UNB

Universitat Autonoma de Barcelona

Silica-supported Multicomponent Materials
for Environmental Remediation
Biomedical and Energy Applications

Gubakhanim Shahnazarova

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




UnB

Universitat Autonoma
de Barcelona

Silica-supported Multicomponent Materials
for Environmental Remediation

Biomedical and Energy Applications

Gubakhanim Shahnazarova

Directors:
Dr. Albert Serra
Dra. Maria Jose Esplandiu

Dr. Borja Sepulveda

Tutor:

Eva Pellicer

Universitat Autonoma de Barcelona
Department of Physics
Doctoral Program in Materials Science

Barcelona, January 2023






The present work entitled ‘Silica-supported multicomponent materials for
environmental remediation, biomedical and energy applications” presented by
Gubakhanim Shahnazarova to obtain the degree of Doctor in Materials Science
by Universitat Autonoma de Barcelona, was performed at the Magnetic
Nanostructures Group at the Catalan Institute of Nanotechnology and
Nanoscience (ICN2), under the supervision of Albert Serra, Maria Jose
Esplandiu, and Borja Sepulveda.

The present thesis was also performed under the doctoral studies ‘PhD in
Materials Science’” at the Physics Department, Sciences Faculty, Universitat
Autonoma de Barcelona, under the tutorship of Dr Eva Pellicer.

Gubakhanim Shahnazarova

(Author)

Dr. Albert Serra  Dr. Maria Jose Esplandiu Dr. Borja Sepulveda  Eva Pellicer

(Director) (Director) (Director) (Tutor)






PREFACE

I. Acknowledgements

First of all,  would like to thank my supervisors Dr. Albert Serra, Dra. Maria Jose
and Dr. Borja Sepulveda and tutor Dra. Eva Pellicer for their support, guidance
and patience during these years.

A million thanks are given to Maria Jose for her wonderful personality,
forbearance and always having a smiley face no matter what happens. A special
thanks go to Borja Sepulveda. Thank you for your continuous encouragement
and solid support during my study. I really admire your positive attitude, great
passion for your work and for giving me push.

I am very grateful to Albert Serra for his sincere suggestions for work, for
answering my questions and for helping me out during these years. Also, I would
like to thank Prof. Josep Nogues.

I owe a deep sense of gratitude to Jordi Fraxedas for his great help in XPS
characterization.

All friends are greatly acknowledged. Special thanks go to Nour Al Hoda. I think
this PhD would be less fun without the days we spent together. I will miss your
letters, funny suggestions and furious days. No matter good or bad, I will always
remember them with a big smile on my face. I would like to thank Jessica also,
for her friendliness and the days we spent together. I am grateful for everything
you did for me. Many thanks to Flippos, for always helping me with global
issues, for his humour and for answering my questions whenever and wherever
he is. I am grateful to Aritz for his help and for trying his best to solve any
problem. Thanks to all, for your help. I will cherish these memorable days with
you.

I would like to thank Alex for his wonderful personality. Thanks to Yue, Li, Javi
and Pau for the time we spent together.

I also thank all the technicians (Raul, Marcos, Javier, Jessica, Francisco) in ICN2
for training me to use all the equipment that was needed during this thesis.

Very special gratitude goes to my husband Tural. Thank you for your care,
unconditional love and strong support during all my good and bad times.
Especially, making my thesis writing process easier.

Last but not least I would like to express my deepest gratitude to my dearest
parents, my sister, my brother and my parents-in-law. Thank you for your love
and constant encouragement all the time.

Gubakhanim Shahnazarova






II.Resumen

La combinacion de multiples materiales con diferentes propiedades fisicas y
quimicas en soportes nanoestructurados permite la integracion de multiples
funcionalidades con potenciales efectos sinérgicos. Ademas, el ensamblaje de los
materiales multicomponente en un soporte puede solventar los problemas que
presentan los materiales "libres”, incluida la mala solubilidad y su estabilidad
fisicoquimica limitada.

Las particulas de silice mesoporosas con morfologia de poros controlable y
biocompatibilidad pueden convertirse en excelentes soportes para catalizadores,
proporcionando un drea superficial muy alta, accesibilidad a los reactivos y
reducen la aglomeracion. En este contexto, esta Tesis Doctoral se ha centrado en
el desarrollo de sistemas multicomponentes multifuncionales cataliticos y
fotocataliticos sobre nanoestructuras de silice mesoporosas o de poro grande
siguiendo diferentes rutas de fabricacion.

En la primera parte de la tesis, se fabricaron nanoreactores galvanicos
multifuncionales de Fe/Au mediante una técnica de dos pasos que consistio en el
autoensamblaje coloidal de particulas de silice de poro grande y deposicion fisica
de metales por vapor para generar semicapas bimetalicas de Fe/Au. La capa de
Au sobre la superficie de Fe mejord significativamente la actividad catalitica de
los nanoreactores debido a su diferencia de potencial electroquimico con respecto
al Fe. Como resultado, las capas de Fe y Au actuaron como anodo y catodo,
respectivamente. Este sistema galvdnico promovié la oxidaciéon y liberacion
eficiente de Fe a Fe? y la transferencia de los electrones a la capa de Au para la
generacion simultdnea de H:0: in situ, proporcionando asi los ingredientes
principales para desencadenar la reaccion de Fenton en agua a pH 7. El Fe*
liberado catalizé la descomposicion del H20:2 produciendo radicales hidroxilos
altamente reactivos a pH neutro sin necesidad de aditivos externos o aporte de
energia. La produccién de H:O: in situ se detecté empleando una reaccion
enzimatica de alta sensibilidad, que mostré una concentracion de H20: 36 veces
mayor en el nanoreactor galvdnico de Fe/Au en comparacion con los
nanoreactores de Fe. La alta reactividad se demostré mediante la degradacion
eficiente de los contaminantes organicos azul de metileno y tetraciclina con una
dosis minima de catalizadores. Los nanoreactores de Fe/Au mostraron una
constante cinética notablemente mas alta (5 veces), asi como mayores eficiencias
de degradacion y mineralizacién en comparacion con nanoreactores de Fe. Hasta
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donde se sabe, los reactores galvanicos de Fe/Au han demostrado reacciones de
Fenton sin precedentes a pH 7 en comparacion con otros sistemas basados en Fe,
sin la necesidad de agregar HxO: externamente y mostrando una de las
constantes cinéticas normalizadas mads altas. Combinados con sus propiedades
fototérmicas y ferromagnéticas, estos nanoreactores galvanicos podrian tener
aplicaciones atractivas en terapias locales basadas en ROS.

En la segunda parte de la tesis, se desarrollaron nanoreactores 2D MoS:/Cu
fotocataliticamente activos sobre particulas de silice mesoporosas mediante la
combinacion de sintesis hidrotermal y deposicion fisica de vapor. El MoS:
obtenido consta de dos fases semiconductoras, el prismatico trigonal 2H y la
octaédrica distorsionada 1T'. En la fase semiconductora 2H, el orbital d se divide
en tres bandas y presenta una banda prohibida ancha de 1,9 eV. Por lo tanto, la
fase 2H muestra una menor capacidad de transferencia de carga. Sin embargo,
en la fase 1T", el orbital d estd parcialmente lleno y posee una banda prohibida
muy pequena, lo que facilita una mayor capacidad de transferencia de carga. A
su vez la fase 1T” obtenida exhibié mayor densidad de defectos, los cuales
constituyen sitios activos para los procesos redox interfaciales. Por otro lado, la
deposicion de una capa fina de Cu, que rapidamente se oxida a Cuz0, permitié
generar una heterounion con el MoS: facilitando una mayor separacion de los
portadores de carga fotogenerados, ademds de contribuir con una mayor
absorcion de luz, que de por si ya es muy buena en el MoS2. Todos estos atributos
hacen que los nanoreactores de MoS2/Cu presenten una actuacion fotocatalitica
eficiente con luz blanca e incluso con luz infrarroja cercana. La actividad
fotocatalitica fue comprobada mediante la degradacion de Tetraciclina
(antibidtico) y Anatoxina-A (biotoxina), como contaminantes orgdnicos modelo.
Los nanoreactores fotocataliticos mostraron una excelente actividad fotocatalitica
bajo luz blanca a pH 6 y pH 8. El rendimiento catalitico de los nanoreactores se
probé mientras estaban inmovilizados en un sustrato de silicio sin causar
ninguna contaminacién secundaria y con una gran robustez, mostrando una
degradacion minima después de 10 ciclos cataliticos. Ademas, los nanoreactores
iluminados por luz infrarroja cercana en la primera ventana biologica (660 nm)
pudieron matar células cancerosas de manera eficiente in vitro a pesar de la gran
separacion entre los nanoreactores y las células (100 pum). Estos resultados,
combinados con la baja citotoxicidad, demuestran el alto potencial de los
nanoreactores MoS:/Cu para aplicaciones medioambientales o de salud.
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La ultima parte recoge los resultados preliminares de nanorreactores
termocataliticos de Ni/Pt ricos en Ni para la conversion de acido levulinico en y-
Valerolactona mediante hidrogenacion por transferencia catalitica utilizando
acido férmico como donante de hidrégeno. Estos reactores se fabricaron sobre
nanoparticulas de silice porosa autoensambladas, mediante evaporacion por haz
de electrones y tratamiento térmico a 500 °C en atmdsfera de hidrogeno y argon
para aumentar el rendimiento catalitico. Este tratamiento térmico permitio la
aleacion de los metales y una distribucion éptima de Pt en la capa de Ni para
mejorar la actividad catalitica. Las propiedades de eficiencia fototérmica de los
nanorreactores de Ni/Pt soportados los convierten en candidatos prometedores
para aplicaciones foto-termo-cataliticas.

En resumen, esta tesis ha demostrado la versatilidad de los nanomateriales
multicomponentes con soporte catalitico o fotocatalitico, que pueden abrir el
camino a aplicaciones prometedoras en dreas que incluyen la remediacion
ambiental, los tratamientos biomédicos basados en ROS o la conversion de
energia con la capacidad potencial de explotar aiin mdas sus propiedades
magnetopldsmonicas.



III. Abstract

The combination of multiple materials with different physical and chemical
properties into nanostructured supports enables the integration of multiple
functionalities with potential synergistic effects. Moreover, the assembly of the
multicomponent materials on support can overcome problems exhibited by ‘free’
materials including poor solubility and limited physicochemical stability.

Mesoporous silica particles with controllable pore morphology, high surface
area, pore volume, and appealing biocompatibility can become excellent catalyst
supports, providing very high surface area, accessibility to the reactants, and
decreasing their agglomeration. In this context, this PhD Thesis has been focused
on the development of catalytically and photocatalytically active multifunctional
multicomponent systems on mesoporous or large pore silica nanostructures
following different fabrication routes.

In the first part of the Thesis, multifunctional Fe/Au galvanic nanoreactors were
fabricated by a two-step technique of colloidal self-assembly of large pore silica
particles and physical vapor deposition to construct Fe/Au bimetallic semi-shells.
The Au layer on the Fe surface significantly improved the catalytic activity of the
nanoreactors due to their electrochemical potential difference. As a result, the Fe
and Au layers acted as anode and cathode, respectively. This galvanic system
promoted the efficient oxidation and release of Fe to Fe? and the transfer of
electrons to the Au layer for the simultaneous onsite generation of H-O, thereby
providing the main ingredients to trigger the Fenton reaction in water at pH 7.
The released Fe? catalyzed the decomposition of the produced H:0: into highly
reactive hydroxyl radicals without the need for external additives or energy input
at neutral pH. The onsite H2O: production was detected by employing a highly
sensitive enzymatic reaction, showing a 36-fold higher H20O2 concentration in the
galvanic Fe/Au nanoreactor compared to Fe nanoreactors. The high reactivity
was demonstrated by the efficient degradation of the organic pollutants
Methylene Blue and Tetracycline with a minimal dosage of catalysts. The Fe/Au
nanoreactors showed remarkably higher kinetic constant (5-fold), as well as
higher degradation and mineralization efficiencies compared to the Fe
counterpart. To our knowledge, the galvanic Fe/Au reactors exhibited
unprecedented Fenton reactions in Fe-based systems at pH 7 without the need
for externally added H:0:, showing one of the highest normalized kinetic
constants. Combined with their photothermal and ferromagnetic properties,


https://www.sciencedirect.com/topics/materials-science/nanostructure

Abstract 11

These galvanic nanoreactors could have appealing applications in ROS-based
local therapies.

In the second part of the thesis, photocatalytically active 2D MoS2/Cu
nanoreactors on mesoporous silica particles were developed by combining
hydrothermal synthesis and physical vapor deposition. The obtained MoS:2
consists of two semiconducting phases, the trigonal prismatic 2H and distorted
octahedral 1T" phase. In the semiconducting 2H phase, the d orbital splits into
three bands and is separated by an energy gap. Therefore, the 2H phase shows a
lower charge transfer capability with a band gap of 1.9 eV. However, in the 1T’
phase, the d orbital is partially filled and possesses a very small bandgap which
facilitates higher charge transfer capability. In turn, the 1T' phase exhibited a
higher density of defects, which constitute active sites for interfacial redox
processes. On the other hand, the deposition of a thin layer of Cu, which quickly
oxidizes to CwO, allowed the generation of a heterojunction with MoS.,
facilitating a larger separation of the photogenerated charge carriers, as well as
contributing to a greater absorption of light, which is already very good in MoS..
All these attributes in MoS2/Cu nanoreactors enable efficient photo-catalytic
actuation with white and even near-infrared light. The photocatalytic activity
was proven by the degradation of Tetracycline (antibiotic) and Anatoxin-A
(biotoxin), as model organic pollutants. The photocatalytic nanoreactors
possessed excellent photocatalytic activity under white light at pH 6 and pH 8.
Notably, the catalytic performance of the nanoreactors was tested while
immobilized on a silicon substrate without causing any secondary pollution, and
with high robustness, showing minimal degradation after 10 catalytic cycles.
Moreover, the nanoreactors illuminated by near-infrared light in the first
biological window (660 nm) could efficiently kill cancer cells in vitro despite the
large separation from the nanoreactors to the cells (100 um). These results,
combined with the low cytotoxicity, demonstrate the high potential of the
supported MoS:/Cu nanoreactors for environmental or health applications.

