qualitative point of view, the
lower binding energy could be related to a lower electron density around the oxygen
atom in the M-O environment, which could be a be consequence of an elongated M-
O bond. lonic radius of the different metal species present in the samples, in
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increasing order, are 0.097 nm for Ce**, 0.099 nm for Yb**, 0.101 nm for Er®* and
0.114 nm for Ce3*.222% |f the 526 eV peak were to correspond to bigger interatomic
distances between M-O, for the doped samples, were multiple cations of larger radius
than Ce** are present, it would explain the widening of the O 1s peak. Also, for
samples of CeO2 NCs before and after ageing, the area of this 526 eV peak in the O
1s spectra would relate to Ce®* peaks intensities in the correspondent Ce 3d spectra,
since no other metal cation is present in those samples and the Ce3* peaks were only
notable in these two spectra. However, if this peak is a feature of the sample or an
artifact product of the exposure time to incident X-rays under ultra-high vacuum
conditions, cannot be asserted without further proof.

6.2.2 CeO2 XANES Spectroscopy

The electronic structure of CeO. has been proven to be very dependent on the
environment, to such a high degree that certain aspects of XPS measurements may
be questioned. Taking advantage of the versatility of XAS, an experimental setup
that allows measurement of the XANES spectra of the samples dispersed in liquid
media, mimicking in operando conditions for the CeO. NCs, is prepared for the
characterization of several different samples. The Lz edge line of Ce was observed
by high-energy resolution fluorescence-detected hard X-ray absorption spectroscopy
(HERFD-XAS), which provides a highly selective probe for the electronic state of
each element present and a high spectral resolution that allows the observation of the
Ls edge fine structure. The experiment was carried out at beamline 1D26 of the
European Synchrotron Radiation Facilities (ESRF)?* in Grenoble under the guidance
of Prof. Pieter Glatzel. Schematized setup for the measurements, reproduced from
the published work of a previous collaboration,?® is shown in Figure 6.4. For a
detailed experimental description, see Chapter VII section 7.5.2.2.
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Figure 6.4: Scheme of experimental setup employed for XAS measurements. Reproduced from 2°.

Two distinct measurement modes were performed on a set of different CeO, samples.
The first mode consisted in the spectrum recording of the unperturbed solvent-
dispersed sample as prepared. The second one consisted in the time evolution
recording of the spectra of the sample in operando conditions, meaning after
suffering a perturbation. Specifically, the evolution of the spectra during the NC
synthesis and during its catalytic activity. For the in-situ measurement of the
synthesis reaction, a [Ce(Cit)2]* solution was exposed to the correspondent amount
of TMAOH. The catalytic test monitored the catalase-mimetic activity of the
particles during the degradation of H>O>. Different amounts of a H>O> stock solution
were added to the particle dispersion, mimicking the experiences of Chapter V
section 5.2.2.1, and the time evolution of pH and XANES spectra was recorded.

Spectra were recorded on a CeO2 NCs set of samples of different ageing stage: Non-
aged CeO2 NCs and temperature-aged CeO2 NCs synthesized three days and three
years before measurement. Chosen control for Ce®* is a solution of CeCls precursor
salt. Chosen controls for bulk CeO> were the Commercial CeO. powder (50-200 nm)
dispersed in milli-Q water and a sample of CeO. NCs synthesized in the absence of
citrate (herein referred to as CeO, TMAOH) wich resulted in aggregates bigger than
0.2 um in size, in order to avoid effects from possible drying treatments the
commercial sample must have undergone. Finally another sample synthesized and
dispersed in EtOH (herein refered to as CeO, EtOH), in order to reproduce the work
of Cafun et al?®, was included.
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While this technique requires exposure of the sample to high energy photons during
long intervals, it is not expected for the X-rays to have such an aggressive effect on
the sample in comparison to XPS, as the solvent and citrate present can dissipate the
incident photons through alternative pathways, and the continuous movement of the
jet flow prevents over-exposure of the sample to the beam. However, state of the
samples after long measurement times was assessed in order to determine how the
beam may affect them.

6.2.2.1 XANES characterization of CeO, NCs

X-ray absorption spectra of Ce L3 Edge and pre-edge for the Ce3* (CeCls solution)
and Ce** (bulk CeO2, from a dispersion of CeO2 commercial powder) controls is
shown in Figure 6.5.1. The pre-edge peak (inset), correspondent to transitions from
2p to 4f orbitals, evidences the differences in the spectral shape of configurations
belonging to different symmetry terms: two peaks can be distinguished for the 2F
symmetry of Ce3* ions and a single peak for the 'S of Ce**, which we assume pure
since no residue of Ce®* peaks is present on the spectrum. These spectra will be taken
as reference to assign the symmetry of the synthesized samples. The edge peak (2p
to 5d transitions) shows different spectral features for the two species: while the Ce3*
control contains a single peak for the transitions into unoccupied 5d orbitals, the bulk
CeO: control contains a quadruplet peak, read as the two-peak spectral shape
described in above section 6.1.2, correspondent to screened and unscreened states,
and the fine structure of each peak family. The shoulder on the lower energy peak
family (red line on Figure 6.5.1), corresponded to “screened” 4f ! states, matches the
same position as the Ce®* edge peak. This could be interpreted as a small fraction of
Ce3* atoms within the sample modifying the appearance of the Ce** peak; however,
the absence of the characteristic structure of the Ce3* peak in the pre-edge region
invalidates this assumption. Moreover, it cannot explain the same feature for the
higher energy peak family (belonging to unscreened states). The effect of crystalline
structure over the spectra of metal ions d orbitals has been thoroughly detailed in the
literature.?® The characteristic splitting of the five degenerated d orbitals into e4 and
tog levels of 3:2 area ratio upon the ligand field of the oxygen atoms in the
coordination shell surrounding the metal core is an effect known as crystal field
splitting. For the case of CeO, the splitting between the 5d orbitals proves to be
wider than the 5d peak width, making it possible to observe under high-resolution
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conditions such as the provided by this technique.'®22 Figure 6.5.11 compares the
XAS spectra of the Ce®* from the salt precursor solution before and after citrate
complexation. No difference in shape in the XANES spectra is observed, apart from
a small loss of intensity of both pre-edge and edge peaks compared to the EXAFS
interval. Since citrate complexation does not involve any redox process, only a ligand
exchange in the coordination shell, said small changes were to be expected.

Ce L, Edge CelL, Pre-Edge Ce L, Edge Ce L, Pre-Edge

Ce*t (ls)

N

57165 57180 57195 57210
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CeCl, ——ceCl,
—— Commercial CeO, — [Ce(Cit),]*

T T T T T T T T T T T T T T T T T
5,72 5,74 5,76 5,78 5,80 5,72 5,74 5,76 5,78 5,80

Energy (keV) Energy (keV)

Figure 6.5: XAS normalized by area of (I) Ce Ls Edge and (inset) pre-edge for CeCls and dispersed
CeO; commercial powder solutions used as control and (I1) Ce Ls Edge and (inset) pre-edge for
CeCl; and [Ce(Cit)2]*.

Aggregated CeO2 NCs, synthesized both in water and in ethanol, by mixing two
solutions of CeCls and TMAOH in a 1:2,7 molar ratio, are compared to the CeO>
Commercial powder in Figure 6.6. The shape of XANES spectra (Figure 6.6.1) is
the same for the aqueous aggregated sample (CeO. TMAOH) and the commercial
one. Ethanolic one (CeO. EtOH) shows a higher intensity of the eq shoulder at the
expense of the tog on the screened peak. When determining the size of the dispersed
particles by DLS, both Commercial CeO. and CeO2, TMAOH samples generate
signals at sizes bigger than 1 um. However,the ethanolic solution, peaked both in the
micron range and at 250 nm. No signal below 100 nm was obtained for any of the
samples and all of them sediment if left unstirred for enough time. Size differences
within the aggregate samples may be the origin of the intensity difference between
eg and tyg signals. Both samples share the exact shape and position for the pre-edge
peak (Figure 6.6.11), indicating that they are composed entirely of configurations
holding a 'S symmetry term, formally 4f°.
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Figure 6.6: XAS normalized by area of (I) Ce L3 Edge and (1) pre-edge for bulk CeO, models:
Commercial CeO, powder (black), agueous CeO; synthesized without citrate stabilization (red) and
CeO; synthesized in ethanol (blue).

During the in situ synthesis of CeO2 NCs (Figure 6.7), the first of the recorded
spectra, correspondent to a [Ce(Cit).]* solution, matches the reference from Figure
6.5.11. Changes in the pre-edge region of the spectra during the time-lapse indicate a
change from a 2F configuration to a 1S one exclusively within the 12h interval of the
reaction, in agreement with the expected Ce®* to Ce** oxidation. As time passes, the
progressive oxidation causes the Ce3* edge peak to decrease while Ce*" spectral
structure appears, including also the shoulder caused by the crystal field splitting. It
indicates the precipitation of the solids along with the oxidation. The effect of the
crystal field, however, is not as evident as in the bulk reference, consequence of the
finite size of the nanocrystals.