The last part gathers the preliminary results of Ni-rich Ni/Pt thermocatalytic
nanoreactors for the conversion of Levulinic acid into y-Valerolactone via
catalytic transfer hydrogenation using formic acid as a hydrogen donor. These
reactors were fabricated on self-assembled large porous silica nanoparticles, by
electron beam evaporation and thermal treatment at 500 °C under a hydrogen
and argon atmosphere to increase the catalytic performance. This thermal
treatment enabled the Ni/Pt alloying and an optimum distribution of Pt in the Ni
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layer to improve the catalytic activity. The photothermal efficiency properties of
the supported Ni/Pt nanoreactors make them promising candidates for photo-
thermo-catalytic applications.

In summary, this thesis has shown the versatility of the catalytic, or
photocatalytic-supported multicomponent nanomaterials, which can open the
path to promising applications in areas including environmental remediation,
ROS-based biomedical treatments or energy conversion with the added
capability to further exploit their magnetoplasmic properties.
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V.Motivation

Nanostructured multicomponent materials can exhibit unique features such as
high surface area, high density of active sites, flexibility, and tunable magnetic
and optoelectronic properties due to the combination of different materials with
distinctive physical and chemical properties. These unique characteristics make
them remarkable candidates for various applications in environmental
remediation and biomedical applications. The catalytically active
multicomponent materials could be obtained by combining several different
metals and semiconductors. This combination can yield synergistic reactivity,
i.e., the catalytic performance exceeds their single counterpart. In addition, the
efficiency of the multicomponent materials could be further increased by
nanostructured supports. The support material may not contribute to the
reaction process, but it can increase the reactivity by giving controlled access to
the reactants near the supported catalyst!. Moreover, the support can help to
improve the stability and activity of the multicomponent materials thanks to their
high surface area. This is very important when expensive metals, such as gold,
silver, platinum, ruthenium, palladium, etc., are used as catalysts?. The supports
can also give the catalysts their geometrical shape, texture, mechanical resistance,
and even certain activity, particularly for bifunctional catalysts®. Therefore, the
physicochemical properties of the surfaces affect the performance of the
supported catalysts. Keeping these requirements in mind, various oxides and
carbon compounds have been used as support catalytic materials. Among all of
them, meso or nanoporous silica (SiO2) acts as excellent catalyst support due to
its outstanding chemical and physical properties, where the shape, size and
density of pores have an important effect on the activity and stability of
supported catalysts. This has been shown in metal nanoparticles supported on
porous silica-based supports, which exhibited higher catalytic activity arising
from the higher accessibility of the active sites. The chemical inertness and high
stability of the porous silica templates make these materials ideal catalyst
supports. Therefore, in this thesis, the main attention has been focused on the
development of multimaterial catalytic and photocatalytic nanoreactors on
nanostructured porous silica supports with the aim of achieving novel and
enhanced reactivities for biomedical, wastewater treatment and biomass
conversion applications.



VI. Aims and Objectives.

Multifunctional nanomaterials are receiving considerable attention due to their
exceptional properties and advantages over traditional materials. Their
appealing physical and chemical behavior emerges from the synergistic
properties of the different materials and nanoscale sizes. The main aim of this
thesis has been the development of catalytically or photo-catalytically active
multifunctional materials on mesoporous silica supports. In particular, this
Thesis, have been focused on three different catalytic systems on nanoporous
silica supports:

1. Novel synergistic Fe/Au nanoreactors driven by their galvanic properties
and high surface area drastically enhance their reactivity to generate
Fenton reactions at pH7 without external additives, thus having potential
for ROS-based therapies.

2. Innovative multifunctional 2D MoS2/Cu photocatalysts, on 3D porous
silica nanostructures, which can be activated with visible and near-
infrared light, with potential application in environmental remediation
and cancer therapy.

3. Ni/Pt thermocatalyst alloy with enhanced activity for biomass conversion
via hydrothermal treatment.



VII. Outline

The thesis is divided into seven chapters which are summarized below.

1.

The first chapter provides a broad overview of the physical and chemical
properties of nanomaterials including magnetic, optoelectronic and
surface properties. It also emphasizes the emerging superior catalytic
performance of different nanomaterial combinations.

The second chapter discusses the applications of multi-component
materials in various fields, such as environmental remediation,
biomedical therapies, or sustainable catalytic processes. It covers various
advanced oxidation processes including zero-valent iron, heterogeneous
(photo)catalysts, etc. In addition, it presents information about catalytic
transfer hydrogenation and chemodynamic cancer therapies.

In the third chapter the synthesis of tunable mesoporous silica particles is
explored by changing the reaction conditions. It also describes the post-
processing steps of the silica particles to obtain the desirable catalyst
supports.

In the fourth chapter Fe/Au galvanic nanoreactors on the large pore silica
nanoparticles are developed via the combination of colloidal self-
assembly and electron beam deposition. The Au layer favors the charge
transfer and the onsite production of hydrogen peroxide, while the zero
valent Fe layer continuously degrades the hydrogen peroxide and
generates the active species, which are demonstrated by the efficient
degradation of organic pollutants.

The fifth chapter exhibits the fabrication of 2D MoS:-Cu nanoreactors on
3D mesoporous silica support with applications in environmental
remediation and cancer therapy. The MoS:-Cu nanoreactors exhibit
excellent photocatalytic activity under white light and degrade
Tetracycline and Anatoxin-A due to their hybrid crystallographic
structure and consequent electronic properties. Furthermore, in vitro
assay with cancer cells demonstrates excellent antitumor activity.

The sixth chapter includes the preliminary results related to the
conversion of levulinic acid to y-valerolactone using Ni/Pt thermocatalytic
treatment nanoreactors. The nanoreactor fabrication process involves
chemical vapor deposition and thermal treatment to obtain the Ni/Pt alloy
on the nanoporous silica support.
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7. Finally, the seventh chapter presents the summary of the conclusions

obtained from this thesis and the future perspectives.

. Appendix A contains supplementary information about the Fe/Au

nanoreactors. Appendix B contains additional information about
magnetic properties of nanomaterials.
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1. INTRODUCTION

This thesis deals with the synergistic combination of mesoporous silica
nanostructures and different electrochemically, photocatalytically or catalytically
active nanomaterials (i.e., metals and semiconductors) with promising
applications in environmental remediation, biomedicine and energy. These
hybrid nanomaterials take advantage of the amazing physical and chemical
properties that emerge with miniaturization, which in turn make these
nanomaterials powerful multifunctional tools. Therefore, the first part of this
introductory section will address fundamental aspects of the changes in physical-
chemical properties with size, describing benefits that can be exploited for the
applications. Although some of these characteristics have not been fully
exploited in this thesis, they are still listed since they contribute to giving future
perspectives to the present work. Then an introduction to the nanomaterials used
in this thesis will be provided, emphasizing the synergy in properties that can be
achieved when they are combined.

Then and under the perspective of highly relevant global problems such as water
remediation, new cancer treatment therapies, or green energy use, the state of the
art of nanomaterials and (photo)catalytic processes will be covered, stressing
mainly the generation of advanced oxidative pathways or the generation of
value-added chemicals. This framework will serve as the basis to motivate and
establish this thesis's objectives, which will focus on the design of multifunctional
nanoreactors and novel strategies that could contribute to solving problems of
great social interest.
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1.1 The Impact of Nanotechnology and Physicochemical

Properties.

Nanotechnology is based on nanosized materials. A nanoparticle (NP) is a
fundamental component of nanotechnology. NPs with extraordinary properties
can be composed of metals, metal/nonmetal oxides, metal (di)chalcogenide,
polymers, metal-organic materials, or carbon-based materials (carbon dots,
fullerene, carbon nanotubes, graphene). Unlike bulk materials, NPs represent
highly tuneable systems for adjusting chemical and physical properties and thus
boosting processes in a fast, controllable, and efficient way for a wide range of
applications, from information technology, medicine, transportation, energy,
and food safety to environmental remediation, among many others!. On one
hand, the high surface-volume ratio of these nanosized materials makes the
surface effects, especially surface energy, play a leading role in enhancing
reactivity, adsorption, and catalytic properties.

On the other hand, miniaturization with the consequent quantum effects enables
new optical, electronic, and magnetic properties that can unveil new applications
or improve efficiency in the already existing ones. For example, metallic NPs can
be used as ultrasensitive optical sensors of (bio)chemical analytes through the
generation of resonance surface plasmon resulting from the interaction of
electromagnetic radiation with the electron density of nanoparticles?

Furthermore, semiconductor nanomaterials can be used as electronic or
photoluminescent sensors of high intensity and stability, with emission
wavelengths or conductivities depending on the size of the particle due to
changes in the band gap with confinement®. Magnetic nanomaterials can also
increase their magnetization and be more reversible to applying magnetic fields
with confinement, which can affect contaminant removal processes*.

1.1.1 Surface area, surface energy, and chemical reactivity
Nanoscale materials have a far larger surface area-to-volume ratio than bulk
materials. The high surface/volume ratio under miniaturization can be
rationalized by subdividing/breaking down a bulk parent material into
nanoclusters while keeping the volume of the parent material constant (Figure
1-1a). An amazing increase in the collective surface area of the nanomaterials (that
is, the additive contribution in surface area of all the clusters) is achieved, which
explains the high specific surface area (total surface area of a material per unit of
mass or volume) of the nanomaterials.
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The increase of surface-to-volume ratio can be also easily illustrated with one
particle under shrinking its size. In the case of spheroidal nanoparticles, the ratio
between the particle surface (Asphere =4 1 r2) and the volume (Visphere =*4/3m 1°) equals
to 3/rsphere, indicating how the surface atom proportion increases with respect to
the one at the bulk as the particle size decreases (Figure 1-1b). As a consequence,
all the surface-dependent processes become more important.
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Figure 1-1. Illustrations portraying the increase of surface-volume ratio under material
shrinking a) Increase of the collective surface area by subdividing a cube in small
nanocubes and b) the increase of surface atom fraction with respect to the volume one

under miniaturization®.

The significant difference between the surface and interior atoms gives
nanomaterials outstanding physical and chemical properties®. For instance, the
surface area plays a significant role in chemical kinetics. Increasing the surface
area, makes the nanomaterials to be more exposed to the surrounding
environment, which can greatly speed up chemical reactions of these materials’.
The surface area of the NPs can be further increased by creating rough or porous
surfaces®. That can boost the surface reactivity, increase dissolution rates, and
alter biocompatibility and toxicity, favouring their use in a wide range of
applications, including energy storage devices, catalysts support, and sensor
arrays’.

A key quantity related to chemical reactivity is the surface energy that comes up
as a consequence of the break of interactions of the surface atoms as compared to
the bulk ones. The latter ones are highly coordinated among them and
consequently are more stable. Atoms at the surface are under-coordinated, and
because breaking bonds costs energy, surface atoms always have higher energy
than atoms in the bulk. Thus, surface energy can be defined as the excess energy
at the surface of a material compared to the bulk!. This parameter is
consequently proportional to the density of the so-called surface dangling bonds
present in the under-coordinated atoms (also called unsatisfied or unsaturated
bonds). These surface bonds result from having unfilled outer orbital shells of the
atoms and often bear a partial electric charge. This energy is called surface energy
and can be expressed as'
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1 1.1
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Where p, surface atomic density, N, is a number of unsatisfied bonds and ¢ is
bond strength. A higher density of dangling bonds is found at corrugation sites
(corners, kinks, edges, vacancy/void defects) (Figure 1-2a). These unsatisfied
bonds not only determine the surface energy of the materials, but also the local
electron density, chemical reactivity, adsorption and catalytic activity!®. Material
size reduction enhances the density of corrugation sites which are prone to
interact with the outside environment to reduce their energy, thus intensifying
their instability and chemical reactivity. Figure 1-2b, cillustrate typical processes
that can be enhanced with miniaturization such as different adsorption processes
or different chemical reactions'’. The figure also indicates active sites for these
processes (corners, kinks, edges, etc.) whose density is increased with the size
decrease, shape, or crystal faceting. As a consequence of these surface effects,
for example bulk noble metals such as Au and Pt which are chemically inert and
resistant to oxidation, become chemically active and more prone to oxidation in
the form of nanoparticles'*. Additionally, decreasing the particle size changes the
thermodynamic properties of nanoparticles. Melting and evaporation
temperatures are drastically reduced with NP size decrease'>'¢. These changes in
the thermodynamic properties are related to the surface energy.
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1.1.2 Optoelectronic properties

The interaction of light with structured materials can vary considerably
depending on the size of the nanostructure. Different responses can take place
when NPs are irradiated with light!”: i) light absorption, ii) light scattering, iii)
reemission of the absorbed light (fluorescence), iv) enhancement of the local
electromagnetic field of the incoming light, thereby enhancing spectroscopic
signals from molecules at the NP surface v) charge generation and transfer, vi)
resonance energy transfer to an adjacent material, and vii) heating. The optical
properties of NPs can be manipulated by changing the size, shape, surface
charge, and surface area for different applications'®. The outstanding optical
properties of NPs have gained diversified applications in the fields of sensors,
lasers, photochemistry, photocatalysts and biomedicine.

In general, quantum effects affecting material band structures and the emergence
of surface plasmon resonances (SPR) are the most important factors for the
determining optical and electronic properties of NPs. SPR is an optical
phenomenon induced when light hits the metal films or NPs?02.,

a)
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Figure 1-3. a) Schematic illustration of SPR of gold NPs %, b)Schematics showing
the different dielectric constants involved in the Mie equation'?, ¢) Schemes of the
absorbance profile according to the Mie equation, the scattering term represented
by the first term, the resonance plasmon mode absorption represented by the
second term. The product of both terms is the spectrum observed experimentally.

In brief, when photons interact with the surface electrons, the oscillating
electromagnetic field of the light induces the coherent and collective oscillation
of conduction band free electrons®. During this process the particles build up
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regions of negative charge, leaving a positive charge on the opposite side and
thus creating a dipole oscillating at a certain frequency (Figure 1-3a). The
collective oscillation of the electrons in the nanoparticles is called plasmon. The
natural frequency at which the electrons can oscillate in a certain particle is called
plasmon resonance frequency. When the frequency of the incoming
electromagnetic wave matches the natural resonance frequency of the electrons
a huge enhancement of the electromagnetic field is produced at the metal
nanoparticles, and the nanoparticles strongly absorb/scatter light. Such
extremely effective light absorption/scattering at the resonance frequency
explains the color of the metal nanoparticles, which makes them easily detectable
even at extremely low concentrations. The plasmon resonance frequency
depends on the size of the particles which makes metallic colloidal dispersions
adopt different tone colors depending on the size. Apart from the nanoparticle’s
nature and size, the resonance frequency also depends on particle shape and the
surrounding environment. For instance, nanoparticles in oblate or nanorods
shapes will have two different plasmon frequencies depending on the axis the
electrons are oscillating along: the longitudinal oscillation mode and the
orthogonal oscillation mode.