The effect of age on the particles was tested by comparing previously described bulk
CeO; spectrum to the spectra of synthesized 2.5 nm CeO2 NCs before and after the
ageing process of NCs both a few days age (Fresh CeO3) and 3-year-old ones (Figure
6.8). The pre-edge spectra of the three samples (Figure 6.8.111) is identical to that of
the CeO2 commercial powder, containing the characteristic single peak of a 'S
symmetry. It can be assumed that size does not affect formal oxidation state of the
cerium atoms, as the abrupt decrease from bulk to 2.5 nm does not produce impaired
electrons at 4f orbitals changing the symmetry term. It, however, causes affectations
to the edge band (Figure 6.8.1): The intensity differences between ey and txg levels
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at the screened peak also observed when comparing the ethanolic sample to the other
bulk ones (Figure 6.6.1) and the partial loss of the fine structure at the unscreened
peak, where the shoulder is less evident than the bulk case. As the name indicates,
crystal field splitting is a phenomenon pertaining to.the crystalline structure. The
degeneracy breaking on atomic d orbitals is caused by the loss of spherical symmetry
when ligands alter electron density around the atom due to their position around it.
In addition, local defects such as oxygen vacancies on the crystalline structure bring
back orbital degeneracy. For that reason, an increase in surface atoms contribution
to the spectra, where the density of defects is higher, limits the resolution of the peak
and diminishes the definition of the split peaks. Synthesized 2.5 nm CeO> NC
samples, in which the surface-to-volume ratio is maximized, exhibit spectra of less
definition than their bulk counterpart.

Ce L3 edge Ce L; pre-edge

5.716 5.717 5.718 5.719 5.720 5.721 5.722

Reaction time ih).

02 4 6 8 10 12

5.71 5.72 5.73 5.74 5.75 5.76 5.77
Energy (keV)

Figure 6.7: Time evolution of the XANES spectra of Ce L; Edge and (inset) pre-Edge for the room
temperature synthesis of CeO, NCs, reproduced in situ by mixing a [Ce(Cit).]*> and a TMAOH
solution in a 1:2.7 molar ratio.
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To compare the edge spectra of NC samples of different age, they have been plotted
separately in Figure 6.8.11. The definition of the peak fine structure appears to be
proportional to the sample’s age. The differences between the not-aged and the
freshly aged ones (green and red lines, respectively) are minimal, but apparently the
ageing process lowers the number of defects on the structure, as eg shoulder is more
noticeable after the treatment. For the differences between the freshly aged and the
3-year-old one (blue line), since the composition of all samples seems to be
homogeneous (as evidenced by the pre-edge spectra), it appears to be caused
probably by a sharpening of the crystal structure (a decrease the amount of
amorphous material of the surface) or a small degree of aggregation into 4-10 nm
particle clusters, as the splitting shoulder seems to have evolved into a proper peak
for the case of the screened states.
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Figure 6.8: XAS normalized by area of (1 and 1) Ce Ls Edge and (111) pre-edge for synthesized CeO,
NCs of different age: 3 years old CeO2 NCs (blue), freshly aged (3 days old) CeO2 NCs (red) and
not aged CeO, NCs (green). Dotted lines: reference patterns.
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6.2.2.2 in operando XANES of CeO2 NCs

While no Ce®* configurations were found within the structure of the CeO, samples
in the XANES characterization of the material, it is not deniable that the catalytic
properties the material exhibit imply that it participates in the redox reaction, on what
has been described as a 3+/4+ valence switch on the literature, that allows the
structure to lose and regain structural oxygen located on (111) planes, or even
substitute it with H2O molecules. The mechanism of this catalytic electron exchange,
however, has not been yet discussed in this text. Therefore, to attain some insight
into this mechanism, and its dependence on hybridization between atomic Ce 4f and
O 2p orbitals, changes in the XANES spectra during the catalytic activity of the
material on the different samples have been monitored.

The chosen reaction is the degradation of H.O> into H>O and Oz, a vastly described
reaction catalyzed by Ce0..2° The catalase-mimicking activity of the material has
been previously studied and described in 5.2.2. It provides with a simple way to
induce a catalytic process in situ on the XAS setup. To a known volume of a
previously characterized sample, the required amount of H>O- is injected and the
continuous measurement is started.

Changes on the Ce L3 edge band are plotted in Figure 6.9. Increasing CeO,-to-H20-
molar ratios were tested, increasing the difference between the spectra recorded
before and after the peroxide injection. Only 1:1 and 1:5 ratios are shown, as below
this amount signal variation is too small to be registered. The edge band does not
show changes towards a Ce3* species. Main feature observed is the temporary loss
of crystal field effect after H2O2 injection associated to surface disorder. The eq
shoulder disappears while the peak widens and moves slightly its position. The ratio
between screened (4f 1L) and unscreened (4f°) peaks remains constant, implying no
change in the degree of hybridization occurs. Changes in the pre-edge region are also
very subtle, almost imperceptible, and easily mistaken for noise. This region of the
spectra has been plotted in Figure 6.9 (right), normalized to the peak intensity value
rather than by area. Immediately after the H2O: injection, a small peak displacement
to lower energy is observed, however, if it occurs due to an alteration of the energy
difference between 2p and 4f levels or due to a change in symmetry is not possible
to discern, as spectral shape is constant during the process.
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Figure 6.9: XAS time-dependent evolution of (left) Ce Ls edge and (right) pre-edge band during the
CeO: NCs catalytic degradation of H,O, for a (top) 1:1 molar ratio and a (bottom) 1:5 molar ratio
of CeO; to H20..

After some time, the system returns to its original state. The Kinetics of the process
is altered in comparison to those of the same system in the absence of X-ray
exposure. It does not alter in any way the objective of the experiment, however, as
the objective was to achieve observation of the catalyst in operando conditions, not
measure activity or other parameter depending on Kkinetics. To verify that the
transformations involved are not altered, a transmittance measurement of the sample
before and after XAS measurement is taken (Annex F, Figure 9.18), were the
expected alteration in the UV-vis extinction is observed, and pH is monitored during
the process to verify the equivalence to previously performed tests (Annex F, Table
9.8). For buffered samples, upon X-ray exposure sodium citrate is oxidized to DCA
or COz2, decreasinges its concentration in solution and lowering mixture’s pH.
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Figure 6.10: Ce L3 edge band time evolution for bulk CeO, commercial powder (top, left), CeO- in
EtOH (top, right), CeO, NCs before the ageing process (bottom, left) and 3-year-old CeO, NCs
sample (bottom, right).

Other CeO, samples previously characterized by XAS are also measured during the
catalytic process. Figure 6.10 shows the Ce L3 edge band evolution for the bulk CeO:
commercial powder (top, left), the ethanolic CeO, sample (top, right), the CeO> NCs
before the ageing process (bottom, left) and the 3-year-old CeO, NCs sample
(bottom, right), chosen according to size and age criteria. Bulk CeO2 does not show
any change after the peroxide injection, even if the peroxide is being degraded (as
evidenced by the colour change of the suspension and presence of bubbles
afterwards). For the ethanolic sample, change is more notable than the aqueous bulk
counterparts. Samples of nanocrystals of same size (2.5 nm) as the CeO> from Figure
6.9 behave similarly in the spectra. Degradation on aged CeO- is not an issue, as 3-
year-old nanocrystals show the same spectral changes than freshly produced ones.
The sample tested before any ageing stage takes place, however, seems to undergo a
chemical ageing stage caused by the H202, so the original state is never recovered: it
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evolves to the typical spectra of the aged CeO2 NCs, were the eq shoulder becomes
more evident. Ce Lz pre-edge band evolution for the same samples (Figure 6.11)
follows the same tendency that the edge band: no changes for the bulk commercial
CeO, and a subtle and temporary peak displacement just after the peroxide addition
for the rest.
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Figure 6.11: Ce L3 pre-edge band time evolution for bulk CeO, commercial powder (top, left), CeO,
in EtOH (top, right), CeO, NCs before the ageing process (bottom, left) and 3-year-old CeO, NCs
sample (bottom, right).

From all the changes observed, several features can be interpreted. The most notable
one is the temporary loss of crystal field features during the catalytic activity, related
to an increment of surface defects, such as oxygen vacancies or peroxide adsorption.
The crystal fied splitting loss becomes more evident for smaller crystal sizes, where
the surface contribution is most notable.. For bulk samples no changes on the
XANES spectra are recorded during the experiments, the only observable
perturbation being the characteristic colour change of the solution. As catalysis is a
surface phenomenon, for samples with a lower surface-to-volume ratio the
contribution is not significant, and therefore not distinguishable under this technique.
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Both bulk and surface effects are distinguishable on a multimodal size distribution
such as the ethanolic sample. However, the degree of loss of crystal field features is
higher in comparison to the rest of the samples. This difference may be caused by
the change in the solvent (H.O may be occupying the oxygen vacancy sites on the
surface, mitigating the impact of the defect generation, while EtOH cannot do so)
but no further tests have been performed to confirm it. The behaviour of aged
samples does not seem to be altered at least in a three-year interval. The small
accentuation of crystal field features is probably caused by an “improved” crystal
structure, accentuated by a decrease in defect density. Also, no pre-edge spectra of
any of the measured samples show at any point an evident change of symmetry term
indicating a reduction of surface atoms, but the origin of the small shift to lower
energies is yet to be clarified.
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6.2.3 Discussion

The observed changes in the Ce Lz spectra mostly respond to changes in the material
environment and do not show evident participation of 4f or 5d orbitals in the catalytic
process. It raises a new formulation of the question about the role of Ce atoms in the
catalytic roles of CeO.. There is evident participation of near-surface oxygen atoms
in the catalytic process, proven by the changes in the density of oxygen vacancies.
Designing an experiment that allows us to look at surface oxygen, however, may
cause logistic complications. Nevertheless, if the only role the CeO, takes in the
catalytic process is as a matrix containing O atoms, the catalytic properties would be
universal for any oxide of the same crystalline structure rather than a special feature
of CeOz2, which is not the case. From the XPS and XANES characterization described
in this chapter, it emanates that the hybridization between O 2p and Ce 4f atomic
orbitals confers the chemical bond within the solid a set of properties that give rise
to the catalytic activity. This is by no means an exclusive trait of CeO»: Bianconi et
al.Y” described in 1987 how, within the lanthanide oxide series, hybridization is also
occurring in PrOz but not in UO, sharing the three oxides an fcc crystalline structure.
The same work also includes Ce(SOa)2, that, containing a different ligand and
different crystalline structure, presents also the Ce 4f — L 2p hybridization that
appears to be the origin of such catalytic properties. If the special catalytic behaviour
is not reflected in any of the participants of the bond during the catalytic process,
then, it must be caused by the bond itself.