Moreover, surface plasmon absorption can be channelled into heat production,
which is especially useful when natural resonance frequencies of the plasmons
hit the near-infrared wavelength region.

Mie’s theory describes the relationship between the physical parameters that
determine the plasmon resonance frequency of spherical particle*. According to
Mie’s theory, absorbance A is expressed as the product of two terms:

g3/2R3 g 1.2

A=
A 2(e'+ 2ep)% + g2

The first term represents the scattering which depends on the dielectric constant
of the medium (&,,), on the particle radius and on the inverse wavelength of the
incoming radiation. The second term represents the absorption due to the
plasmon resonance which depends on the real (¢') and imaginary part (¢') of
the dielectric constant of the metal particles and on the dielectric constant of the
medium (&,,). The real part of the dielectric constant is related to the refractive
index and with the ability of the material to slow down light. The imaginary part
of the dielectric constant is related to the damping losses, which come from the
absorption of the light traveling through the material. The denominator of the
second term would approach zero if ¢’ approaches the value of —2¢,,. At that
condition, as the denominator approaches zero, the second term would increase
dramatically, generating the condition of resonance which is represented by a
strong absorption peak (Figure 1-3b c).
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SPR favours the application of NP in medical diagnostics® and therapeutics®,
chemical?” and biochemical sensors?, substrates for enhanced spectroscopy?, for
promoting photocatalysis processes, etc. Additionally, the electromagnetic fields
propagating in the form of surface plasmons are not diffraction-limited, which
allows for designing small-scale, fast optical devices®. More insights into these
SPR-mediated applications will be explained in more detail in the coming
sections.

The other factor that affects the optical/electronic properties of NPs is the
quantum confinement effect (QC). Such phenomenon can be easily illustrated
with semiconducting materials. In bulk or large-size semiconducting materials,
the electronic states bunch up into a continuum valence band and a conduction
band separated by a band-gap?!.

Figure 1-4 shows the build-up of the bands starting from single atoms with their
corresponding atomic orbitals. As the number of interacting atoms is increased
to form molecules or larger molecular aggregates, their contributing orbitals are
split into bonding and anti-bonding molecular orbitals. As the number of atoms
in the semiconducting cluster increases, the discrete molecular orbitals evolve
into continuous energy bands as observed in bulk semiconducting materials. The
confinement effect is conceived in the reverse way, going from bulk material to
particles or clusters of decreasing size, and is featured by an increase of the
bandgap and the discretization of energy levels at the band edges®.
Nanoparticles under the confinement effects are called quantum dots and exhibit
an intermediate state between molecules and bulk materials.
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Figure 1-4. Confinement effect from a macroscopic semiconductor material to
isolated atoms of the material. The band gap energy and the energy discretization
increase as the material is miniaturized.
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A more physical way to describe the quantum confinement effect is by looking
at the electron-hole pair that is generated when exciting electrons from the
valence band to the conduction band. Due to the Coulomb interactions, the
excited electron is still bound to the hole in the valence band forming a pair called
exciton®. The exciton occupies a certain space that is described by the exciton

Bohr radius (ay),
h2e 1 1 1.3
aO ES _2 + * + *
e m;  mp

Which depends on the effective masses of the electron and the hole, which, in
turn, depends on the nature of the material. When the semiconductor is
significantly larger than the ao, the exciton can freely move through the
semiconductor. When the size of the semiconductor is about the same as that of
a0, the exciton will no longer be able to freely move through the nanomaterial and
therefore will be spatially confined. When the nanoparticle size decreases at
values smaller than ao, the exciton will not only become confined but will also
increase in energy, similar to the typical case of quantum physics of a particle in
a box, increasing its energy as the ‘box” decreases in size. The size-dependent
bandgap of a confined semiconducting nanoparticle is then described by the Brus
Equation,

h? (1 1
Eo = Egar gpa\ iz T o 14

where E| is the energy gap of a semiconducting nanoparticle, Eg,,, is the bulk
band gap, and R is the radius of the particle.

Therefore, the confinement effect has consequences on the electronic and optical
properties. For electric conductivity, electrons need to be able to move around in
a material. As mentioned before, the excitons can move quite freely in bulk
semiconductors but as soon as the material is confined the exciton mobility is
decreased, the band-gap energy increases and the energy states start to be
discretized, lowering their density at the band edges. All these factors make these
nanomaterials less conductive®.

Concerning the optical properties, the excitation of electrons to the conduction
band produces radiative relaxation through photoluminescence, being this
process size-tunable provided by the band-gap energy changes with particle size.
There are many examples of semiconductor nanoparticles under quantum
confinement converting UV light absorbance into fluorescence with narrow
emission bands in the visible to near-infrared region depending on their size,
with smaller nanoparticles emitting more in the blue range and bigger particles
more in the red one®.
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Figure 1-5 shows the blue shift in the fluorescence emission as the semiconductor
nanoparticle decreases in size.

Their highly tunable optical properties based on their size have led to a variety
of research and commercial applications including bioimaging, solar cells, lasers,
light emitting diodes, etc.

cB i

Figure 1-5. Effect of decreasing the size of semiconductor nanoparticles on the
optical properties®. The color change of the nanoparticles is observed as their size
decreases together with the increase in the gap and the increase of energy
discretization.

Quantum confinement has been also observed in 2D materials, being graphene
one of the most studied systems¥. Graphene which is a semimetal can be
transformed into a semiconductor with a finite and size-tunable energy gap by
confining the 2D layer into graphene nanoribbons or graphene dots. These
nanostructures have shown strong changes in their electrical properties and also
in the optical ones featuring size-dependent fluorescence in the visible range. In
relation to other 2D materials organized in layers such as the transition metal
dichalcogenides, layer-dependent changes in the band gap have been observed.
This strongly affects the optoelectronic properties of these materials. For instance,
in the case of M0S:, an increase in photoluminescence has been observed when
decreasing the number of MoS: layers which has been attributed to the increase
and transformation from indirect to band gap! due to confinement effects®.
Thus, for single-layer MoS: the direct band gap transition of electrons is favored
enhancing the photoluminescence.

! Direct bandgap: the electron promoted from valence band to the conduction band will only change it's
potential (energy) but not the momentum (k vector). In indirect bandgap: the electron promoted from
valence band to the conduction band will change it's potential (energy) and momentum.
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1.1.3 Magnetic properties of nanoparticles

Magnetism in materials arises from two types of electron motion in atoms: the
precession of the electrons around their axes (spin magnetic moment) and the
motion of electrons around the nucleus (orbital magnetic moment)*. Strong
magnetic effects can be found in materials with d or f orbital shells with unpaired
electrons. The magnetic properties of the materials can be classified into five main
types depending on their response to applied magnetic fields: diamagnetic,
paramagnetic, ferromagnetic, and antiferromagnetic (See Appendix B for more
details concerning the distinctive characteristics of these materials).

The magnetic properties not only depend on the material’s nature but also on the
size, shape, and surface effects (e.g. surface anisotropy in crystal
structure/composition, dangling bonds, oxidation, etc.), with the role of surface
effects becoming more important as the particle size decreases*>. Magnetism as a
size-dependent property holds huge benefits in many biological and
technological applications, including magnetic data storage, medical diagnostics,
biosensors, therapeutics, and catalysis*. Magnetic nanoparticles have already
drawn special attention in biomedicine because of their biocompatibility, low
toxicity, and manipulation capabilities*.

To better describe the magnetic size-dependent properties of nanomaterials let’s
focus on ferromagnetic materials as model systems. Examples of ferromagnetic
materials are Fe, Ni, or Co. These materials possess unpaired electrons which
form special neighbourhoods termed domains as illustrated in Figure 1-6a. The
reason for the existence of magnetic domains is energy-related: the higher the
number of domains, the lower internal energy of the material (See Appendix B
for more details). Each domain contains atoms whose magnetic moments are
parallel producing a net magnetic moment of the domain that points in some
direction. The magnetic moments of the different domains are randomly oriented
with respect to each other giving a zero net magnetic moment of the material in
absence of a magnetic field. When the ferromagnetic material is placed in a
magnetic field, the magnetic moments of the domains will increasingly align
along the direction of the applied magnetic field forming a large net magnetic
moment.

To exemplify the impact of size on the magnetic response, it is insightful to
compare the complete magnetization curve of bulk ferromagnetic material
undergoing miniaturization when applying a magnetic field not only in one
direction but also in the opposite one.

Figure 1-6b, shows the different stages of macroscopic bulk ferromagnetic
material starting with its demagnetized state (stage 1). At this point, magnetic
multi-domains are randomly oriented resulting in a zero net magnetic moment
in absence of a magnetic field. Upon an increase of the magnetic field in one
direction, the domain whose magnetization is closest to the field direction starts
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to grow at the expense of the other domains (Figure 1-6¢). The growth occurs by
domain-wall motion.

Further increase in magnetization can only occur by rotating the magnetic
dipoles from the easy axis of magnetization into the direction of the applied field
(Figure 1-6¢).2 Thus, each domain will increasingly align with the applied field
up to reaching saturation (Ms) (stage 2). Upon a decrease of the applied field to
zero the magnetic domains are unable to revert to a completely random
orientation. That would lead to a remanent magnetization (Mr) (stage 3). To
cancel out such remanent magnetization. It is necessary to apply a magnetic field
in the opposite direction, named coercive field (Hc) (stage 4). By increasing the
applied field in the opposite direction, the magnetic domains will increasingly
align with the applied field to reach again saturation but in the other sense (stage
5). This process leads to a hysteresis loop in the magnetization behaviour which
is greatly affected by sample purity and quality. For example, a sample with
many defects or impurities will require a large field to magnetize it but will retain
much of its magnetization when the field is removed.

As can be seen, one of the features that characterize the magnetization loop in
magnetic materials is coercivity, which is a parameter strongly dependent on size
and therefore will be analyzed in more detail. compiles the trend in the changes
of magnetic properties as a function of particle miniaturization, emphasizing the
changes in the magnetization loop and the coercivity evolution®. As the particle
size decreases, the coercivity increases to a maximum at a critical particle
diameter size and then decreases to zero with increasing miniaturization.
Consequently, the magnetization loop has the typical shape shown in Figure 1-7
for large ferromagnetic particles, but as the particle shrinks, the loop becomes
squarer as it reaches the critical size corresponding to the maximum coercivity
and it finally loses the hysteresis behavior at very small particle sizes.

2 As already described in Appendix B, magnetic materials exhibit magnetocrystalline anisotropy which
refers to the crystal's property to be more easily magnetized in some directions in comparison to others.

For a crystal, the axis that is easiest to magnetize is known as the easy axis, and the axis that is most difficult
to magnetize is known as the hard axis
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Figure 1-6. a) Schematic representation of magnetic dipole alignment for a
multidomain ferromagnet in the absence and presence of an applied magnetic
tield H. b) Magnetization loop for a ferromagnet starting from the demagnetized
state. c) Domain changes under an increasing applied magnetic field: domain
growth by wall motion and by domain rotation.

When the size of the magnetic material decreases below such critical size, the
nanoparticles start exhibiting single domains. At this point, the cost of energy to
create a domain wall is greater than supporting the magnetic potential energy of
a single-domain state (magnetostatic energy) “. The critical diameter (D) can be
estimated from the equation
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Where A is the exchange constant, K is the magnetocrystalline anisotropy that
measures the energy per unit volume required to flip magnetization direction, ,
is the vacuum permeability, and Ms is the saturated magnetization. For most
magnetic materials D, varies from tens to hundreds of nanometres. Nevertheless,
if the effective anisotropy K, is significantly large, the single domain size can be
close to the micrometer range. Thus, the configuration of the magnetization
inside a single domain particle strongly depends on magnetic anisotropy. When
the particle size is about the critical size, the magnetic dipole of the single domain
normally lies along an easy direction in absence of a magnetic field. When
applying an external magnetic field in the opposite direction, the particle is
unable to respond by domain-wall motion in their dipole alignment, and instead,
the magnetic dipole must rotate through the hard direction (not the preferred
direction) to the new easy direction. The anisotropy forces which hold the
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magnetization in an easy direction are strong, and lead to a strong enhancement
in coercivity and hence to a squarer hysteresis loop.

Below D, the coercivity value decreases with decreasing particle size due to a
decrease in magnetic anisotropy energy®. The simple magnetization reversal
energy becomes equal to the energy at room temperature (e.g. typical
ferromagnets with critical diameter below 30 nm). The thermal fluctuations at
room temperature are strong enough to spontaneously demagnetize previously
saturated magnetic nanoparticles, thus exhibiting reversible magnetization
behavior with zero coercivity and no hysteresis. These nanoparticles become
superparamagnetic: they show magnetism in the presence of an external magnet
but revert quickly to a non-magnetic state in the absence of a magnetic field.
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Figure 1-7. Variation of coercivity (H,) (blue solid line) and magnetization curves
with particle size d. (i) With a decrease in the size of ferromagnetic particles, the
H, initially increases and then attains a maximum value at the critical single
domain size (D) due to domain rotation. (i) Further, in the single domain regime
(d < D¢), the H. decreases as the particle size decreases and (iii) becomes zero at
the superparamagnetic regime due to the thermal agitation. (iv) Finally, in ultra-
small regimes, due to high-spin disorder of elemental spins, the nanoparticles
exhibit a linear relationship between the magnetization and the applied magnetic
field. Figure readapted from*.

Thus, superparamagnetic particles behave like paramagnets but with the
particularity of exhibiting high magnetic susceptibility® in a certain range of
particle sizes (being comparable or even larger than the one of the bulk
materials). Only at ultra-small paramagnetic nanoparticles the magnetic

% The magnetic susceptibility (x=M/H) is defined as the ratio of the intensity of magnetization to the
intensity(force) of the magnetizing field
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susceptibility can reach smaller values than the bulk material. Thus, particle sizes
around or above the critical size exhibit strong remanence in absence of a
magnetic field upon previous magnetization. One consequence of such magnetic
behaviour is the promotion of particle aggregation in absence or after removal of
a magnetic field. Although the development of permanent magnets is very
useful for many applications, it is a disadvantage for instance in bio-applications.
In biomedical environments, magnetic nanomaterials with high magnetic
susceptibility, with fast and reversible response to applied magnetic fields and
without magnetic memory in absence of an external magnetic field are pursued®.
This ensures a safe removal from the body as there is no risk of unwanted
aggregation of the nanoparticles. Under this context, superparamagnetic
nanomaterials exhibiting zero remanence and no hysteresis loop have become
promising candidates. Applied magnetic fields have been used to produce
different forces and torques on magnetic nanoparticles to induce particle
translation, rotation and energy dissipation which are harnessed for theranostics
purposes. Therapies using magnetic nanomaterials as drug or gene
carriers/release or for cancer cell annihilation by hyperthermia (based on the
concept that nanoparticles can heat locally the environment when external
alternating magnetic fields are applied) are being actively researched. Disease
diagnosis using magnetic nanoparticles in biosensors or for immunoassays or as
improved contrast agents for magnetic resonance imaging (MRI) are also areas
of intense activity®. Moreover, that is a topic not only very appealing for
bioapplications but also for environmental remediation tasks for magnetic
trapping/transport and thermal degradation of contaminants.