As explained at the beginning of this chapter, this work aimed to describe the origin
of the catalytic properties of nanostructured CeO>. It is common to find these
catalytic properties explained within the literature as a redox cycle containing a
switch between Ce**/Ce3*. The explanation here provided, that the catalytic
properties are the consequence of the hybridization of atomic orbitals during the
formation of the chemical bond, is neither new nor does it intend to dispute or call
all the literature about it into question. Both descriptions of this catalytic behaviour
are complementary, not opposites: The precise and detailed description of the
electronic and crystal structure of the material is required when the catalyst is the
object of study; a brief, simplified description of the same is necessary when the
applications, and not the material, are the primary objective. As catalytic applications
research falls in a multidisciplinary area, the priority is the development of a common

171



CHAPTER VI - RESULTS

language between different specialists that allows for the coordinated operation
towards the final aim of any research: its application in society. This role is fulfilled
by the “valence switch” explanation. The language simplification adopted, however,
should not shape how this concrete reality is understood. For materials research, the
scientific community should be able to discern between precise and simplified
language and apply each one when required.
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6.3 PERSPECTIVES

While the question motivating this chapter has been practically answered by the
obtained results, a deeper understanding of the phenomena governing the catalytic
properties of the material is required. From XPS, it would be interesting to determine
the origin of the Ce3*-associated transitions appearing on the spectra by evaluating if
they are time-dependent. If they were, measurements would need to be carefully
performed so that every sample is exposed to ultra-high vacuum conditions and X-
ray illumination for the same amount of time. The XANES characterisation leaves
more room for exploration since only pure CeO> samples have been characterised. It
could be interesting to evaluate the effect of lanthanide doping and hybridization of
plasmonic metals on the Ce Ls line, characterising the NCs as-prepared and in
operando conditions. In addition, since no major changes were recorded on the 4f or
5d orbitals of Ce, it could be interesting to look for the effect of the catalysis in the
other atomic species present: Oxygen atoms. However, to be able to observe lattice
oxygen by XAS when the measurements are performed at atmospheric conditions
for water-dispersed samples is a challenge difficult to overcome.
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CHAPTER VII

EXPERIMENTAL SECTION: MATERIALS, METHODS AND
TECHNIQUES

7.1 CHAPTER II: CeO2, NANOCRYSTAL SYNTHESIS
7.1.1 Materials

Cerium (111) chloride heptahydrate (CeClz.7H20), Cerium (I11) nitrate hexaydrate
(Ce(NO3)3.6H20), Cerium (I11) acetylacetonate hydrate Ce(CsH702)3.xH-0,
Trisodium Citrate dihydrate, sodium hydroxide (NaOH, >99%) solid reagents and
TMAOH 1M solution were purchased from Sigma-Aldrich (Merck) and used as
received. NH4OH 30%wt. solution was purchased from VWR Chemicals. Milli-Q
water was employed for every experiment, prepared by filtering deionised water in
a type-1 Milli-Q water purification system.

7.1.2 Methods
7.1.2.1 Synthesis of 2.5 nm CeO2 NCs

In the typical procedure, 150 mL of 10 mM CeO2 NCs were obtained by pouring 50
mL of a 30 mM CeCls solution onto a crystal beaker containing 50 mL of 66 mM
trisodium citrate solution while stirring at room temperature. Afterwards, 50 mL of
an 81 mM TMAOH solution are added, and the mixture is left closed and under
stirring for at least 8h. After that time, in a three-neck round-bottom flask, the
solution is boiled at reflux conditions for 4h.

This protocol was subjected to variations on CeCls, trisodium citrate and base
concentrations, temperature, reaction time and other parameters for the experimental
layout developed in this work.
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7.1.2.2 Anisotropic CeOz nanostructures
Nanosheets

For the synthesis of CeO2 nanosheets, 50 mL 5 mM of sodium citrate and 1 mM of
Ce(NO3)z were heated to 100°C in a three-neck round-bottom flask and kept under
reflux conditions for 4h.

Hollow CeO. spheres

48mL of a 10 mM sodium citrate solution is heated to 100°C in a three-neck round-
bottom flask. When the temperature reaches 40°C, 2 mL of CeCls 25 mM are injected
into the mixture. When it starts boiling, 0.2 mL of TMAOH 1M are injected, and the
mixture is left boiling for 3h.
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7.2 CHAPTER Ill: LANTHANIDE-DOPED CeO, NANOCRYSTALS
7.2.1 Materials

Cerium (I11) chloride heptahydrate (CeClz-7H20, 99%), sodium citrate dihydrate
(NasCsHs07-2H20, >99%), and Tetramethylammonium hydroxide (TMAOH) 1M
stock solution, were purchased from Sigma-Aldrich. Yb(NO3)3.6H.O and
Er(NO3)3.5H20 were purchased from Alfa Aesar (Fisher Scientific).

All reagents were used as received. Milli-Q water was employed for every
experiment, prepared by filtering deionised water in a type-1 Milli-Q water
purification system.

7.2.2 Methods
7.2.2.1 Synthesis of Lanthanide-doped CeO2 NCs

In the standard CeO. NCs synthetic procedure, a fraction of precursor solution
volume was substituted by a solution of the same concentration of the dopant
precursor. The rest of the protocol is carried out under the same conditions.
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7.3 CHAPTER IV: MULTIDOMAIN Au/Ag-CeO; HYBRID
NANOSTRUCTURES

7.3.1 Materials

Gold chloride trihydrate (HAuCls-3H20, 99.9%), silver nitrate (AgNOs, 99.9%)
sodium citrate dihydrate (NasCeHsO7:2H20, >99%), cerium (III) chloride
heptahydrate (CeCls-7H.0, 99%), Tetramethylammonium hydroxide (TMAOH) 1M
stock solution, sodium hydroxide (NaOH, >99%), and 11-Mercaptoundecanoic Acid
(MUA, C11H220,S, 95%) were purchased from Sigma-Aldrich. All reagents were
used as received. Milli-Q water was employed for every experiment, prepared by
filtering deionised water in a type-1 Milli-Q water purification system.

7.3.2 Methods
7.3.2.1 One-pot synthesis of Au@CeO: hybrid nanocrystals

In a typical procedure, 100 mL of a sodium citrate solution (10 mM) are added into
a 150 mL three-necked round-bottom flask. The solution’s pH is adjusted to pH 9 by
the addition of a few drops of NaOH 0.1 M. The mixture is heated to reflux
conditions with a heating mantle under magnetic stirring. When boiling starts, 1 mL
of HAuUCls (25 mM) and 1 mL of CeCls (25 mM) are sequentially injected. The
resulting mixture is kept stirring under reflux for 2h. During the reaction, the colour
of the mixture changes from black (right after precursors injection) to red (10 min),
and finally purple (2h).For experimental purposes, Ce:Au ratio was varied by adding
different volumes of CeCls solution (from 0.5 mL to 5 mL), resulting in an increase
in the shell thickness.

7.3.2.2 One-pot synthesis of Ag@CeO: hybrid nanocrystals

Similarly to the previous method, 100 mL of sodium citrate (10 mM) solution were
added into a 150 mL three-necked round-bottom flask. The solution is heated to
reflux conditions under magnetic stirring. When boiling starts, 1 mL of AgNOs (25
mM) and 1 mL of CeCls (25 mM) are sequentially injected. The resulting mixture is
kept stirring under reflux for 2h. During the reaction, the colour of the mixture
changed from turbid white (2 min) to dark brown (10 min) and finally yellow (1h).
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7.3.2.3 Size-controlled synthesis of Au NCs

Seeded growth of Au NPs up to 100 nm in diameter is performed following a
protocol previously published (reference). Gold seeds (~ 10 nm, ~3.10%2 NP/ml) were
prepared by adding 1 mL HAuCIs (25 mM) into 150 ml sodium citrate 2.2 mM at
100°C. Once the synthesis was finished, in the same vessel, the reaction was cooled
down until the temperature of the solution reached 85 °C. Then, 1 mL of sodium
citrate (60 mM) and 1 mL of a HAUCI4 solution (25 mM) were sequentially injected
(time delay ~2 min). After 30 min, the reaction was finished. This process was
repeated twice. After that, the sample was diluted by extracting 50 ml of sample and
adding 48 ml of MQ water and 2 ml of sodium citrate 60 mM. This solution was then
used as seed solution, and the process was repeated again for up to 8 generations of
gold particles of progressively larger on sizes. The concentration of each generation
of particles is approximately the same as the original seed particles. Detailed
synthetic scheme and characterisation of the different generations can be found at
Annex D 9.3.1.

7.3.2.4 Size-controlled synthesis of Ag NCs

A 100 mL volume of aqueous sodium citrate solution (5 mM) and tannic acid (0.025
mM) was prepared and heated with a heating mantle in a three-neck round-bottomed
for 15 min under vigorous stirring. A condenser was used to prevent the evaporation
of the solvent. After boiling commences, 1 mL of AgNOs (25 mM) is injected into
this solution and kept under reflux conditions for 15 mins. Immediately after the
synthesis of the Ag seeds and in the same vessel, the seed solution was diluted by
extracting 19.5 mL (stored under the name of go) and 16.5 mL of Milli-Q-water are
added. Afterwards, the reaction is cooled until the temperature reaches 90°C and 500
uL of sodium citrate (25 mM), 1.5 mL of TA (2.5 mM), and 1 mL of AgNOs are
sequentially injected (time delay ~1 min). After 20 min, the dilution process is
repeated (marking, this time, the stored particles as g1) and the rest of the solution is
used as seed for another generation: 500 pL of sodium citrate (25 mM), 1.5 mL of
TA (25 mM), and 1 mL of AgNOs is injected again. In this way, different
generations of Ag NCs of progressively larger sizes were grown in a similar fashion
as the Au NCs previously described. Detailed synthetic scheme and characterisation
of the different generations can be found at Annex D 9.3.2.
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7.3.2.5 Seeded-growth synthesis of Metal@CeO> core-shell hybrid NCs

Previously synthesised Au and Ag NCs of different diameters are used without
further purification as seeds for the CeO, coating. A 50 mL aqueous solution
containing sodium citrate (5 mM) and 12.5 mL of the as-synthesized Au/Ag seeds is
added to a 100 mL three-necked round-bottom flask and the pH was adjusted with
NaOH 0.1 M to pH 9-10. The solution is heated to reflux conditions with a heating
mantle and a magnetic bar for vigorous stirring. When the temperature reaches
~70C, a specific volume of a CeCls solution (25 mM) is injected. Upon boiling, the
colour of the reaction mixture progressively changes from red to violet as the Au
seeds were coated by the CeO- shell. After 1h boiling, the heating mantle is switched
off, and the reaction mixture is cooled down to room temperature. The resultant
Metal@CeO2 NCs are stabilised by the citrate ions in solution and stored as
synthesised.

Metal@CeO: of different core sizes are achieved by using metal seeds of different
sizes, and different CeO: shell thicknesses were prepared similarly by adjusting the
ratio between CeCls and metal concentration. The influence of temperature was
determined by performing the same synthesis at room temperature, 80°C and 100°C.
No relevant differences were observed for syntheses performed at a concentration of
sodium citrate in the range of 2-10 mM. The use of a different base, TMAOH instead
of NaOH, did not alter the overall process. Unless otherwise specified, all syntheses
were performed open-air.

AuCeO:> heterodimers and CeO> hollow nanocages (sacrificial Ag templating) were
synthesised respectively by performing the reaction at 80°C without any base
addition using 20-30 nm Au seeds and 35 nm Ag seeds, respectively.

7.3.2.6 MUA functionalisation of Au NCs

The corresponding mass of MUA for a 1 mM stock solution is weighted and
dissolved into a NaOH 15 mM solution. The ratio of MUA molecules to Au surface
tested are 1, 100 and 1000 according to a 0.22 nm?/molecule packing area, which
corresponds to the addition of 0.25 mL, 2.5 mL, and 25 mL of MUA stock solution
to 12.5 ml of Au NCs. The Au surface per mL was calculated according to the size
and concentration of Au NCs (6.04x10° NP/mL, which corresponds to 7.6x10*
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nm?/mL). Ligand exchange was performed by adding the mentioned amounts of
MUA stock solution to the citrate-stabilized Au NCs solution under vigorous stirring.
The necessary volume of a sosium citrate 5 mM solution is slowly poured onto the
mixture until reaching the final volume of 50 mL. The mixture is left under stirring
for 24h, when no further peak evolution was detected by UV-vis spectroscopy.

MUA-functionalized Au NCs were used as a seeds for the growth of a CeO: shell
without further purification following the standard procedure above described
(section 7.3.2.5).

7.3.2.7 AuAUCeO; and AgAuCeO: hybrid trimers synthesis by the combination
of one-pot and seeded growth approaches.

Previously synthesised 50 nm Au NPs are diluted into a5 mM sodium citrate solution
to a total volume of 50 mL and pH is between 7.5 and 9 using a few drops of NaOH
0.1M. The mixture is heated up under vigorous stirring. Upon boiling, 0.5 mL of
HAUCIs (25 mM) or AgNOs and 0.5 mL of CeCls (25 mM) are injected, and the
mixture is left to react for 1h. After that time, the reaction is left to cool down to
room temperature and stored as synthesised.

Adjusting the pH of the mixture between 7.5 and 9 alters the kinetics of the process
resulting in the production of different morphologies for the hybrids.
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7.4 CHAPTER V: CATALYTIC APPLICATIONS OF CeO2-BASED
NANOSTRUCTURES

7.4.1 Materials

The gas bottle containing CO2/H 1:3 molar ratio mixture for heterogeneous catalysis
experiments was provided by Carburos Metalicos S.A. 3,355
Tetramethylbenzidine (TMB), Dimethyl Sulfoxide DMSO. Trisodium Citrate
dihydrate, H.O, 30%wt stock solution, Sodium Phosphate Dibasic (Na:HPO.),
Sodium Phosphate Monobasic (NaH2PO4), Bovine Serum Albumin (BSA) were
purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium (DMEM),
Foetal Bovine Serum (FBS), and PrestoBlue Cell Viability Reagent were purchased
from Thermo Fisher.

7.4.2 Methods
7.4.2.1 CO2 reduction

Catalytic activity for the CO. hydrogenation to MeOH was evaluated in a stainless-
steel-packed cylindrical bed reactor of 8.9 cm in height and a diameter of 5.25 mm.
Nanocrystal samples previously synthesised were dried for 48h at 80°C. A certain
mass between 10 and 50 mg of sample was added, and a small amount of glass wool
was used at each reactor end to prevent possible leakage of the material. The
experience was carried out both at 10 and 15 bar to evaluate pressure as a parameter.
The flowrate of a stoichiometric CO2/H> gas mixture was adjusted to 10 mL/min and
the temperature was tested in a 180 to 300°C range.

Samples were collected using SKC FlexFoil PLUS Sample bags, and output stream
was analysed on a Shimadzu GC-2010 gas chromatograph (Inlet temperature 260°C,
flow 50 mL/min) with a Flame lonisation Detector (FID, Temperature 280°C, flow
35 mL/min) for methanol quantification and an Agilent 7890B GC system
chromatograph (120°C, flow 20 mL/min) coupled to a thermal conductivity detector
(TCD, 150°C and flow 50 mL/min) for CO. and CO quantification, using
respectively Chromeleon and OpenLab software for data analysis and He as a carrier
gas in both cases.
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This experiment was carried out as part of a collaboration with Compostatge de
Residus Solids Organics research group from the Department of Chemical,
Biological and Environmental Engineering of Universitat Autonoma de Barcelona
in their laboratory facilities, under the supervision of Dr Ahmad Abo Markeb and Dr
Antonio Javier Moral Vico.

7.4.2.2 Enzymatic activity Determination

Specific activity as peroxidase enzyme-mimicking nanocrystals for the colloidal
CeO2-based nanocrystals was evaluated through a colourimetric assay based on the
oxidation of a common substrate, TMB, monitored by UV-vis spectroscopy.

Samples of 2 mL of citrate buffer adjusted to pH 3.6 containing 0, 5, 10, 15 or 20 pg
of nanocrystals are prepared in disposable plastic cuvettes. To the solution on the
cuvette, 10 uL of 10 mg/mL of TMB solution in DMSO (a total of 0.2 mg of the
substrate) and 30 uL of H2O2 30% stock solution (final concentration of 150 mM)
are sequentially injected, and the time evolution of the UV-vis spectrum at room
temperature is recorded each 10s during an interval 400 seconds for all samples
except AuCeO», which was recorded every 2.5s for 70 seconds. This process is
repeated for each amount of nanocrystal. Absorbance spectra (after subtraction of
intrincsic nanocrystal absorbance) were plotted, and reaction-time curves were
obtained by plotting ABS at 652 nm against reaction time to determine the reaction
rate. The activity was determined using equation 5.10 for each nanocrystal amount,
and final Specific activity value is extracted from the slope of the linear regression
of the activity vs mass of nanocrystal plot.

The assay was also performed for the highest amount of nanocrystal in the absence
of H20: as a control.

7.4.2.3 In vitro ROS scavenging

HEK-293 (DSMZ) cell line was maintained in a 75 cm? tissue culture flask using
DMEM with 10% Foetal Bovine Serum (FBS) at 37°C and humidified 5% CO..
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Purification and Albuminisation of CeO2-based NCs

All previously synthesised nanocrystals were purified by centrifugation using an
Amicon® Ultra-15 centrifugal filter unit of regenerated cellulose membrane (3 kDa
pore size) and redispersed in a 2.2 mM sodium citrate solution to a final
concentration of 1.72 mg/mL of CeOs..