Although superparamagnetic nanoparticles exhibit very interesting attributes,
the production of these nanoparticles with high magnetization susceptibility and
with high magnetic actuation capabilities at moderate magnetic fields is difficult
to achieve®-3 .

More recently, another kind of nanostructures (which can exhibit larger sizes
than their superparamagnetic counterparts) are offering new opportunities to
overcome the limitations of superparamagnetic nanoparticles®. Examples of
nanostructures with vortex configurations are 2D confined structures such as
discs or nanodomes or nanorings. In a vortex configuration, the magnetic
moments are curled in the plane of the structure, organized in closed circles to
minimize the magnetostatic energy®. Only at the center, at the core of the vortex,
the magnetic moments get out of the plane and point perpendicularly (See Annex
2 Figure 3A). These structures have shown high saturation magnetization and
magnetic remanence and coercivity close to zero, and hence avoiding
nanoparticle agglomeration in absence of a magnetic field (Annex 2). Such
attributes have been also exploited for efficient magnetic guidance or magnetic
stirring/rotation®’.
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1.2 Multifunctional Nanomaterials
This thesis pursues the combination of noble metal, magnetic, semiconductor,
and dielectric nanomaterials with different physical and chemical properties to
promote property synergies for multifunctional purposes. Accordingly, the state
of the art and potentialities of these nanomaterials alone or combined will be
briefly summarized.

1.2.1 Mesoporous silica particles as catalyst template and support
The discovery of mesoporous silica particles has brought enormous economic
and environmental benefits to various industries. Mesoporous silica has been
extensively investigated since features unique properties, such as low toxicity,
good biocompatibility, high surface area (as high as 1000 m?/g), high adsorption
capacity, chemical, thermal and mechanical stability, ease of surface modification
with various organic functional groups, and cost-effectiveness. Furthermore,
silica particles with different morphologies, such as hollow spheres, hexagonal,
cubic, and worm-like NPs, with tuneable pore size, shape and distribution and
dimensions from nm to cm can be synthesized by controlling the reaction
conditions®. All these attributes make silica particles one of the essential NPs in
biomedical, environmental, catalysis and energy. Because of their unique
properties, such as low toxicity with good biocompatibility, ease of surface
modification, stability, and cost-effectiveness, silica NPs have been extensively
investigated and are used in a wide range of applications such as environmental,
biomedical, energy, and catalysis and energy industries>.

Catalysts are essential to current chemical, pharmaceutical, and petroleum
industries®!. Recently, scientists have made considerable efforts to develop highly
reactive and efficient catalysts. Nevertheless, achieving highly stable, cost-
competitive catalysts remain a challenge. The most active catalysts contain small
NPs. However, their high activity could be lost over time because of their
aggregation. Therefore, some templates are needed to improve the performance
and stability of the catalysts. Due to their intriguing structural or textural
properties, Mesoporous Silica Nanoparticles (MSN) are an appealing material for
use as high surface area catalyst supports in various heterogeneous catalytic
reactions.

Colloidal mesoporous silica particles with embedded nanocatalysts are highly
beneficial in catalytic applications because they ensure better mass transfer
properties and uniform distribution of metal or metal oxide nanocatalysts in
solution. Moreover, MSN boost the catalytic activity of the supported material
because of the easy accessibility to the active sites. The shape and pore size
contribute to the activity and stability of the catalysts. All these remarkable
physical and chemical properties make MSN an ideal catalyst support (Figure
1-8).
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Let’s briefly describe some examples of MSN as catalyst support. Taking
advantage of the surface chemistry, such as the surface area of the mesoporous
silica Gabaldon et al. fabricated Au nanoparticles on the silica pores, and
demonstrated the increased stability and high reactivity of Au particles®. The
particles showed high stability even after three times CO oxidation. The same
principle was used by Yin et al. who fabricated Pt NPs onto the MSN, to increase
the stability of Pt NPs®. Wu et al. carried out size-controlled synthesis of Pt
particles on MSN. The results showed that the MSN supporting Pt NPs exhibited
much better (100%) CO oxidation than that of single Pt NPs because of the high
stability and reactivity®. Furthermore, Yan et al. described a facile, environmental
route for efficient self-assembly of Ag NPs on the surface of 2D MSN with fast
reduction of 4-nitrophenol in 40s%.
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Figure 1-8. Schematics depicting the functions of mesoporous silica as catalytic
support or as sacrificial hard template for the synthesis of individual catalyst
nanoparticles or mesoporous catalyst frameworks.

Apart from the catalyst support material, MSN have also drawn huge attention
as a hard template or hard sacrificial material. In this case, the pores of MSN
could be filled with desired reactants and at the end the MSN template would be
removed by using different etching techniques®*’.

1.2.2 The synergy of noble metal and magnetic nanostructures:
catalysis and chemical reactivity

1.2.2.1 Monometallic nanocatalysts
Over the past decades, noble metal nanoparticles (Au, Ag, Pd, Pt, Ru, Ir etc,) have
received increased attention as a result of their distinctive physiochemical
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properties and prospective uses in a wide range of fields such as biomedicine®,
sensing®, photothermal therapy” and particularly catalysis’.. Although many
parameters affect the catalytic properties of noble metals, their surface electronic
structure is the key descriptor of catalytic performance. Good catalysts exhibit
either an optimum degree of d-band vacancy to donate or accept electrons from
other molecules or low ionization potential to donate charge in case of having
complete d orbitals (e.g., Ag). Through fine-tuning of the surface charge density
and charge transfer, the catalysts promote the adsorption and intramolecular
bond breaking of reactants and the new bond formation among reactants. For
good catalytic performance, an optimum bond strength with the reactants should
be achieved: not too weak in order to activate the reactants, and not too strong so
as to desorb the products.

Platinum and Palladium are standard catalysts in many reactions especially in
dehydrogenation/hydrogenation reactions or selective oxidation of organic
molecules with incremental catalytic power under nanosized conditions. Gold
was earlier considered to be chemically inert and regarded as a poor catalyst”
However, under nanosized conditions, it has become a highly active catalyst for
many reactions (e.g. CO oxidation, selective oxidation of alcohols and polyols,
glucose, etc.). Ni and Fe metals with their two 4s outermost electrons and
unsaturated 3d electron shells also possess catalytic performance apart from their
special magnetic properties. For instance, iron-based catalysts are attracting
much attention recently as potential greener alternatives to noble metals, as well
as due to their non-toxic nature and easy recyclability.

Very interesting iron-based catalysts are the zero-valent iron nanoparticles
(nZVi) which have been widely used in Fenton-like catalytical processes by
promoting the iron ions release in acidic solution to initiate the Fenton reaction
in the presence of H202:

Fe® + H202 + 2Ht — Fe2+ +2H20
Fe2t 4+ H202 —» Fe3t + OH:- + OH-
2Fe3t + Fe0— 3Fe2+

Thereafter, the generated ferric cations (Fe) react with ZVI to yield a continuous
supply of ferrous ions for a sustained Fenton-like reaction. However, the
application of bare nZVI in a catalytic system such as in this case or in another
system is challenging due to the poor chemical stability of metallic iron. nZVI
surface is easily passivated in the air or in the aqueous environment impairing
its catalytical performance over time. That is indeed the main drawback for
catalytic applications”74.

Metallic nickel is chemically more stable than Fe. It is an interesting cost-effective
alternative catalyst that is known due to its capability to break C-C- bonds and
catalyze hydrogenation reactions. For instance, Ni has been used in the chemical
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conversion of the biomass-derived compound “levulinic acid” into v-
valerolactone, a valuable chemical used as a clean additive for automotive fuels,
mediating dehydration and hydrogenation processes™. Nickel has also become a
key catalyst in the methane steam/dry reforming technology to convert CHs into
H:. Nevertheless, one of its major drawbacks lies in its lack of selectivity, linked
to side reactions of hydrogenolysis and over-hydrogenation.

1.2.2.2 Multimetallic nanocatalysts

One of the strategies to overcome the limitations of the monocatalysts such as
low catalytic activity, lack of chemical stability or selectivity is combining
different catalysts (e.g., different noble metals or combinations of noble
metals/non-noble metals). In general, a monolayer or sub-monolayer amount of
noble metal on a less noble metal is already enough for enhanced performance.
These bimetallic catalysts often show electronic and chemical properties that are
quite superior to those of their parent metals offering the opportunity to obtain
new catalysts with highly improved performance. That can be mainly attributed
to i) ensemble effects, that is, a finite number of surface atoms in a particular
geometric orientation that are required for promoting a catalytic process, and ii)
changes in electronic structure resulting from hetero-nuclear metal-metal bond
formation®” (known as ligand effect). This latter could involve charge transfer
between the metals or orbital rehybridization of one or both metallic components.
Let’s illustrate those effects with Pd—Au bimetallic catalysts which often display
enhanced catalytic activities and selectivity compared with Pd-alone. The
ensemble effect arises from the dilution of the more catalytic active Pd by the less
active Au. With increasing surface Au coverage, contiguous Pd ensembles
disappear and isolated Pd ensembles are formed. In some reactions, this effect is
responsible for increasing reaction rates via the formation of highly active surface
sites, e.g., isolated Pd pairs. The disappearance of contiguous Pd ensembles also
switches offside reactions, explaining the selectivity increase of certain reactions,
for example, the direct H20: production instead of water formation from
oxygen/hydrogen sources”. On the other hand, the ligand effects cause the d
band of Pd to be more filled by a direct charge transfer between Pd and Au (Au
gains s, p electrons and loses d electrons whereas Pd loses s,p electrons but gains
d electrons). For Pd, gaining d electrons shifts the d band center away from the
Fermi level, which leads to weaker interaction between adsorbates and surface
Pd atoms. Moreover, the Pd-Au alloying perturbs the lattice constant of Pd,
adopting values closer to the Au one. That makes the Pd—-Pd bond length increase
causing the Fermi level within the Pd d band to rise. This also enhances the
atomic-like character of Pd atoms and correspondingly, weakens binding toward
reactants. In summary, Au weakens the binding strength of Pd towards reactants
and products by perturbing its d band via charge transfer and bond length
arguments. This does not mean that Au weakens the catalytic activity of Pd. In
contrast, higher activity, selectivity, and non-poisoning of Pd are frequently
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found within Pd-Au alloys compared to pure Pd. Similar effects have been
observed with Pd/Ag for the direct synthesis of H20-"".

Apart from the already mentioned excellent attributes of bimetallic catalysts, the
reduction of catalyst costs is another important issue behind bimetallic catalysts.
Introducing magnetic metal in noble metal catalysts can significantly reduce the
cost while exhibiting very good activity, stability and selectivity. For instance,
one of the fields which has profited from these benefits is the field of direct
alcohol oxidation fuel cells. The use of noble metals such as Pt and Pd is
mandatory to increase the kinetics of methanol/ethanol oxidation and the activity
for oxygen reduction. However, many studies in the last decade have shown that
the use of shelled or alloyed Pt catalysts with magnetic metals such as
mesoporous nanostructures of CoPt, CoNiPt and NiPt (with a very low load of
Pt) exhibit excellent electrocatalytic activity, low catalyst poisoning, and high
corrosion stability/durability”s51.

In the same line, new mesoporous Ni-rich Ni-Pt nanostructures have been used
as very promising heterogeneous catalysts for the hydrogenation of levulinic acid
to y-valerolactone using formic acid as the sole hydrogen source and with
minimal nickel leaching into the reaction mixture as compared to those with
higher nickel contents®.

1.2.3 Heterostuctured nanocatalysts as galvanic cells

Many multicomponent nanocatalysts exhibit intermetallic galvanic reactions that
accelerate electron transfer processes, which can be exploited for many
applications. The process of internal electrolysis starts when two materials,
having different electrochemical potentials, are brought into contact forming a
pair of nanoelectrodes, with one of them playing the role of cathode and the other
of anode (Figure 1-9).

Such processes are the basis behind the self-propulsion in bimetallic nanomotors
in presence of a chemical fuel. Spontaneous galvanic reactions are produced on
the metallic segments in presence of a chemical fuel in which one of the metals
induces oxidation reactions and the other reduction reactions. The process
induces intermetallic electron transfer and ionic currents in the fluid, triggering
electrokinetic processes which make the object move®.

Galvanic cell reactions are also behind the important strategies to control
corrosion processes, being one of them the cathodic protection. In this technique
the metal to be protected acts as cathode and is faced to a sacrificial metal which
is easily corroded acting as anode. As a consequence, the sacrificial metal
corrodes instead of the protected metal®.

Recently different studies have shown that multicomponent nanocatalysts can
feature such galvanic cell effects to highly promote the catalytic performance of
such heterostructured systems, being the catalytic activation of Fenton-like
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reactions one of such examples. Under this context, many heterostructures or
alloy systems based on zero valent iron such as FeCu, FeNi, FeC, FePC, FeZnC,
FeCuBP , Fe:B, FeBC, etc., can be used to build up galvanic cells in which the Fe
acts as anode donating electrons to the other component and thus promoting the
Fe? ion release as one of the ingredients in Fenton-like reactions~". The higher
the electrochemical potential difference between the anode/cathode of such
galvanic cells is, the higher the driving force for Fe?" leaching is. Alternatively,
similar iron/metal systems (FePd, FeNi, FeSn, FeCu, FeC) take advantage of the
other material counterpart acting as cathode (electron acceptor) to efficiently
promote interfacial reduction processes such as hydrogen production, oxygen
reduction, heavy metal reduction, etc®1%.

Metal 2
Cathode

Oxidation

Eomz > Eom1

Figure 1-9. Scheme of a galvanic cell in a heterostructure particle in which the
electron transfer is triggered between M1 (acting as anode) and M2 (as cathode),
due to the difference of electrochemical potentials.

1.2.4 Heterostructured nanocatalysts and their synergy by thermal

effects
The combination of different metals not only improves the effectiveness as
catalysts'™, but also brings some additional properties which broaden the
application fields. Combining magnetic and noble metals can substantially
improve the magneto-optical activity and support propagating surface plasmon
modes!%1%,

As previously discussed, noble metal nanoparticles scatter and absorb light very
efficiently due to the resonant oscillation of their free electrons in the presence of
light. The plasmon resonance can either radiate light, a process with significant
applications in the optical and imaging fields, or be quickly transformed into
heat, enabling new applications in a variety of fields!'””.

Accordingly, metallic nanoparticles with large absorption coefficients such as Au
are suitable for many photothermal processes such as photothermal catalysis,
photothermal therapy, drug release, photoacoustic imaging, photothermal
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contrast imaging, photothermal-induced resonance imaging, photothermal
polymerization, plasmonic patterning, etc. In the particular case of catalysis, the
possibility of speeding up chemical reactions by gold-mediated photothermal
processes is a very appealing synergistic effect that can be even enhanced by
tuning the composition of the metal nanoparticle. In this line, it has been recently
shown that metal nanoparticle alloys such as Au-Fe ones have superior
absorption cross section to the pure Au counterparts®. The augmented plasmon
absorption in iron-doped Au nanoalloys has been mainly observed in the red and
near-infrared (NIR) frequencies, which actually is the working window for most
photothermal applications. Such synergetic effect is due to the modification of
the band structure of gold after doping with iron, with a consequent increase of
the lossy part of the optical constant'®. These results suggest that the band
structure of noble metals can be engineered by doping with the appropriate
combination of transition metals to obtain the optimized plasmonic properties,
opening a promising field.

The combination of magnetic nanostructures with noble metals facilitates the
manipulation of their magnetic properties to also confer synergistic properties or
multi-functionality. For instance, plasmonic effects of the heterostructures for
inducing local heating can be coupled with magnetic strategies for temperature
detection and thermometry. The integrated concept of magnetoplasmonic is
based on the detection of tiny viscosity variations around magnetoplasmonic
nanostructures (e.g., Co/Au, Fe/Au) when they are optically heated. The local
thermometry is achieved by optically tracking the viscosity-dependent rotation
dynamics of the nanostructures activated by a weak external alternating
magnetic field!®.

Moreover, as mentioned previously, magnetic hyperthermia can also be achieved
with magnetic nanostructures and can be harnessed to thermally enhance the
chemical catalytic performance of the hetero nanostructures. When a magnetic
field is applied, energy is given to the particles which will force the magnetic
moments of the nanoparticles to align along the field direction away from the
easy axis. When the field is removed, the nanoparticles relax, aligning along the
easy axis. The gained energy by the applied magnetic field can be lost as heat
during relaxation. If an alternating magnetic field is applied, the magnetic
moment aligning and relaxation processes will continue, and thus heat will be
generated as long as the alternating field is applied!!°.

Enhanced catalytic activity can be also accomplished on the nanostructures by
applying magnetic fields to induce nanoparticle stirring, favouring effective mass
transfer and fast mixing of reagents for promoting chemical reactions!!.

As can be seen, the combination of multicomponent chemical nanoreactors with
magnetoplasmonic properties opens up a world of possibilities for property
synergy and multifunctionality that can be exploited in a wide variety of
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applications. Moreover, we must not forget that if these structures are supported
on mesoporous platforms such as silica, as described before, many of the effects
can be magnified, increasing the added value of these multicomponent
nanostructures.

1.3 2D transition metal dichalcogenides
In this thesis some unique attributes of 2 transition metal dichalcogenides
(TMDs) will be exploited in combination with mesoporous silica and metal
structures for photocatalyst development. Therefore, in this section the state of
the art and prospects of these materials will be briefly summarized.

Two-dimensional materials have gained a great attention since the breakthrough
of graphene. Examples of such materials are the transition metal dichalcogenides
(TMDs). In contrast to graphene that possess a set of defined properties, TMDs
exhibit versatility in properties depending on the metal and chalcogen atoms
forming the TMD material. Figure 1-10 shows a periodic table highlighting in
various colors different groups of transitions metal atoms and in orange the
chalcogen atoms. With the wide set of different metal and chalcogen atoms that
form a TMD, coupled with the 3 possible atomic configurations, yield a
tremendous amount of MXz combinations all with their unique properties. TMDs
have a potential broad impact in various applications such as nanoelectronics
and semiconductor industry, quantum computing, (photo)catalysis, water
filtration, (bio)sensing, energy storage, solar cells, light emission diodes,
piezoelectric, etc!2-114,
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Figure 1-10. Highlighted elements represent layered transition-metal dichalcogenides.

1.3.1 TMD structure

TMDs share the chemical formula MXz, where M is a transition metal atom (Mo,
W, etc) and X is a chalcogenide atom (Se, S, Te). TMDs are van der Waals layered
materials (Figure 1-11a). Each TMD monolayer consists of an intercalated metal
atomic plane between two chalcogenide atomic planes (the planes of M are
attached to the other two planes of X through covalent bonds). These three planes
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make up the TMD monolayer, thus the thickness of each monolayer is only 3
atoms. Bulk and multilayered MX: are constructed by monolayer units that
vertically stack via Van der Waals forces.

TMDs display different polymorphic phases. MX2 monolayer generally involves
two basic phases, the trigonal prismatic phase (1 H-TMDs if monolayer or 2H-
TMD if multilayer) and the octahedral phase (1T phase) (Figure 1-11b). There is
also a distorted trigonal phase, 1 T". Bulk molybdenum sulfide exists as 1T, 2H,
or 3R polymorphs?.

Figure 1-11c shows a top side, and perspective view of the different structures in
a TMD monolayer. These structural phases can also be viewed in terms of
different stacking orders of the three atomic planes (chalcogen—-metal-chalcogen)
forming the individual layers of these materials. The 2H or 1H phase have a
trigonal prismatic coordination pattern, corresponding to an ABA stacking in
which chalcogen atoms in different atomic planes occupy the same position A
and are located on top®. The 1 T has an octahedral pattern in which the top layer
of chalcogen atoms have shifted with respect to the bottom, exposing all the
chalcogen atoms (Figure 1-11c). This configuration results in an ABC stacking
order. The 1T’ phase is a distorted 1T phase. Starting from the 1T phase, if one
strains the unit cell on either side, one would isolate a line of chalcogen atoms!®.
The isolated chalcogen has been highlighted in the figure (dashed red square).

Depending on the particular combination of the transition metal and the
chalcogen (S, Se) elements the thermodynamically stable phase is either the 2H
or 1T phase. The theoretical calculations based on density functional theory
(DFT) show that the 1H phase is the ground-state phase of all monolayer MX:
except for WTe, in which the 1T” phase possesses the lowest energy'!”.

* Here, the letters are labeled as trigonal (T), hexagonal (H) and rhombohedral (R), and the numbers
indicate the number of layers in the unit cell. The 3R polytype is similar to the 2H, in that it involves
trigonal prismatic coordination of the transition metal. However, it differs in its stacking pattern.
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Figure 1-11. a) Illustrations showing the structure of two monolayers of TMD, b)
the trigonal prismatic and octahedral unit cells c) the top and side view of
different structural phases of a monolayer of TMD!.

In the case of multilayer and bulk samples, TMDs are also defined by the
configuration of the individual layers and by possible distortions that lower the
periodicity. The distortions can induce the formation of metal-metal bonds.

1.3.2 Synthesis of TMD

There are different routes for the synthesis of TMDs, the so-called top-down and
bottom-up approaches (Figure 1-12). Mechanical or chemical exfoliation from
bulk TMDs are the typical top-down techniques. Chemical vapor deposition
(CVD) or hydrothermal processes represent the bottom-up approaches.

In top-down approach natural crystals (2H-TMDs) are exfoliated into thin layers
by mechanical cleavage or by liquid exfoliation (Figure 1-12b). Mechanical
exfoliation can be performed in a similar way as in the case of graphene using
tapes or polymers such polydimethylsiloxane (PDMS). Liquid exfoliation can be
performed under sonication with organic solvents (e.g., ethanol, N-
methylpyrrolidone) or in water assisted by ion intercalation (e.g., Li ions) or
surfactants. 1T-TMD phases are generally achieved when using ion-intercalation
liquid processing!*-12.,

In a typical CVD process, metal and chalcogen precursors react/or decompose in
the gas phase at relatively high temperature and the TMD product is then
deposited as mono- or few-layer film on the exposed substrate (Figure 1-12a).
Typical precursors for MoS: are MoOs and sulfur powder under sublimation. The
CVD process generates the typical 1H or 2H-TMD phase. With this technique
ultrathin TMDs materials with high crystal quality, scalable size, tunable
thickness, and excellent electronic properties can be achieved!?*123,
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Figure 1-12. Bottom-up a) and Top-down b) approaches for TMD synthesis!!%.

Hydrothermal is a widely used technique for the synthesis of TMDs. It consists
in the chemical reduction of the Metal precursors (e.g. Mo(VI)) with the
chalcogen compounds (e.g. 5> used as sulfur source and reductant) in an aqueous
medium at high pressure and temperature using a suitable sealed vessel.
Hydrothermal syntheses produce highly active, defect rich, high surface area
TMDs, and easily synthesized as hierarchical structures on a range of supports
in a one-pot reaction. This process has been widely used for MoS: synthesis, but
its final structure is under debate. Although many studies have concluded that
the structure is the metallic 1T MoS: phase, recent studies have revealed
inconsistencies and misinterpretations in previous TMD characterization work.
Such study has argued that the hydrothermal product is a variant of 1T MoS2
with ion intercalation and Mo in a lower oxidation state (Cat'Mo®S,)!24.

1.3.3 Optoelectronic properties

The diversity of chemical compositions and structural phases of TMDs result in
a broad range of properties!?®. The combination of the d-electron configuration is
one of the predominant factors in determining TMD electronic properties. The
filling of d orbitals in the transition metal dictates the electronic structure of the
TMDs. Apart from the d electron count in the transition metal, the structural
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coordination of the transition metal and the chalcogen within the TMD also
determines their electronic property. In 2H-phase TMDs, the non-bonding d
orbitals of the transition metal split into 3 degenerate states d-2 (a1), dx2y2,xy (€) and
dxz,yz(e”). Conversely, 1T-phase TMDs form degenerate dz, x2y2(eg) and dxzyzxy (tzg)
orbitals. Completely filled orbitals results in semiconducting conductivity
whereas partially occupied orbitals are metallic.

In this discussion, we will focus on the TMDs formed by groups VI of the
transition metals, such as Mo and W combined with S, Se, and Te (Figure 1-13a),
in their thermodynamically stable 2H phase, bulk MoS2, MoSez, WS and WSe:
are semiconductors whereas WTe2 with a T" thermodynamically stable phase
exhibits a semi-metallic behavior. Figure 1-13b shows the evolution of the band
structure of 2H-MoS: as calculated from first principles upon reducing its
thickness from bulk to monolayer. The positions of valence and conduction band
edges with decreasing thickness, resulting in an increase in the bandgaps (2D
quantum confinement). Figure 1-13c shows the changes in bandgaps from bulk
to monolayer for different MXz materials in their more stable configuration. This
highlights one of the relevant attributes of these materials: the bandgap tunability
with the number of stacked layers. Additionally, the energy values are located in
the visible range, which is very appealing for environmental applications.
Moreover, the Figure 1-13b also shows the crossover from an indirect gap in
multilayer MoS: (or bulk materials) to direct bandgap results when the lowest
energy level at the conduction band and the highest energy level in the valence
band are not aligned. In the case of a monolayer MoS;, the levels are aligned
providing a direct bandgap. The difference between a direct and indirect
bandgap is better highlighted in Figure 1-13d.

For a direct bandgap, when an electron and hole pair (exciton) align they can
recombine and emit a photon (hv) with an energy equal to gape energy. For an
indirect bandgap, a phonon must be first emitted to align the electron and hole
pair in k-space, then this is followed by the recombination and emission of a
photon. The probability of a phonon followed by a photon is very low, therefore
by changing the layer number we are not only tuning the bandgap but also
modulating the light emission. Because of the indirect bandgap, the bulk MoS:
displays a negligible photoluminescence signal whereas the monolayer MoS:
exhibits a powerful photoluminescence signal with pronounced emissions at 670
and 627nm?!26-128,

TMDs can exhibit polymorphic phase transitions at near-ambient conditions by
applying external stimuli'3!, which is an additional attribute for tuning the
optoelectronic properties of the materials. Theoretical calculations have
predicted that the energy difference between the 2H and 1T’ phases is not so large
and decreases in the order of MS:—MSe>—MTez(M=metal). Therefore, different
approaches have been addressed to induce phase conversion and thus tailor the
electronic properties of the materials. For instance, the transition of MoS: from
the 2H phase to the 1T or 1T’ phase has been achieved through the intercalation
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of alkali metals by charge transfer from the s orbitals of alkali metals to the d
orbitals of the transition- metal atoms. The increase in d- orbital filling causes the
stability of the 1T or 1T’ phase to be higher than that of the 2H phase beyond a
certain doping threshold.
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Figure 1-13. a) Calculated band alignment for transition metal dichalcogenide
monolayers. Solid lines and dashed lines are obtained by different simulation
approaches; b) Calculated band structures of bulk, quadlayer, bilayer and
monolayer MoS:. The solid arrows indicate the electronic transitions through
indirect (bulk, quadlayer and bilayer Mo0S:) and direct band-gap transition
(monolayer MoSz); c) table with band-gap values for monolayer and

multilayer/bulk MoSz; a d) Scheme of a direct and indirect band-gap transition
129,130

This approach has been used for electronic device fabrication by patterning
metallic (1T or T") and semiconducting (2H) regions on a monolayer MoS: by
area- selective phase transformation. Compared to MoSz, the 2H and 1T’ phases
of MoTe2 have a smaller energy difference, enabling a wider range of external
stimuli to induce the 2H- to-1T' phase transition such as temperature, tensile
strain, laser irradiation, electrostatic doping and electric fields.