Purified NCs dispersed in 2.2 mM of sodium citrate were conjugated to BSA prior
to their addition to a cell culture. A stock solution of 60 mg/mL of BSA in 10 mM
Phosphate Buffer (PB) was prepared. Correspondent volumes of NC dispersion and
BSA stock solution were mixed so the molar ratio Ce-to-BSA is 1:15 and the final
concentration of NCs is 1 mg/mL. The mixture is left stirring for 24h at 4°C for the
protein corona to form and used between the 24-48h time window to prevent
denaturalisation. All the procedure was carried out in a laminar flow cabinet, and all
solutions were filtered using 0.22 pum sterilised syringe filters to prevent

contamination.
Cytotoxicity assessment: PrestoBlue™ assay

Viability of the HEK-293 cells in the different experiments was evaluated through
the PrestoBlue™ assay, which consisted first of the exchange of the consumed
DMEM by new one and, second, the addition of 10 pL of the PrestoBlue™ reagent
to each well and its incubation at 37°C for at least 30 min. After that time,
fluorescence was measured (Aex=531 nm, Aem=572 nm) on a Varioskan LUX
(Thermo Fisher Scientific) plate reader. To act as absorbance blank, the fluorescence
of the reagent at working concentration in the absence of cells was also measured.
Viability of each sample was calculated as follows:

% Viability = A:‘:’fl:“ x 100 (7.1)
Being Asample the measured intensity of the sample, A. the negative control of cells
exposed to DMSO representing 0% viability and A. the positive control of
unexposed cells representing 100% viability. All measurements were carried out in
triplicate.
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Cytotoxicity of Albuminized NC samples and H>O>

HEK-293 cells were seeded to 10° cell/mL in a 96-well plate in DMEM for 24h
before exposition to the albuminised particles, which amounted to a final 10% of the
total well volume (200 pL), in a final concentration of 100 ug/mL of CeOz2, or the
H20> in increasing concentrations (0.05 mM, 0.2 mM, and 0.5 mM). After 24h of
exposition, the PrestoBlue™ assay described above was performed to determine
viability. The positive control consisted of not-exposed cells in DMEM, the negative
control consisted of cells exposed to 10 pL of DMSO, and an additional control
consisting of the exposition to 20 pL of the BSA in PB stock solution was also

performed. Each sample assay was performed by triplicate.
In-vitro radical scavenging assessment of CeO2-based NCs

For this assay, HEK-293 cells were seeded to 10° cell/mL in a 96-well plate in
DMEM and maintained at 37°C and humidified 5% CO». After 24h, 20 pL of
albuminised NCs at different concentrations were added, resulting in final doses of
10, 50 and 100 pg/mL in the corresponding wells. For those wells where particles
were not injected, volume differences are compensated by adding 20 pL. of DMEM
to ensure same conditions for each well. The plate is maintained at 37°C and
humidified 5% CO> for 24h, and afterwards, the necessary amount of H>O> stock
solution is added to the corresponding wells to achieve final concentrations of 0.05
and 0.2 mM. Again, volume is homogenised by adding the correspondent amount of
DMEM in those wells where peroxide was not injected or injected in a lower amount.
After 24h, viability is determined through the PrestoBlue™ assay described above.

The experimental design consisted of the exposure to 0.2 mM of H>O of cells
previously exposed to different doses of albuminised CeO-based NC samples (0,
10, 50 and 100 pg/mL) and, in order to test the effect of different H.0O>
concentrations, 0.05 mM of H.O> was also exposed to the maximum dose of each
sample of albuminised NCs (100 pg/mL of CeO.). The following controls were
employed: Unexposed cells in DMEM (acting as 100% viability for wells not
exposed to NCs), cells exposed to BSA in PB stock solution, cells exposed to 100
ug/mL of each albuminised NC sample (to act as 100% control of cells exposed to
both cells and peroxide) and cells exposed to 10 pL of DMSO (representing the 0%
viability). Each assay was performed by triplicate on the same plate.
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7.5 CHAPTER VI: ELECTRONIC STRUCTURE OF
NANOSTRUCTURED CeO:

7.5.1 Materials

Cerium (111) chloride heptahydrate, cerium(IV) oxide powder, cerium(IV) hydroxide
powder, TMAOH solution 25%wt in H20, ethanol ACS reagent (absolute alcohol
99.8%) without additive, hydrogen peroxide ACS reagent 30 wt% in H>O were
purchased from Sigma Aldrich.

7.5.2 Methods
7.5.2.1 XPS

X-ray Photoelectron Spectroscopy (XPS) was performed on a SPECS PHOIBOS 150
hemispherical analyser (SPECS GmbH, Berlin, Germany) monochromatic Al K-
alpha radiation (1486.74 eV) as excitation source operated at 300 W. Binding energy
(BE) values were referred to the C 1 s peak at 285.0 eV. The fitting of the XPS spectra
was performed by OriginPro 2016 software after Shirley subtraction of the
background.

Sample preparation involved the purification and concentration of the colloidal NCs
via centrifugation for the deposition of a few drops of the concentrated disperison
onto a 25 mm? Silicon wafer, which is left to dry for at least 24h before the
measurements.

7.5.2.2 XAS
Synthesis of bulk CeO> (CeO.-TMAOH)

The necessary mass of cerium (I11) chloride heptahydrate was dissolved in 100 mL
of MQW at room temperature to a final concentration of 10 mM. 1 mL of TMAOH
solution 25%wt (2.74 M) is added to this solution and the mixture is left under
stirring for 24h. After this time, the solution is centrifugated at 5000 rcf for 10
minutes and resuspended to the same volume in a 10 mM TMAOH solution.
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Synthesis of CeO: in EtOH

The necessary mass of cerium (111) chloride heptahydrate was dissolved in 100 mL
of absolute ethanol at room temperature to a final concentration of 10 mM. The
solution was stirred for 30 min and then 1 mL of TMAOH to the 100 mL solution
was added 1 mL of TMAOH solution 25%wt (2.74 M) in water. The mixture was
left under stirring for 4h and stored as prepared.

High-Energy Resolution Fluorescence-Detected X-ray Absorption Spectroscopy
(HERFD-XAS) Measurements

Measurements were performed at beamline 1D26 of the European Synchrotron
Radiation Facility (ESRF) in Grenoble. Technical aspects of the setup are taken from
the work of Cafun et al. (ref. 25 of chapter VI): The incident energy was selected
using the (111) reflection from a double Si crystal monochromator. Rejection of
higher harmonics was achieved by three Si mirrors working under total reflection.
The incident photon flux was monitored by detecting the X-rays scattered from a foil
using a photodiode. Five spherically bent (R = 1 m) Ge crystal analysers in (331)
reflection were chosen to be suitable for the detection of the Las emission line of Ce
(4839 eV). The combined energy bandwidth was 0.9 eV. The sample, analyser
crystal, and photon detector (avalanche photodiode) were arranged in a vertical
Rowland geometry (See figure 6.4 chapter VI). The HERFD-XAS spectra were
recorded at scattering angles covering 70 — 110° in the horizontal plane. The
measuring conditions were optimised by Dr Vinod Paidi and Prof. Pieter Glatzel,
carefully chosen to avoid radiation damage due to the exposure of the CeO2 NCs to
the X-ray.
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7.6 CHARACTERISATION TECHNIQUES
UV-vis spectroscopy

UV-vis spectroscopy measures light extinction (comprised of the absorption and
scattering contributions to the loss of light) within the visible and near ultraviolet
regions of the electromagnetic spectrum of an incident beam passing through the
sample. Each of the UV-vis spectra were acquired using an Agilent Cary 60 UV-Vis
Spectrophotometer. 1 mL of sample is placed in a quartz cuvette, and a selected range
between 180-1100 nm is recorded. Measurements are taken at room temperature.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering uses Brownian motion and the Stokes-Einstein equation
to characterise the size distribution profile of colloids and suspensions through
fluctuations on the intensity of light scattering. Since the principle to determine
particle size is the diffusion coefficient of the particle, it provides information about
the particle’s hydrodynamic radius, which is, by definition, bigger than the naked,
dry particle.

Particle size and concentration determinations by DLS were performed in a Malvern
ZetaSizer Ultra instrument at a 532 nm wavelength and fixed backscatter angle of
173° using a plastic cell of 10 mm optical path. The equipment also allows for the
determination of surface charge through measurement of the {-potential profile.

Transmission Electron Microscopy (TEM)

Particle imaging for size and morphology analysis was performed ina 20 keV STEM
(FEI Magellan 400L XHR SEM) in bright field transmission mode for low-
magnification characterisation and a FEI Tecnai G2 F20 S-TWIN HR(S)TEM,
operating at an acceleration voltage of 200 kV in both High-Resolution TEM, and
HAADF-STEM and equipped with a FEI monochromator for high-energy-resolution
EELS.

For grid preparation, samples were purified by and resuspended in Milli-Q water.
Afterwards, 5 uL were deposited on an ultrathin carbon-coated 200-mesh copper grid
from Ted Pella Inc and left to dry 24h before the observation.
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Energy Dispersive X-Ray (EDX) Spectroscopy

Spectroscopic technique for the elemental characterisation of a sample under the
electron beam of a microscope. It determines the energy of X-Rays emitted by inner
electronic shells of the sample’s atoms, identifying their species and quantifying their
relative abundance. Spectra were recorded at an acceleration voltage of 200 keV in
a FEI Tecnai G2 F20 S-TWIN HR(S)TEM during imaging sessions.

Thermogravimetric Analysis (TGA)

Structural water content of samples was determined by thermogravimetric analysis
(TG)-differential scanning calorimetry/differential thermal analysis (heat flow
DSC/DTA) system NETZSCH-STA 449 F1 Jupiter at the Thermal Analysis Service
of ICMAB.

X-Ray Diffraction (XRD)

XRD obtains the diffraction pattern of a crystalline material through the elastic
scattering of an incident X-ray beam, which is related to its crystal structure through
Bragg’s law. X-ray powder diffraction patterns of the NC samples were collected on
an X-PERT PRO MPD analytical diffractometer (PANalytical) operating at 45 kV
and 40 mA using Cu—Ka radiation (A = 1.5418 A).

Sample preparation included the purification and posterior drying of the material
suspension. Once dried, the solid is carefully milled and deposited onto a Si holder.

X-Ray Photoelectron Spectroscopy (XPS)

XPS allows the determination of the electronic structure of the surface of the sample
through the measurement of the kinetic energy of electrons ejected from it under X-
Ray illumination in Ultra-high vacuum conditions. It provides information about
chemical composition of the sample and its elemental quantification. Spectra were
recorded on a hemispherical Phoibos 150 analyser (SPECS) with mean radius of 150
mm under dual anode X-Ray source (Al-Ka 1486.74 eV and Ag—La 2984.3 V).
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Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)

For atomic characterisation, ICP techniques ionise elements from the sample at high
temperatures and OES quantifies them by measuring radiation emission. In this
work, the Agilent 5900 ICP-OES equipment from UAB Chemical Analysis Service
was employed to calculate reaction yields and doping concentrations.
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CHAPTER VIII

GENERAL CONCLUSIONS

In this work, the synthesis of colloidal CeO2 NCs has been performed, along with
that of CeO.-based nanomaterials of a higher degree of complexity: Lanthanide-
doped CeO2 NCs and hybrid Metal@CeO2 NCs. All the synthetic procedures carried
out follow the principles of “Green Chemistry”, including, among other traits,
performing the process in aqueous media, using mild reaction conditions, and
avoiding the generation of hazardous waste to ensure the sustainability of the final
products. The extensive characterisation performed for each nanomaterial has led to
the detailed description of their physicochemical properties, allowing to conclude
that all synthetic protocols described have been optimized.

The applicability of the synthesised nanomaterials (CeO2 NCs, Au NCs, AuCeO>
NCs and lanthanide-doped CeO> NCs) has been assessed by determining their
activity for two model reactions in different research fields. In the first place, for the
reaction of methanol production from CO: and H2 towards their application in the
field of heterogeneous catalysis and, in second place, for the degradation of ROS in
the biological context. .It is concluded that potential aplicability of the produced
nano.materials has been defined. Finally, the characterization of the electronic
structure of the material, carried out through two complementary core-level
spectroscopy techniques led to the conclusion that the origin of the catalytic
properties shown by the different CeO»-based materials lies on the chemical bond
between Ce and O atoms, that leads to the partial hybridization of atomic orbitals
and gives rise to a multiconfigurational ground state of the material’s electronic

structure.

In detail:
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8.1 CHAPTER Il — CeO2 NANOCRYSTAL SYNTHESIS

Highly dispersed and colloidally stable CeO, NCs have been successfully
synthesized. The obtained 2.5 nm diameter has been found to be the minimal stable
size possible, which is undoubtedly the most practical solution for enhancing CeO>
efficiency for its different applications.

Different synthetic parameters have been evaluated in order to optimise the synthetic
protocol: Salt precursor choice, base, pH (and subsequentially, precursor-to-base
ratio), Temperature and sodium citrate concentration leading to the final synthetic
protocol described. The optimal conditions were found to be a room temperature
oxidation and precipitation consequence of the sequential mixing of the three
reagents (Salt precursor, sodium citrate and base) in a 1:2.2:2.7 molar ratio.

The posterior ageing process, in which the precipitated crystals reconstruct their
crystal structure towards the elimination of surface defects, reaching the most
thermodynamically stable state, was found to be spontaneous and slow in standard
conditions. However, kinetics of this process could be enhanced either physically
(increasing temperature) or chemically (introducing a reactive species such as H20>).

Finally, the extensive physicochemical characterization performed allowed to
adequately describe de material’s properties and conclude that the produced NCs are
indeed composed of Ce and O atoms, hold the expected fcc crystalline structure, hold
the expected optical properties of the material and have a colloidal and chemical
stability high enough to last up to three years without altering its physicochemical
state when appropriately stored at RT.

8.2 CHAPTER Il — LANTHANIDE DOPED CeO> NCs

The incorporation of other lanthanide cations (Yb3*, Er®*) to the synthesised CeO;
NCs structure was successfully achieved through a simple and effective method,
which consisted in partially substituting metal precursor in the reaction media with
the dopant precursor in the previously described synthetic protocol.

The developed doping method is concluded to not cause alterations on size,
morphology and other colloidal properties of the produced NCs through their
physicochemical characterisation. Moreover, it is concluded that this method allows
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for the total control of dopant concentration on the crystal structure up to 25%, as the
determination of doping concentration on the prepared samples performed by both
EDX and ICP-OES evidences. The versatility of the developed methodology may
allow for its extension to other species, both rare earths or transition metals.

The evaluation of the emission within the visible range upon illumination of the
resultant nanocrystals with a 980 nm cw laser of 120 mW led to the conclusion that
the doped material does not hold any significant Photon Upconversion properties.

8.3 CHAPTER IV — MULTIDOMAIN Au/Ag-CeO, HYBRID NCs

It is concluded that the synthesis of colloidally stable AuCeO., AgCeO. and
AUAgCeO: hybrid nanostructures has been successfully performed and optimized,
achieving the merging of a CeO, domain and a plasmonic metal domain (Au and Ag)
into a single hybrid nanomaterial.

Characterization of the produced materials using electron microscopy and
spectroscopic techniques led to the conclusion that the exploration and of two
different synthetic strategies (the one-pot approach and the seeded-growth approach)
and the combination of both has allowed to control size, morphology, and complexity
of the produced hybrid nanostructures through different synthetic parameters such as
precursors ratio, pH, and temperature. The one-pot approach ensured the simple and
quick obtention of the minimal-sized hybrid nanostructure. The seeded-growth
approach allowed for total size and morphological control of the final hybrid
nanostructure by sequencing the reaction into several steps. The combination of both
led to achieving highly complex nanostructure achitectures for both two- and three-
domained hybrids.

Lastly, the synergistic properties emerging from coupling the metal and metal oxide
domains are evidenced through the enhancement of the efficiency of the LSPR
extinction. It is concluded that near-field effect causes this optical enhancement in
the resultant hybrid nanostructures, acting as further proof of the epitaxial contact
between both crystalline domains and could be an indicator of the enhancement of
other properties of each component.
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8.4 CHAPTER YV — CATALYTIC APPLICATIONS OF CeO2-BASED
NANOSTRUCTURES

Proof of the catalytic properties of CeO2 beyond oxidation reactions was achieved
through the test of the catalytic performance of the different CeO.-based
nanomaterials for the reductive transformation of CO, to methanol. The obtained
STY and selectivity values at different temperatures evidenced differences in activity
between CeO, and AuCeO2 NCs, and very poor to no activity for the case of the
lanthanide-doped CeO> NCs. Since the Au NPs used as control also did not produce
any relevant STY value, it is concluded that the increase of catalytic activity in the
hybrid structure is related to the synergistic effects arising from the existence of a
metal-metal oxide interface, rather than the sum of the individual components’
catalytic properties.

In the biomedical field, the radical scavenging properties of CeO.-based
nanomaterials have been satisfactorily proven. From the changes on the extinction
profile of the NCs upon exposure to hydrogen peroxide, the molecule chosen as ROS
model, it is concluded that the catalytic process takes place generating oxygen
vacancy defects on the material’s surface that finally reflect on its bandgap. At the
same time, the constant generation of bubbles upon exposure to H20- indicates its
oxidation to molecular oxygen. It allows to conclude that nanostructured CeO:
possesses ROS scavenging properties.

The specific peroxidase-mimetic activity values obtained of each CeO2-based
nanomaterial, determined through an standarised assay, allowed to conclude that
pure CeO2 NCs hold great potential as radical scavengers, as the obtained values are
higher than those of other materials reported in the literature as ROS scavengers, and
that attaching the Au domain to the CeO- confers the nanostructure with much more
efficient catalytic properties than the pure CeO2. NCs (and Au NCs) alone, as the
obtained results fall out of the upper linearity range of the performed test. On the
other hand, the results for the case of lanthanide-doped CeO2, NCs are an indication
that the doping blocks the mechanism of the catalytic cycle.

The assessment of the cell toxicity of the nanomaterials suggested that none of the
materials result toxic for the cell line employed. However, viability values higher
than 100% indicate that they do cause alterations to some extent in cell metabolism.
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The in vitro assessment of the catalytic properties of the materials confirmed the ROS
scavenging activity in a biological environment, but since the differences between
pure CeO2 and AuCeO2 NCs were not as stricking as in previous tests, it was
concluded that differences on size, morphology and functionalization affect the
degree on cell internalization of the NCs and the routes taken for it, which impact
the final performance.

Finally, the absence of any satisfactory results in any of the catalytic tests performed
on lanthanide-doped CeO2 NCs and the absence of Photon Upconversion properties
lead to the hypothesis that the material may perform well in photocatalytic or
photothermal processes, as absorbed IR radiation must be dissipated in some way.
However, no test was performed to confirm this hypothesis.

8.5 CHAPTER VI — ELECTRONIC STRUCTURE OF NANOSTRUCTURED CeO>

This chapter addressed the origin of the catalytic properties of nanostructured CeO.,
which is a matter in discussion within the community. From the multiple peaks
appearing in the Ce 3d line in XPS for all the samples and controls it is concluded
that CeO: presents a partially hybridised ground state. This multiconfiguration due
to the partial hybridisation is susceptible to changes in surface-to-volume ratio of the
material.

Ce®*-associated transitions appeared mainly on nanosized samples of pure CeO; and
were not present on the doped samples or the bulk references. Furthermore, AuCeO-
hybrid samples, which have previously shown the highest catalytic activity, proved
to resemble either nano or bulk spectra according to the size of the CeO: shell. All
of it allowed to conclude that catalytic performance may not be directly related to a
switch on oxidation state of Ce atoms.

The ultra high vacuum conditions, the reducing effect of X-Ray illumination and the
higher reactivity of smaller nanocrystals may result in a faster rise of Ce3* transitions
in the spectra, which would make them artefactual, but no definitive conclusion could
be draw as no time-dependent measurements were taken.
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From the analysis of the O 1s peak on the same samples, it was concluded that
nanosized samples hold a higher portion of surface hydroxyl groups and oxygen
vacancies than bulk and bulk-resembling samples.