The optoelectronic properties of TMDs can be also tuned by introducing point
defects to the lattice. The main point defects are metal/chalcogen vacancies and
interstitials. For example, patterned p-n homojunctions can be produced on
TMDs by inducing defects with charged particle beam irradiation, chemical or
electrostatic doping!®. The formation of this homojunction through 2D defect
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patterning facilitates the formation of 2D diodes within a TMD single flake.
Additionally, TMDs could also be used for next generation of ultrathin, low
power, flexible and high-performance electronic devices. In the context of
nanoelectronics, the TMDs with an intrinsic band gap typically in the range 1-2
eV overcome the key shortcomings of graphene for electronic applications and
make them ideal for use in transistors. But also, TMDs hold promise for flexible
optoelectronic devices'2. For example, three single-layer TMDs MoSez, WS:, and
MoS:, can absorb up to 5-10% incident sunlight in a thickness of less than 1 nm
within the power conversion efficiency of up to 1%, which is higher than the best
existing ultrathin solar cells. Enhanced optoelectronic characteristics can be
accomplished by heterogeneous scaffold architectures with other 2D materials
such as graphene!®.

Finally, the absence of crystallographic symmetry, together with 2D quantum
confinement and strong spin—orbit coupling, lead to many unique properties in
layered TMDs, including optical harmonic generation, spin-valley coupling,
magnetoelectricity, and piezoelectricity.

1.3.4 Chemical properties

TMDs exhibit a high surface area which, together with their semiconducting and
metallic character, are relevant ingredients to be exploited as photo and
electrocatalysts'®. In fact, these materials have been used in many catalytic
processes, including hydrogen evolution reaction, water splitting, CO:reduction,
reactive oxygen species generation for contaminant degradation, among others.
Furthermore, these layered materials exhibit chemical anisotropy. Theoretical
calculations and experimental results have revealed that the basal plane of TMDs
is more catalytically inert, while the surface edges are highly active for
adsorption, catalysis, or chemical reactions. Therefore, increasing the density of
active sites is an important task for their catalytic performance. In fact, efforts
have already been invested to grow stacked layers with vertical alignment with
respect to the base support and thus expose the highest density of edges to the
environment. Alternatively, reactive sites can also be activated in basal plane
through nanoengineering by introducing chalcogenide vacancies, active metal
ions, charge doping, or dopants.

Not only the density of active sites is important for an enhanced ‘catalytic
performance but also the chemical nature of these active sites. As an example,
TMDs have been shown to be very good electrocatalysts for hydrogen evolution
reaction. The Gibbs free energy for hydrogen adsorption on the active sites plays
a key role in the catalytic efficiency and depends on the nature of the TMD atoms
at the edge (metal-edge or chalcogen edge )!%. For instance in the series MoSe,
WSz, MoS: and WSe, it has been demonstrated that MoSe: is the best-performing
electrocatalyst, exhibiting appropriate hydrogen adsorption energy at both the
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Mo-edge and the Se-edge, which allows to catalyze efficiently the hydrogen
evolution reaction.
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2. Chemical and photocatalysis for water remediation

The multi-component particles developed in this thesis can be useful tools for
different application fields, such as environmental remediation, novel medical
therapies, or sustainable catalytic processes involving the in-situ production of
valuable chemicals. Therefore, in this section, a brief summary of the state of the
art of these applications will be compiled.



62 Chapter 2

2.1 The global picture of chemical pollution.

Remediation of polluted environments is one of the biggest challenges faced by
the global community to provide sustainable living conditions. Increased
industrialization, urbanization and agricultural activities with the rampant use
of pesticides have led to unprecedented mining of natural resources and
improper disposal of harmful industrial by-products, all of which directly and
severely impact soil, water and air degradation (Figure 2-1). The precious water
resource is suffering not only the ravages of pollution, but there is also a growing
problem of scarcity, promoted by climate change and the depletion of natural
water reservoirs. It is estimated that at least 1 out of 4 people will be affected by
water shortages by 2050, threatening one of the fundamental rights of humanity.
Therefore, the exploration of sustainable strategies to guarantee clean and
affordable water has become a global and urgent focus in research programs and
political actions which should be fulfilled.

The nature and origin of water pollutants are diverse. Contaminants can be
frequently detected in treated wastewater, surface and groundwater, and
drinking water and can be of organic, inorganic, or biological origin. Typical
inorganic contaminants are heavy metals, fluorides and nitrates. Organic
pollutants have their origin in agricultural activity (fertilizers, pesticides, and
herbicides), livestock activity or from the inadequate disposal of by-products of
the chemical industry (plasticizers, oils, lubricants, oily residues, volatile
aromatic hydrocarbons, chlorinated byproducts, etc.)!. In addition to the above
compounds, there is a growing presence of so-called "emerging organic
pollutants" such as pharmaceuticals or species found in household or personal
care products. Many of these compounds belong to the so-called Persistent
Organic Pollutants (POPs), which are expensive to treat and can also travel long
distances, bioaccumulate in human tissues and aquatic and terrestrial animals, as
well as biomagnify through the food chain, seriously affecting our entire
ecosystem? Finally, climate change and biological organisms (bacteria, viruses,
etc.) comprise the other big family of contaminants, causing many infectious
diseases transmitted through water. Moreover, the increased use of antibiotics
and bactericides has resulted in the development of multi-resistant bacteria that
are difficult to be inactivated. In this scenario, the exponential growth of these
microorganisms represents a threat to global health®.
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Figure 2-1. Hazardous contaminants and their effects on the environment*.

2.1.1 Advanced oxidation processes

As mentioned, the presence of chemical pollutants in both industrial and
municipal wastewater is one of the major concerns nowadays. The majority of
these contaminants, both synthetic organic chemicals and naturally occurring
substances, enter the aquatic medium in a variety of ways and depending on their
water solubility, can be transported and distributed throughout the water cycle®.

Several technologies remove and degrade toxic pollutants from water and
wastewater, such as pollutant coagulation, sedimentation, adsorption,
membrane process, chemical oxidation process or biological treatments®.
However, these processes can yield incomplete removal, require high
consumption of chemical reagents, involve high cost and time-consuming
treatments, and can generate toxic secondary pollutants. In addition, Effective
and more sustainable alternatives for water treatment technologies are required
to improve water treatments, especially for the so-called Persistent Organic
Pollutants (POPs)’.

Over the decades, many research efforts devoted to developing a new, eco-
friendly, and more promising technique called Advanced oxidation processes
(AOPs).

AQPs are the aqueous phase oxidation methods that rely on the intermediation
of highly reactive species such as hydroxyl radicals (*OH), which lead to the
destruction of target pollutant®. Unlike conventional methods, AOPs can be
applied for the treatment of several types of wastewaters in most cases with total
mineralization efficiency. Mineralization refers the complete conversion of
pollutants into COz, H20, and other inorganic ions.
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Reactive oxygen species are atoms or molecules that contain an unpaired electron
around the atomic shells making them highly unstable and reactive (e.g.
superoxide (-O2), hydroperoxyl (HO:.), hydroxyl (“OH))’. Although in the
degradation process there are other species involved, the hydroxyl radicals are
the strongest oxidants after fluorine that are responsible for the degradation of
the contaminants.

Having a high standard potential of 2.8 V versus normal hydrogen electrode
(NHE) in acidic media and 1.55 V versus NHE in basic media, *OH can oxidize
almost every highly toxic organic compound to CO: and inorganic ions (Table
2-1).

Table 2-1. Oxidation potential of some oxidants®.

Species Oxidation potential (V)
Fluorine 3.03
Hydroxyl Radical 2.80
Atomic Oxygen 242
Ozone 2.07
Hydrogen Peroxide 1.78
Perhydroxyl Radical 1.70
Permanganate 1.68
Hypobromous Acid 1.59
Chlorine Dioxide 1.57
Hypochlorous Acid 1.49
Hypoiodous Acid 1.45
Chlorine 1.36
Bromine 1.09
Iodine 0.54

Hydrogen abstraction is one of the mechanisms for oxidation of organic
molecules by hydroxyl radical (2.1). As a result, this reaction generates organic
radicals, which by the addition of molecular oxygen yield peroxyl radicals (2.2).
Last, these intermediates trigger thermal (chain) oxidative degradation reactions,
yielding carbon dioxide, water and inorganic salts, a process called
mineralization (2.3).

‘HO + RH > H,0 + R’ 2.1

R+ 0, - RO, — Products 2.2

RX* - CO, + H,0 + inorganic salts 2.3
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The reaction scheme shows that the rate and efficiency of the oxidative
degradation processes, which are primarily based on the production and the
reactivity of radical intermediates, depend on the energy needed in order to
homolyse a given chemical bond, and to a large extent on the concentration of
dissolved molecular oxygen’.

Chemical, electro and photo
Nanocatalysts

Advanced Oxidation
Processes

N Ozone ALY
)/ purification :_:
‘ M Z:f 10N

UV-light

Sonochemistry

Figure 2-2. Different advanced oxidation processes.

AOPs are divided into two main groups: nonphotochemical and
photochemical''2. Non-photochemical AOPs include: sono-chemical cavitation,
Fenton and Fenton-like processes, ozonation at high pH, ozone/hydrogen
peroxide, wet air oxidation, catalytic-electrochemical processes, etc.
Photochemical oxidation processes include homogenous processes such as
vacuum UV photolysis, UV/H20:, UV/Os, UV/ Os/ H20:, photo-Fenton, etc, and
heterogeneous photocatalysis processes (Figure 2-2) 3.

2.2 Nonphotochemical advanced oxidation processes
The diverse nature of water contaminants has led to the development of a wide
variety of treatment systems, which can be applied individually or in a combined
way. Chemical degradation causes crucial changes in the chemical structure of
pollutants, being able to degrade them even at low concentrations.

Sonochemical processes entail using ultrasound (US), which refers to sound
waves with frequencies ranging from 20 kHz to 500 MHz!. In a sonochemical
process, ultrasound waves perpetrate through an aqueous solution, generating
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cavitation bubbles. Thus, highly reactive radicals (-OH) are formed, moving
through the liquid/gas interface, turn into hydroperoxyl (HO2) radicals. In case
of a high concentration, hydroperoxyl radicals recombine with each other and
form H20: destroying organic contaminants. However, the application of
sonolysis is limited because of high energy consumption, which prevents its use
in high volumes!>-7.

On the contrary, ozonation is extremely powerful with short reaction times,
allowing the treatment of a huge number of wastewaters. The process relies on
ozone, which is unstable in water and decomposes spontaneously through a
complex mechanism involving the production of hydroxyl free radicals. As a
result, both ozone and radicals contribute to the degradation of pollutants.
Similarly, ozonation also requires high operating costs primarily associated with
ozone generation. However, combining ozone technology and ultraviolet (UV)
radiation can significantly decrease energy consumption. Additionally, the UV
photons can activate ozone molecules resulting in the formation of hydroxyl
radicals!21819,

2.2.1 Fenton reaction

Fenton and related reactions are one of the most used AOPs in the treatment of
wastewater. The typical Fenton process is a homogeneous catalytic process based
on the reaction between iron and hydrogen peroxide, resulting in the formation
of reactive oxygen species (ROS)%. The mixture of H>O2 and Fe?* is called a Fenton
reagent. In 1894 Fenton reported that ferrous salts (Fe?") could activate H20: to
degrade tartaric acid?'. Essentially, the Fenton reaction starts with the formation
of ROS, such as hydroxyl radicals, with a high-rate constant. Firstly, Fe?" oxidizes
Fe* in the presence of hydrogen peroxide (H:02) (2.4). Next Fe* reacts with
hydrogen peroxide (2.5) and forms Fe?* which then decomposes H-0O: and
generates hydroxyl and superoxide radicals (2.7). Most Fenton-based AOPs use
iron as a catalyst, and their success depends on efficient redox cycling of iron
between the oxidation states II and III (Figure 2-3) %.

Fe(ll) + H,0, — Fe(Ill) + OH™ + OH’ k=76M 151 24
Fe(III) + Hy0, — Fe(H0,)?** + H* k =00001-001M st 25
Fe(HO0,)?* - Fe(Il) + HO, k=13x10° M~1s71 2.6

Fe(Il) + H,0, - Fe(Ill) + HO + OH™ k=167x10"3M"1s71 2.7
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The Fenton reaction can be carried out at room temperature and atmospheric
pressure. Additionally, the reagents are cost-effective, easy to handle, readily
available and environmentally friendly?. However, the Fenton reaction such has
some drawbacks, which include the high H20: concentration, the acidic reaction
conditions and the high amount of ferrous iron salts needed, which must be
separated from the treated effluent (generally by precipitation) leading to
considerable loads of iron-containing sludge that require further management.

H,0,

Fe2t

% _/6rgan|c

) H 20, Pollutants
Fe2* \’ / ﬁ

By products

Figure 2-3. Schematic illustration of Fenton reaction?.

As mentioned, Fenton reaction strongly depends on the reaction pH. The
optimum pH for the Fenton reaction is 3 in most systems??. The activity of the
reaction at higher pH decreases due to the presence of relatively inactive iron
oxyhydroxides, and the formation of ferric hydroxide precipitates*. Thus, less
ROS is generated due to the presence of fewer iron ions. At high pHs, the
oxidation potential of hydroxyl radicals also decreases®. Furthermore, the auto-
decomposition rate of H20: is accelerated®. At very low pH, the rate of
contaminant removal diminishes with the formation of iron complex species [Fe
(H20)6]*, which reacts with H20: extremely slowly compared to Fe? or Fe®.
Moreover, at low pH, H* acts as a hydroxyl radical scavenger, forming oxonium
ions H3O:* that cause hydrogen peroxide to become electrophilic, reducing its
reactivity with iron.

Generally, increasing the concentration of ferrous ions increases the rate of the
Fenton reaction. However, the excess amount of ferrous ions also increases the
formation of iron salts in the process, which leads to iron poisoning?!.

The overall efficiency of the Fenton process also depends on the concentration of
H20:. Increasing the H20O2 concentration increases the contaminant degradation
significantly. However, the excess amount of H2O:z scavenges generated hydroxyl
radicals®. Thus, the optimum concentration should be selected during the Fenton
process.
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2.2.2 Zero-valent iron and zero-valent metals

Zero-valent metals (such as Fe, Cu, Ag, Ni) are both reducing agents and
heterogeneous catalysts for triggering oxidative pathways through Fenton like
reactions with the consequent generation of hydroxyl radicals. Among them,
zero-valent iron (ZVI) which is non-toxic, abundant, inexpensive and with strong
reduction ability, is an ideal candidate. ZVI can easily participate in reduction
reactions in Fenton processes providing a large amount of Fe?* and thus, avoiding
the use of extra Fe salts and the formation of Fe sludge®.

ZVI systems have found relevant applications in remediation of groundwater
and wastewater contaminated with various organic and inorganic pollutants.
Although granular ZVI has been widely used for such purposes, zero-valent iron
nanoparticles have become a more effective version due to their increased
specific surface area and chemical reactivity>.