XANES spectroscopy was succesfully employed to measure the Ce Ls line on pure
CeO2 NCs and further describe the hybridized ground state of the material and its
role during the catalytic activity.

The analysis of the pre-edge region of the spectra, correspondent to the 2p—>4f
transitions which reflect the electronic configuration (and, therefore, oxidation state)
of the Ce atoms, concluded that all CeO, NC samples are composed of Ce**, and no
Ce®* is present on the crystal structure.

Small differences between bulk and nanosized samples in the signal of the edge peak
of the Ce Lz line (2p—>5d transition, which mainly reflects crystal features), in terms
of definition of the peak, led to the conclusion that the number of defects is inversely
proportional to size and quality of the crystal. At the same time, variations on ageing
time in CeO2 NCs evidenced how ageing is a process affecting crystalline structure
rather than oxidation state of the surface Ce atoms.

It was concluded that no formal reduction of Ce** to Ce®* occurs during the catalytic
activity, as no notable alterations on the pre-edge peak were recorded on time-
dependent XANES spectra of the CeO2 NCs in operando conditions for the catalytic
degradation of H205.

The temporal loss of crystalline features within the Lz edge structure upon exposure
to H202, however, indicated sudden changes on density of surface defects. Coupled
to the change in color of the samples and the presence of bubbling from O
generation, it proved that catalytic activity was taking place. It can be then concluded
that Ce3* configurations are not necessarily paired to oxygen vacancies within the
crystal structure or take any role in the catalytic cycle.

As a general conclussion, catalytic properties of nanostructured CeO. seem to be a
consequence of the hybridization between O 2p and Ce 4f atomic orbitals when the
chemical bond is formed, which avoids the generation of unpaired electrons
associated with Ce** species upon oxygen vacancies generation. The terminology
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typically found in literature to refer to these properties, variations of “valence switch”
or “3+/4+ tautomery”, may be consequence of over-simplification and not an
alternative explanation for the same phenomenon.

To further deepen into this concept, it could be interesting to analyze changes in the
degree of orbital hybridization in the material’s electronic structure when introducing
variations on the system: size/surface-to-volume ratio, doping or coupling with Au
or Ag domains, during the catalytic activity for different processes, etc.
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ANNEX

9.1 ANNEXB: CeO, NANOCRYSTAL SYNTHESIS

9.1.1 Bibliographical recompilation of synthesis methods for producing
CeO2 nanomaterials

This section contains a recompilation of synthesis methods for producing CeO:
nanoparticles in agueous media by the precipitation method reported on the literature,
and a summary of the respective synthetic conditions employed. They are classified
into different categories.
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Table 9.1: Surfactant-free protocols for the synthesis of CeO2 NPS........................ 208
Table 9.2: Surfactant-assisted protocols for the synthesis of CeO2 NPs .................... 208
Table 9.3: Surfactant-free protocols for the synthesis of anisotropic CeO2 NPs........... 209

Table 9.4: Surfactant-free protocols for the synthesis of CeO2 NPs from Ce (1V)
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Ce(NO3)3-6H,0 NH,OH 9 RT <1h 3-5nm 10
Ce(NO3)3-6H,0 NH,OH | 10-12 RT 4-5nm 1
Ce(NO3)3-6H:0 NH,OH 10 RT 3-4nm 12
Ce(NO3)3-6H,0 NaOH 7-10 RT 24h 10-20 nm 13
Ce(NO3)3-6H,0 NH,OH 9 RT 5-10 nm 10
Ce(NO3)3-6H:0 NH,OH 10.6 0-90°C 1-20h 7-25 nm 14
Ce(NO3)3-6H:0 NH,OH 8.4 30-90°C 7-19 nm 15
Ce(NOs)3-6H.0 NH,OH >10 100°C 24h 16-17 nm 16
Ce(NO3)s-6H:0 NaOH 7-8 100-180°C 24h 9-25 nm 17
Ce(NOs)3-6H20 NHs 180°C* 8-24h 15 nm 18
Ce(NOs)3-6H.0 NH,OH 10 180°C” 4h 15-20 nm 12
Ce(NO3)s-6H,0 NH,OH 10 50C <1h 5-8 nm 12
Ce(NO3)3-6H:0 H.0> <10 85°C <1h 3-4nm 12

Table 9.1: Surfactant-free protocols for the synthesis of quasi-spherical/polyhedral CeO, NPs from
Ce (I1I) salt precursors

(NH4),Ce(NOs)s | NaOH Oleic acid 120-160°C | 6-24h NPs 19
Ce(N03)3.9H,0 | TMAOH Azo- 80°C 3h NPs 20
' dicarbonamide
Ce(NO3)3 NaOH Decanoic acid 400°C* 10 min | Nanocubes | 2!
Ce(NO3)s Tert- Oleic Acid 180°C 24h | Nanocubes | 22
butylamine

(NH4:Ce(NOa)s |\ | sodium Oleate | 150-200°C | 1-30h | Nanocubes | 2
Ce(NOs3)3

CeCl3.7H,0 NH3 CTMABT 80°C” 4 days | Nanorods | 24

Table 9.2: Surfactant-assisted protocols for the synthesis of CeO, NPs

*Thermal treatment after washing room temperature precipitate
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Ce(NOs);-6H,0 NaOH 14 | 160-180°C 24h cubes/100 nm 13
Ce(NO3)3-6H:0 NaOH 14 140-180°C 24h cubes/100 nm 17
Ce(NO3)s-6H,0 NaOH 14 140°C 48h cubes 25
Ce(NO3);-6H,0 NH3-H.0 - 180°C* 8-24h cubes 18
Ce(1V) Urea - 120-180°C - Stamps/20 nm 26
Ce(NO3)3-6H:0 NaOH 14 20-100°C 24h Nanowires 13
Ce(NO3)3-6H20 NH,OH 10.6 70-90°C <lh Nanowires 15
Ce(NOs);-6H,0 NaOH 14 100°C 24h Nanowires 17
Ce(NO3);-6H,0 NaOH - 100°C 8 min Nanorods 21
Ce(NO3);-6H,0 NaOH 14 110°C 24h Nanowires 13
CeCls.7H,0 NaOH 14 140°C 48h Nanorods 25
CeCls.7H,0 NaOH 14 180°C 24h Nanowires 28
CeCl5.7H0 NHs-HO - 180°C* 8-24h Nanowires 18
CeCls.7H,0 NaOH->H.0, | 11 40°C - Nanorods 29
Ce(NO3)3-6H,0 | NasPOs-6H,O | 4-7 | 140-220°C | 144h Nanorods 30
Ce(NO3)3-6H20 | NasPO4-6H,0 | 4-7 170°C 120h Nanorods 31
CeClaTH0 | FOwOMO | 180°C | 8-24h Nanorods 32
NHs-HO

Table 9.3:Surfactant-free protocols for the synthesis of anisotropic CeO, NPs

(NH4)2Ce(NO3)s NH,OH 10 90°C 1-20h 35nm | 14
Ce(S04)2-4H,0 Na;OH >10 140-200°C |  5-40h 3-8 nm 33
Ce(NH4)4(SO4)s-2H,0 | Na,OH >10 140-200°C |  5-40h 3-8nm | 3
Ce(S04)2-4H,0 Urea 7.8 180°C 5h 10 nm 33
Ce(S04)2-4H,0 Urea 2.7 180°C 5h 20 nm 33
Ce(S04)2-4H,0 NaOH 245°C* 1-5d 34
Ce(NH.)a(SO4)s-2H,0 | NH,OH 2-6h 300°C 3-10nm | %
Ce(S04)2-4H,0 Na,OH >10 140-200°C |  5-40h 3-8 nm 16
Ce(NH4)a(S04)4-2H,0 | NasOH >10 140-200°C |  5-40h 3-8 nm 16
Ce(1V) Urea 120-180°C 10-14nm | 26

Table 9.4: Surfactant-free protocols for the synthesis of quasi-spherical/polyhedral CeO, NPs from
Ce (IV) salt precursors

*Thermal treatment after washing room temperature precipitate
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9.2 ANNEX C: LANTHANIDE DOPED CeQO, NCs:
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9.2.1 Characterization of lanthanide dopant salt precursors
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Figure 9.1: UV-vis absorbance spectra of lanthanide dopants precursors.
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9.2.2 Characterization of lanthanide-doped CeO2 NCs

STEM Size distribution Tauc Plot
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Figure 9.2: HRSTEM imaging (left), size distribution (center) and Tauc's plot (right) for each of the
Ce02:Yb,Er samples
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9.3 ANNEX D: MULTIDOMAIN Au/Ag-CeO; HYBRID
NANOCSTRUCTURES
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Characterization of size-controlled synthesis of Au NCs
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Characterization of size-controlled synthesis of Ag NCs
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Figure 9.7: UV-vis spectroscopy and STEM characterization.............c.cc.cervene. 219

9.3.1 Characterization of size-controlled synthesis of Au NCs

For the synthesis of size-controlled Au NCs a variation of the seeded-growth method
previously developed and published by the group is employed. Experimental aspects
are detailed in 7.3.2.3. Figure 9.4 shows the schematic summary of the procedure.
After the synthesis, 2 mL of each generation stored are employed for the total
characterization by UV-vis spectroscopy and STEM (Figure 9.5). Table 9.5
summarizes mean size, concentration and LSPR peak position of each generation.
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Figure 9.4: Scheme of the synthetic procedure for Au NCs
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Name Concentration TEM Size LSPR peak
Go 0.033 mg/mL 10.8 nm 519 nm
Go+2 0.099 mg/mL 14.9 nm 521 nm
Gi+1 0.131 mg/mL 18.5 nm 522 nm
G2+1 0.159 mg/mL 23.9 nm 524 nm
Gs+1l 0.165 mg/mL 29.7 nm 526 nm
Gst1l 0.173 mg/mL 34.2 nm 528 nm
Gst1l 0.180 mg/mL 40.6 nm 530 nm
Get1l 0.183 mg/mL 47.3 nm 533 nm
Gr+1 0.186 mg/mL 53.2nm 537 nm

Table 9.5: Total concentration, particle size and LSPR peak position of each generation of Au NCs.