ZV1 chemistry for contaminant removal/degradation involves complex
pathways such as dissolution, adsorption, redox reaction, and etc, which are very
dependent on the reaction conditions®. The basic reaction of ZVI with water is a
redox process consisting in the anodic dissolution of Fe with the consequent
cathodic release of hydrogen gas ( 2.8). Under more aerobic conditions, ZVI
promotes the oxygen reduction either to water or H202 ( 2.9 and 2.10) with the
concomitant Fe? ions release. Fe?* ions are very sensitive to Oz and can be
oxidized to Fe* ( 2.11). The redox processes consume protons with time, making
the environment more basic. The changes in pH together with the presence of
oxygen can promote the formation of Fe(Il) and Fe(Ill) hydroxides and oxides,
forming a passivating layer on iron which can grow over time (2.12-2.14). The
oxide layer can be discontinuous at the beginning, but the aging process of
oxyhydroxides is usually accompanied by dehydration and conversion to a less
porous structure®. Additionally, such oxide/hydroxide layer also depends on
the size of the ZVI, being more defective and disordered on nanosized ZVI
systems as compared to macro/micro sized ZVI systems®. Importantly, the
passive layer on the surface of pristine ZVI particles acts as a barrier for reagents
and products with the consequent drop in the corrosion rate.

Basic condition

Fe® + 4H* - Fe?* + 2H, 2.8
Fe® +0,+ 4H* - Fe?* + 2H,0 29
Fe® + 0,4+ 2H" - Fe?* + H,0, 2.10
4Fe?t + 0,+ 2H" > 4Fe3* + 20H~ 2.11

Hydroxide/oxide iron shell formation.
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Fe?* + 2H,0 — Fe(OH), + 2H* 2.12
Fe3* + 3H,0 —» Fe(OH)s + 3H* 213
6Fe?t + 0, + 6H,0 - 2Fe;0, + 12H" 2.14

Fenton-like reaction.

Fe?t + H,0, > Fe3* + OH™ + OH’ 2.15
Fe3* + H,0, » Fe?* + HO, + HO* 2.16
Fe® + 2Fe?t — 2Fe3* 2.17

In fact, such corrosion processes are the key ingredients for contaminant removal,
and even the undesirable oxygen-rich passivation layer also has a role to play on
that®. Figure 2-4 shows different scenarios that can yield to contaminant
degradation: reductive degradation, oxidative degradation, (co)precipitation and
adsorption (Figure 2-4a, b, ¢, d). On one hand, some contaminants (e.g., heavy
metal compounds, nitrates, dyes, polychlorinated biphenyls, chlorinated
pesticides, etc.) can be reductively degraded by: i) the direct reducing power of
zero valent iron, ii) in a more indirect way through H: or activated hydrogen
atoms (H*) adsorbed at the iron surface, or iii) the reducing power of Fe*®. The
direct reduction by ZVI involves the transfer of electrons between ZVI and the
oxidizing species (O2, H*, and contaminants that can accept electrons). This
process, due to the interfacial nature of the electron transfer reactions, typically
involves a series of steps, including the mass transport of the oxidizing species
from the bulk solution to the ZVI surface, the reaction between ZVI and the
oxidizing species, as well as the mass transport of products away from the ZVI
surface to the bulk solution. Therefore, the direct reduction of the contaminant at
the ZVI surface will depend on the structure of the oxide film that grows with
time (composition, porosity, thickness) and the nature of the contaminant
(chemical nature, size, diffusivity, affinity to the oxide film). Oxide defects such
as pits or pinholes can favour the direct electron transfer process.

Although the iron oxide layer limits redox pathways over time, some positive
aspects from this layer can be rescued to be used in decontamination processes.
For instance, the outer layer provides active sites for chemisorption and
electrostatic interactions that help the adsorption, precipitation or co-
precipitation of contaminants, a strategy widely used in heavy metal removal®.

On the other hand, the corrosion products of Fe* and H:0: are the key
ingredients to produce hydroxyl radicals -OH (2.15-2.17) and trigger the
oxidative pathway for degradation of organic contaminants towards their
mineralization®. One of the expected advantages of these Fenton-like reactions is
that the external supply of H202 could not be required. In fact, some water
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pollutants such as surfactants, herbicides, phenols, etc., have been degraded with
the in-situ produced H202%.

As can be seen, the ZVI system offers different possible routes for water
remediation. However, more actions are needed to improve the reductive
degradation pathway and especially the Fenton-oxidative pathway, focusing on
minimizing the effects of the passivation layer and increasing the ZVI redox
activity over time. For instance, ZVI activation procedures have been
implemented to degrade the oxide layer such as acidic washing, ultrasound or
H: pretreatments*“2. Other strategies have been focused on accelerating ZVI
corrosion by coupling ZVI with another metal***. For instance Fe is oxidized
more slowly when is in contact with a more active metal (e.g., Zn, Al, Mg) and
faster when is in contact with a less active metal (e.g., Cu, Pd, Ag) due to the
formation of galvanic cells, in which one of the metals act as anode and the other
as cathode®. As already mentioned in this introductory part (section or page...),
when iron is coupled with a more noble material (in the role of cathode), the Fe?
release can be enhanced depending on the electrochemical potential difference
between both materials. The electrons donated by Fe can be transferred to the
noble metal to promote efficiently different reduction processes*.

Fe¥

Cs
1.c
H,0/H*

2
- Fe?* + H,/H* i

20/(/ \O/O)

Fe’* + H,0

Lo,

Co-precipitation
3

Figure 2-4. Different contaminant removal pathways: 1la-c) Reductive
degradation, 2) contaminant adsorption, 3) precipitation and co-precipitation, 4)
oxidative degradation.
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In the case of more anaerobic conditions, the more noble metal can become the
reducing agent, promoting the hydrogen production, the direct reduction of
contaminants (heavy metal ions/organic compounds) or the indirect reduction of
contaminants by activated hydrogen atoms adsorbed on its surface. For instance,
the use of Cu/ZVI has significantly improved the generation of activated atomic
hydrogen adsorbed on the surface and increased the oxidation of ZVI, which has
been exploited for the efficient nitrate reduction or degradation of nitrophenol,
polybrominated diphenyl ethers or rhodamine B*#. Moreover, including Cu
showed high processing efficiency in a wide range of pHs. A Cu/ZVI system has
been also used to degrade the pollutant Trichloroethylene (TCE), displaying
better removal (95%) than the ZVI system (25%) at various pH ranges (pH=3-6).
Other examples include the ultrafast and complete reduction of chromates over
a wide range of pHs using Pd/ZVI particles and the efficient reduction of
arsenates with a ZVI/C system®!-5,

Under more oxic conditions, it is expected that the reduction of O2 to H20: is
facilitated in the more noble metal, accelerating the Fenton process. At the same
time, the reducing power of the noble metal can also enhance the reconversion of
Fe3* to Fe?* (2.17) to efficiently sustain the Fenton cycle, while minimizing Fe
(OH)s hydroxides, which are forming part of the passivation layer. In addition,
the acceleration of Fenton-type reactions reduces the formation of some
undesirable by-products during remediation, thus achieving a more complete
degradation of contaminants®. Although there are many studies in the literature
of ZVI bimetallic catalysts combined with the external supply of H20: (spoiling
one of the benefits of ZVI systems), more studies are coming up only relying on
the ROS production from the in-situ generation of H:0: with the improved
galvanic cell configuration. That is the case for the ZVI/Carbon system in which
H:0: production and the cycle rate of Fe*/Fe* were significantly increased
leading to a fast and complete removal of dyes (e.g., RhB, Methylene blue or Azo
orange dyes®.

Even though there are several papers reporting on the performance of bimetallic
ZVI catalysts for water remediation, many aspects still need Dbetter
characterization, to establish more unequivocally the chemical pathway for
pollutant degradation. In some cases, it is not clear enough whether the -OH
radical is actively generated through Fenton/Fenton-type reactions in the ZVI
bimetallic catalyst or the process follows more a reductive pathway. For example,
a recent article using a ZVI/Cu system under oxic conditions demonstrated that
the generation of activated hydrogen atoms enhanced by the generated galvanic
cells were the responsible ones for inducing a reductive degradation of a dye, in
addition to the adsorption pathway®.

This type of study only shows that a deeper research and characterization of the
key parameters or ingredients determining the different pollutant removal
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pathways are needed to avoid misconceptions and misinterpretations and thus
to better establish prospects and challenges. In this respect, part of this thesis will
address the use of nZVI in combination with noble metals to elucidate
perspectives on their ROS generation performance.

2.3 Nanophotocatalytic advanced oxidation processes
Photocatalysis is based on the interaction of photons with molecules or
semiconductors. It is an effective, fast, and economical approach for cleaning the
toxic ions from industrial wastewater. Similarly, to the chemical catalysts,
photocatalysts can be homogeneous or heterogenous. The homogenous
photocatalysis consists of an assembly of soluble molecular catalysts including a
light-absorbing  system  (photosensitizer) and  catalytic sites for
oxidation/reduction processes, all in the same phase as the reactants.
Heterogenous photocatalysts are based on the reactions taken place through
solid semiconductors. When a semiconductor material is irradiated by light, it
absorbs photons with energies higher or equal to its band gap energy, Evs. As a
result, the electron-hole pair is generated due to the excitation of the electrons
from the valence band (VB) to the conduction band (CB)%*. The electrons and
holes can migrate to the semiconductor surface for inducing interfacial reduction
and oxidation reactions, respectively, thus triggering different contaminant
degradation pathways (Figure 2-5a). Nevertheless, these redox pathways also
compete with the undesired electron-hole recombination process which must be
minimized. The photogenerated electrons and holes must fulfil the minimum
thermodynamic energies to allow such surface redox reactions. The bottom of the
conduction band must be located at a more negative potential than the redox
level of the species undergoing reduction, whereas the top of the valence band
must be located at a more positive potential than the redox level of the species
undergoing oxidation®,

Some semiconductors exhibit an appropriate band gap and energy levels for
inducing redox reactions with H20 and O: to produce reactive oxygen species
(ROS). In water decontamination processes, both electron-holes and ROS (i.e.,
peroxides, superoxide, hydroxyl radicals, singlet oxygen, and alpha-oxygen) are
responsible either for the degradation and mineralization (that is, the total
oxidation of an organic compound, which results in the formation of CO2 and

inorganic salts) of persistent organic compounds or for killing microorganisms®!-
63

Some of the advantages of heterogeneous photocatalysts are: (i) the potential use
of solar energy, (ii) the non-selective degradation of contaminants (even with
different physical phases) without generating toxic secondary pollutants, (iii) the
short reaction time, mild reaction conditions and less chemical input, and (iv) the
quick recovery of the photocatalyst at the end of the process®®.
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Recently, researchers have put much effort into improving the efficiency of
photocatalysts. One of the strategies is the use of nanomaterials or nano-
structured semiconductors which allow: (i) increasing the effective surface area,
favouring the adsorption of contaminants prior to the photodegradation reaction;
(ii) facilitating and increasing light absorption; (iii) continuous tuning of the
position of the CB/VB of the semiconductor as well as the energy of the band gap
with the semiconductor dimensions, thus enabling the use of visible light and
better adjustment of the redox potential of the bands with respect to the energy
level of the species to be degraded; (iv) improving the efficiency of charge carrier
transport, which reduces the charge recombination that occurs in most
semiconductors; and (v) designing complex structures that can significantly
increase pollutant and light-catalyst interaction. All these features have
promoted the development of different nanophotocatalysts based on metal
oxides (e.g., TiO2, ZnO, Cu:20, CuO etc.), metal sulfides (e.g., CdS, CuS, ZnS etc.),
complex oxides (e.g., Bi2WOs), carbon nitrides, metal-organic structures,
dendrimers, and polymeric nanocomposites, among other materials®*’.
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Figure 2-5. a) Photoactivation process in a semiconductor. b-d) Strategies to
improve photocatalysis by b) using semiconductor heterostructures to separate
charges and better adjust the oxidizing and reducing power, c) incorporating
plasmonic nanoparticles, d) designing photocatalysts with locomotion
capabilities.

A greater synergy in the photocatalytic performance can be achieved by
combining the semiconducting nanomaterials with other semiconductor
nanomaterials or metals. By coupling nano-photocatalysts with other
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semiconductors through heterojunctions charge transfer, charge separation and
better band alignment with respect to the redox potential of the species in
solution can be tailored (Figure 2-5b). Coupling metal nanostructures with
photocatalysts can also minimize electron-hole recombination since metals can
act as electron acceptors or as charge mediators between semiconductor
heterojunctions. Moreover, the plasmonic effects of metals can contribute to
maximize the photocatalysis efficiency through: (i) the injection of hot electrons
into the semiconductor’s CB, (ii) the increase in photo-absorption via the local
amplification of the electromagnetic field with plasmons, (iii) the enhancement
of resonance energy transfer to the semiconductor, or (iv) the increase in the
photoreaction speed by plasmonic heating (Figure 2-5c)%%. In addition, the
diffusion of ROS and the interaction with pollutants can be enhanced by
designing micro/nano-photocatalytic platforms with motility capabilities (e.g.,
nanomotors, nanorobots, and nano-swimmers). These motors can be self-
propelled by either chemical reactions, the photoreaction itself (Figure 2-5d) or
external magnetic fields, thereby allowing more efficient photodegradation and
photomineralization “on the fly”7.

2.3.1 TMDs as nanophotocatalysts

With the discovery of graphene, related 2D materials have come out with very
promising optoelectronic properties. Under this context, semiconductors based
on transition metal dichalcogenides (TMDs) such as MoSz, WSz, MoSe2, WSe: are
showing great potential in the field of photocatalysis®’!1. Some of the special
attributes are: (i) low band bandgap for efficient solar energy conversion, (ii) fast
and large photon absorption under low photon-flux density due to their large
surface area; (iii) tunability of their optoelectronic properties with the number of
stacked layers; (iv) very good physicochemical characteristics for creating
heterojunctions to facilitate charge transfer; (v) high capability of surface
tailoring to exploit edges effects to increase catalytic effects’’%; (vi) suitable
energy band structure with respect to the redox potentials for hydrogen
evolution or water oxidation”, (vii) versatility to tune layer stack growth in
different orientations and exploit layer edges as highly catalytic activity. All these
features make these materials very versatile and tuneable for visible light-
responsive photocatalysts or as co-catalysts to enhance photocatalytic activities.
Moreover, and as previously discussed, these materials feature different
structural phases with different optoelectronic properties that can be also
harnessed.

The performance of TMD based photocatalysts can be even increased by
coupling the semiconductors with noble metals™¢7>76, At the same time, noble
metals can be used to adjust the surface charge density of the photocatalyst and
better tune the reagent adsorption process involved in the photocatalysis and
thus increase its efficiency or product selectivity in the reaction.
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Moreover, the coupling of TMDs with magnetic elements also increases the
attributes of the photocatalysts conferring them the possibility of recovery and
recycling when used as micro/nanoparticles. Additionally, the magnetic
properties can be even exploited to induce hyperthermia or magnetic stirring for
increasing (photo)reactants reactivity, mass diffusion and mixing.

Given the appealing physicochemical attributes of TMDs and the synergies that
can be accomplished in combination with other nanomaterials, part of this these
will delve into the photocatalytic aspects of these nanomaterials.

2.4 Catalytic Transfer Hydrogenation
The high demand on fossil fuels is destroying the environment by increasing
atmospheric pollution, enhancing the greenhouse effect, and depleting the ozone
layer. Switching to renewable energy sources can significantly decrease the
anthropogenic carbon footprint on a global scale.

Biomass is a clean, renewable, and underused energy source. In particular,
lignocellulosic biomasses have enormous potential to meet future demand for
bio-based chemicals and materials, reducing our reliance on petroleum
resources”’. Biofuels such as biodiesel and bioethanol, biochemicals, glucose and
levulinic acid (LA), and biomaterials such as biodegradable polymers can be
produced from biomass. Hydrodeoxygenation (HDO) is essential in converting
biomass-derived feedstocks into fuels and valuable chemicals”. It is a chemical
process that can easily break the bond between C-C or C-H by simultaneously
adding H>. Conventional processes suffer from several limitations, especially in
managing hydrogen gas. The first step starts with reducing the oxygen content,
which requires organic solvents to prevent thermal decomposition of biomass.
Because of the poor solubility of H2 in most solvents, high-pressure molecular
hydrogen is needed. However, using molecular hydrogen brings its own
challenges, such as purchase, transport, safety issues, and hefty storage
infrastructure. Therefore, a greener alternative is needed to overcome all of the
drawbacks of the conventional method”®.

Catalytic transfer hydrogenation (CTH) is a highly attractive, environmentally
friendly, and cost-effective way to valorize renewable compounds. Unlike
conventional methods, the hydrogen supply to the system is provided by organic
molecules. CTH offers an eco-friendly way of using organic molecules as
hydrogen donors in the presence of metal catalysts (Figure 2-6a). Furthermore, it
eliminates safety hazards regarding handling hydrogen gas. Additionally, the
high-solubility and lower hydrogenating of hydrogen donors in the liquid phase
allow highly selective and targeted hydrogenation”” 7.

Alcohols, formic acid, and formates are reductive organic molecules that can be
used as hydrogen sources in biomass conversion. In some cases, after CTH,
additional separation and recovery units are needed to recycle the unconverted
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hydrogen donor from the reaction mixture. The recycled hydrogen donor can
also be reused for other steps of biomass upgrading. For instance, recycled
alcohol can produce aldehydes and ketones through carbon chain growth
reactions®. Besides the hydrogen donor, CTH also requires the catalyst to
efficiently activate, cleave, and rearrange the H-H and C-H bonds of hydrogen
donor.

Generally, metal and noble metal catalysts are used for the CTH process. They
can either be on a high surface area support or unsupported. The support
material, it can be inert, e.g., activated carbon %% or can have the acid and base
sites of Al20s%, zeolites® 8, etc. Apart from catalyst support, porous metals such
as Ni-Pt, Cu, etc., can increase the surface area. In general, the CTH process starts
with the activation of the hydrogen donors by the metal catalysts (Figure 2-6b).
Then, the substrate reacts with the catalysts to form the final product.
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Figure 2-6. a) Catalytic transfer hydrogenation of various constituents of
lignocellulose’®, b) reaction mechanism of CTH, c¢) mechanism of CTH over
Pd/FesOs catalyst®.

Alcohols are one of the most commonly used cost-effective and sustainable
hydrogen donors in CTH processes, overcoming the drawbacks of hydrogen gas.
For instance, 2-pentanol and 2-butanol has been used as hydrogen donors for
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efficient CTH of biomass derived furfural to methyl furan using Ru/RuQO-/C
catalyst®. Propanol has been used for the selective and high yield conversion of
glycerol (one by-product of biodiesel fuel) to 1,2-propanediol (PDO) (a crucial
polymer precursor) using Pd/Fe2Os catalysts (Figure 2-6¢)®>. By using ethanol as
solvent and hydrogen donor, it was possible to convert cinnamaldehyde to
cinnamyl alcohol with 97.8% yield. However, in some cases, using alcohol can
trigger some side reactions, including self-esterification which is the major
drawback of alcohol assisted CTH processes.

Formic acid (FA) is one of the most promising materials for CTH. It can be
obtained from lignocellulosic biomass or reduction of CO:. Having the highest
reversible volumetric hydrogen storage, it can be used for miscellaneous catalytic
transformations. Taking advantage of the properties of formic acid, it can be used
for high-purity hydrogen production or CHT. For example, FA can significantly
improve the conversion of furfuryl to methyl furfural with 79.2% yield versus 2-
propanol (5%)%

Another study was carried out by Serra and co-workers. FA was used as a
hydrogen donor for CTH process, to reduce levulinic acid (LA) to y-valerolactone
(GVL) in the presence of Ni-rich Ni-Pt catalysts and formic acid (FA) as a
hydrogen source. The prepared catalysts exhibited complete transformation
(99%) to GVL*.

This latter work gives rise to highlight the importance of CTH processes with
levulinic acid. This compound has been recognized as one of the “top 10” most
promising platform molecules derived from biomass. Many value-added
chemicals can be synthesized directly from levulinic acid. Among these
products, GVL has received widespread attention due to its excellent physical
and chemical properties. It can be used as a solvent, flavouring agent, food
ingredient, pharmaceutical intermediate, fuel additives, etc. = Given the
technological importance of these compounds together with the search for green,
sustainable and energy-efficient synthetic approaches, part of this thesis will also
address the selective transformation of levulinic acid into y-valerolactone via a
CTH process using the synergy novel multifunctional mesoporous nanocatalysts.

2.5 Catalysts for biomedical applications
Cancer is a leading cause of death worldwide. It is a dynamic disease with
extreme heterogeneity, and inherent genomic instability and despite extensive
research and significant efforts for developing personalized gene-targeted
therapies, it is still an alarming condition with a poor prognosis and high
mortality.

Conventional cancer therapies, include chemotherapy, surgery, and
radiotherapy. Each of them however has its disadvantages and limitations. For
instance, chemotherapy drugs show low efficacy due to difficulties to achieve



78 Chapter 2

lethal drug concentration inside solid tumors, as a result of a fast clearance of the
drugs. Moreover, tumor heterogeneity contributes to develop resistance to
chemotherapy, as the bulk tumour might include a diverse collection of cells
carrying distinct molecular signatures with differential levels of sensitivity to the
treatment. Furthermore, chemotherapy lacks selectivity, affecting not only the
tumor cells but also causing damage to normal cells causing side effects in
different organs’.. Likewise, radiotherapy suffers from a similar lack of specificity
and is also an expensive, complex and invasive method that can cause multiple
side effects®.

Promising gene-targeted and immuno-therapies directed at molecular mutations
are emerging but have many challenges ahead”. Although cancer is an (acquired)
genetic disorder, the abnormalities are polygenic. Moreover, there is
substantial genetic heterogeneity not only between tumors in different
individuals, but also between tumors at different sites within the same patient. A
combination of target-specific agents might be required to effectively eliminate
these cells, which makes a very complex task finding the appropriate treatment
for each patient. Therefore, gene- and immunotherapies need to be customized
to be effective, thus losing the universal character of a general therapy that would
allow to kill tumor cells of different types.

Figure 2-7. Schematic of OH mediated cancer therapy®.

With the emergence of nanotechnology, nanotherapies appear as innovative
cancer treatments with spatially and temporally controlled cancer drug delivery.
While these nanotherapies based on drug loaded nanoparticles overcome some
of the side effects of chemotherapy and radiotherapy, they also exhibit important
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hurdles related to their passive delivery and low drug accumulation at the
targeted tumoral regions.

Thus, there is a great need to develop new general and cost-effective therapeutic
methods independent of the tumor type, heterogeneity, and state and also with
an enhanced delivery to the tumoral region. Under this context, hyperthermia
therapies to kill cancer cells by local heating of the tumoral regions are quite
promising. Typical nanomaterials for hyperthermia are magnetic nanostructures
exhibiting high specific absorption rates in presence of alternating magnetic
fields or gold nanostructures with strong plasmon absorption in the near infrared
(NIR) light in the so-called optical therapeutic window?®.

Another interesting therapeutic pathway is the one based on the in-situ cancer
cell modulation of reactive oxygen species (Figure 2-7). Most of the intracellularly
generated ROS come from mitochondria, and the other main sources are
endoplasmic reticulum, peroxisomes, microsomes, etc. Under normal
physiological conditions, the endogenic ROS level is regulated by a series of
antioxidant enzymes, keeping it in a dynamic equilibrium. ROS with a moderate
level plays multiple roles in the body, especially in cellular signal transduction,
immune regulation, redox homeostasis, or in the proper function of
cardiovascular system. However, if the ROS concentration is above a normal
concentration, it may interfere with the normal cell signaling or cause oxidative
stress to damage the cells. In cells, the main targets of ROS are nucleic acids,
proteins, lipids and sugars. Intracellular oxidative stress has been proved to
induce cancer, aging, inflammation, diabetes and neurodegeneration. On the
other hand, due to their highly toxic nature, ROS can be applied to kill pathogens
or cancer cells, in which a further increase in ROS concentration over the
threshold could directly activate the apoptosis death pathway of tumor cells.
With recent advances in ROS-relevant nanomaterials, some ROS-mediated
therapeutic modalities have started to emerge to treat infectious diseases and
cancers. In fact, chemodynamic therapy (CDT) is an antitumor therapy based on
Fenton and Fenton-like reactions which holds promise to destroy tumor cells by
the endogenous generation of reactive oxygen species (ROS) in the tumor
microenvironment (TME) characterized by relatively elevated levels of H2O2 and
slightly acidic pH*. The CTD strategy is based on three steps: 1) ROS-inducer
nanomaterials accumulate in the tumour cells due to enhanced permeability and
retention effects®, 2) HxO: excessively accumulates in tumour cell, and 3)

5 This therapeutic window stems from the fact that human skin tissues only weakly absorb light with wavelengths
between 650 and 900 nm (optical window). Therefore, NIR light can optically penetrate biological tissues and excite the
nanoparticles to generate localized heating.

¢ Enhanced Permeability and Retention effects (EPR) are related to the trend of species accumulation liposomes,
nanoparticles, and macromolecular drugs) in tumor tissue much more than they do in normal tissues due to an

abnormal leaky vasculature in the tumoral region. Nevertheless, the effectiveness of the EPR effect has become

controversial in recent years.
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excessive ROS generation in the tumour due to Fenton and Fenton-like
reactions®.

Many efforts are being carried out to improve the CDT efficacy with
nanocatalysts. Most of them have been focused on the use of iron oxide, copper
and manganese-based nanoparticles®. The common hurdle is the insufficient
endogenous H202, which undoubtedly reduces the ability to generate ROS to a
certain extent®. Then each material exhibits different cons and pros. For instance,
iron-based nanomaterials also show low catalytic activity mainly due to low
reconversion rates of Fe* to Fe? to sustain the Fenton reaction and pH conditions
not low enough for an optimized performance®. Cu based nanoparticles have
better performance for ROS generation. The Cu? to Cu* reconversion for Fenton
like reactions is faster than in the case of iron ions. Moreover Cu?* can also react
with glutathione (GSH, an antioxidant peptide whose levels are elevated in
tumor cells) to produce Cu* which even enhanced the ion conversion in the
catalytic process®. However, copper ions exhibit in general more toxicity effects
on the body that iron ions””. Manganese based nanoparticles have the advantage
to exhibit effective catalytic activity in a wide pH range, and has the best catalytic
activity at pH 5. Similar to Cu?*, MnO: can also consume GSH and produce Mn?*
with higher catalytic efficiency'®. Manganese can also activate pathways to
enhance immune surveillance and immune clearance of tumor cells®.

To alleviate the relevant shortcoming of endogenous H20: different strategies
have been carried out. For instance, the synthesis of copper-based nanoparticles
with H20: loading'®, the coupling of based nanoparticles with selenium, which
activate the enzyme superoxide dismutase to promote H20O: increase, or the
enzymatic modification of these metal-based nanoparticles with oxidases. For
instance, the modification of Fe, Cu or Mn particles with glucose oxidase can
locally increase the H20: production and at the same time consume glucose, a
nutrient for cancer cells®®. In this way different antitumor pathways are triggered:
the Fenton/Fenton-like reactions and cancer cell starvation as a synergetic cancer
cell therapy.

As can be seen, there are different strategies to increase the performance of ROS-
producer nanomaterials and the prospects are becoming increasingly promising
with the emergence of new nanomaterials, that can even use light as an additional
tool for increasing ROS activity. Moreover, the strategy of integrating different
multifunctional nanomaterials increases this encouraging panorama. For
instance, different therapeutic routes can be carried out with a functional
nanomaterial (e.g., ROS + immunotherapy, ROS + hyperthermia®, etc.) or can
improve the therapy delivery by integrating magnetic nanostructures for an
external control of the transport and accumulation of the therapeutic vectors at
the targeted regions.
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Moreover, biosensing and imaging are crucial methods for the early detection of
diseases, especially cancer'®. Semiconductor, noble and magnetic nanoparticles,
have been widely used in biosensing and imaging because of their high size-
dependent and remarkable optical/magnetic properties (e.g. CdSe-ZnO, Au-Ag
NPs, FeOx, etc)!®. For instance, y-Fe20s and FesOs MNPs have been widely used
in the area of Magnetic Resonance Imaging as T2 negative contrast agent* and
Au nanoparticles as optical contrast imaging agents in cancer diagnosis and
therapy under NIR light activation'” . Therefore, the integration of nanomaterials
with opto/magnetic properties is very relevant for the development of
theranostics agents.

All this discussion makes evident that multicomponent nanostructures are
becoming powerful synergistic therapeutical or theranostics agents, allowing to
tackle pathological problems from different angles. In this thesis preliminary
results of hybrid functional materials for an enhanced ROS therapeutic route will
be introduced.
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