Normalized to LSPR peak Normalized to Au concentration

g0+2 94+1

g,+1 g+ 1

gz+1 95+1
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300 350 400 450 500 550 600 650 700 750 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 9.5: UV-vis spectroscopy and STEM characterization of each generation of Au NCs
produced. Scale bars: 100 nm
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9.3.2 Characterization of Size-controlled synthesis of Ag NCs

For the synthesis of size-controlled Ag NCs a seeded-growth method previously
developed and published by the group is employed. Experimental aspects are detailed
in 7.3.2.4. Figure 9.6 shows the schematic summary of the procedure and Figure
9.7 the total characterization by UV-vis spectroscopy and STEM. Table 9.6: Total
concentration, particle size and LSPR peak position of each generation of Ag NCs.
summarizes mean size, concentration and LSPR peak position of each generation.
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Figure 9.6:Scheme of the synthetic procedure for Ag NCs
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Name Concentration TEM Size LSPR peak
G, 0.25 mM 14.8 nm 401 nm
G, 0.45 mM 19.7 nm 404 nm
G, 0.61 mM 24.0 nm 408 nm
G, 0.74 mM 28.0 nm 411.5 nm
G, 0.84 mM 29.8 nm 416 nm
G, 0.92 mM 31.6 nm 418.5 nm
G, 0.99 mM 37.0 nm 421 nm
G, 1.04 mM 41.2 nm 425 nm
G, 1.08 mM 44.0 nm 427.5 nm
G, 1.12 mM 47.9 nm 430 nm
G, 1.14 mM 53.2 nm 432 nm
G, 1.16 mM 55.8 nm 438 nm
G, 1.18 mM 60.8 nm 442 nm
G, 1.20 mM 66.6 nm 446 nm
G 1.21 mM 71.4 nm 452 nm

14

Table 9.6: Total concentration, particle size and LSPR peak position of each generation of Ag NCs.

Absorbance (a.u.)

300 400

NORMALIZED

= T
600 700

Wavelength (nm)

Figure 9.7: UV-vis spectroscopy and STEM characterization of different generations of the Ag NCs
produced. Scale bars: 100 nm
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9.4 ANNEXE: CATALYTIC APPLICATIONS OF CeQO»-
BASED NANOSTRUCTURES

Contents:
Radical Scavenging: Effect of catalytic activity on CeO>

Figure 9.8: Evolution of Urbach parameter after H,O> exposition.................. 220

Enzymatic Activity: Catalytic degradation of TMB

FIQUPE 9.9: CO2 NCS. ..ttt e e 221
Figure 9.10: CeO2:Yb, Er (20%, 5%) NCS. ..o 222
FIgure 9.11: AUCEO2 NCS. .. vttt e e e a 223
FIQUIE 9.12: AUNCS. ..ot e 224

9.4.1 Radical Scavenging: Effect of catalytic activity on CeO>

E,(t,) = 0,16 eV
E,(1.5h) = 0,22 eV
E,(96h) = 0,17 eV

In(o)

URBACH TAIL - CeO,

. . , . , .
2 3 4 5 6
E (eV)

Figure 9.8: Time evolution of Urbach plot of CeO, NCs after H,O, exposition
Complementary to Figure 5.4
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9.4.2 Enzymatic activity
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o CeO, 0 pg o CeO, 20 pg - No H,0,
2,54 2,54
2,04 2,0 1
) )
= =
S S
»n 1549 »n 1549
E<J Wavelength (nm) ﬂ<3
1,0 1 1,0
0,54 0,5
0,0 S T T T T 0,0 T — T — T T
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
CeO, 5 CeO, 10
3.0 > O Ug 0 2 1g
2,54 2,54
2,0 2,0 -
3 3
s <
0 154 0
o o
< <
1,0 1
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
CeO, 15 pg
3,0
2,54
) )
=3 =
& &
[%)] (%]
o o
< <

Wavelength (nm)

T T
400 500 600 700
Wavelength (nm)

Figure 9.9: Time evolution of the UVVvis spectra for the catalytic degradation of 0.2 mg of TMB in
150 mM of H,0; using increasing amounts of catalyst (CeO, NCs).
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CeO,:Yb, Er NCs - 0,2 mg TMB, At = 10s
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Figure 9.10: Time evolution of the UVVvis spectra for the catalytic degradation of 0.2 mg of TMB in
150 mM of H,0, using increasing amounts of catalyst (CeO2:Yb, Er NCs).
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Figure 9.11: Time evolution of the UVVvis spectra for the catalytic degradation of 0.2 mg of TMB
in 150 mM of H20- using increasing amounts of catalyst (AuCeO, NCs). Time interval between
spectra is 2.5 for each experience except for the one in absence of H.O,, in which the time interval
is 10s between each spectrum recorded.
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Figure 9.12: Time evolution of the UVVvis spectra for the catalytic degradation of 0.2 mg of TMB in
150 mM of H,0; using increasing amounts of catalyst (Au NCs).
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9.5 ANNEX F: ELECTRONIC STRUCTURE OF
NANOSTRUCTURED CeQO,

Contents:

XPS characterization

Ce 3d deconvolution (Figure 9.13-16)........c.ooviiiiiiiiiiiie e, 225
O 1s deconvolution (Table 9.7)......ccoiiiii 227
Clspeak (FIQUIe Q.07 ... e e, 228

XANES Characterization

Transmitance measurements (Figure 9.18)............cocooiiiiiiiiiin 228

pH evolution (Table 9.8).........ooiiii e 229

9.5.1 XPS Characterization
Ce 3d deconvolution

Peak Analysis

Peak Analysis
Chi"2=5,56745E+003 Data Set: CeO, Before boiling

Data Set: CeO, Before boiling

Chin2=5,56745E+003
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Figure 9.13: Ce 3d peak deconvolution of CeO2 NCs (left) after ageing and (right) before ageing.
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Peak Analysis

Peak Analysis :
» . ; Chin2=2,16392E+004
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Figure 9.14: Ce 3d peak deconvolution of commercial (left) CeO. and (right) Ce(OH)4 powders.
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Figure 9.15: Ce 3d peak deconvolution of AuCeO; NCs of
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(left) thick and (right) thin shell.
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Figure 9.16: Ce 3d peak deconvolution of CeO, doped NCs: (left) 10% Yb**, (middle) 10% Yb3*

5% Er®*, (right) 20% Yb** 5% Er®*.
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O 1s deconvolution

Sample FWHM  Intensity Position (eV) Area %
O, 1,11 95,53 529,80 73,44
Commercial Ooy 2,39 13,97 532,50 23,19
Oy, (ads) 0,85 5,73 530,84 3,37
09 3,64 13,84 526,80 13,76
Co(OH), O, 1,84 85,51 529,81 42,97
Opy 1,44 35,47 531,86 13,96
Oy, (ads) 1,68 63,94 533,05 29,31
0”9 4,02 10,13 527,28 8,76
Ce0, NCs O, 3,03 70,43 530,33 45,90
Opy 1,94 79,00 532,50 32,96
Oy (ads) 2,11 27,31 534,05 12,38
02 2,28 70,59 527,52 34,23
CeO, NCs 0, 2,44 76,03 529,55 39,41
S;ngrge) Ogy 1,91 27,14 534,22 11,02
Oy, (ads) 3,04 23,73 531,57 15,33
09 3,47 41,58 526,85 26,40
C(el?)zogb 0, 3,30 78.86 529.93 47.59
Opg 1,84 77,15 532,71 26,01
0”9 3,22 16,01 527,44 12,81
C(j(gg/;Y;’%]ir 0, 2.42 81,64 529,92 49,19
’ Ouy 2,25 67,92 532,12 38,00
0" 9 3,16 13,00 526,59 10,62
C(;(gg/;Y:;/ir 0, 2,38 76,16 530,30 46,85
’ Opg 2,39 68,96 532,54 42,53
0" 9 1,50 5,81 527,54 4,01
AuCeO, (thin) OOlat 1,73 93,07 530,52 73,88
- 1,55 19,63 531,90 14,00
Oy, (ads) 2,02 8,72 534,62 8,12
0" 9 2,13 6,02 526,92 7,00
A(;lci;gz 0, 1,70 95.42 529,87 88,23
Oon 2,29 3,82 531,44 4,77

Table 9.7: O 1s deconvolution for all the recorded samples
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C 1s peak

C1ls e ——CeO,NCs Clils —— Commercial CeO,

c-C
—— not aged CeO, NCs —— Ce(OH),
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Figure 9.17: C 1s signal for each spectra recorded (XPS).

9.5.2 Xanes characterization

Transmitance measurements
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Figure 9.18: Transmitance measurements of the CeO, NCs sample exposed to the beam before and
after the H>O- injection.
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Sample (befofel-{)eam) (aftell'){)Ieam) H2O: Injection Final pH
CeO; NCs (Fresh) 9,03 7,65 pH Drops 7,7
Not aged CeO> NCs 9,13 7,75 pH Drops 7,6
Old CeO2 NCs X 7,6 pH Drops 7,6
CeO; in EtOH - - -
CeCl3 4,8 4,8
CeO; Commercial 5 5

Table 9.8: pH measurements before and after x-ray exposure and peroxide injection for the different
samples.
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