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II. Resumen 

La combinación de múltiples materiales con diferentes propiedades físicas y 

químicas en soportes nanoestructurados permite la integración de múltiples 

funcionalidades con potenciales efectos sinérgicos. Además, 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 

fisicoquímica limitada. 

Las partículas de sílice mesoporosas con morfología de poros controlable y 

biocompatibilidad pueden convertirse en excelentes soportes para catalizadores, 

proporcionando un área superficial muy alta, accesibilidad a los reactivos y 

reducen la aglomeración. En este contexto, esta Tesis Doctoral se ha centrado en 

el desarrollo de sistemas multicomponentes multifuncionales catalíticos y 

fotocatalíticos sobre nanoestructuras de sílice mesoporosas o de poro grande 

siguiendo diferentes rutas de fabricación. 

En la primera parte de la tesis, se fabricaron nanoreactores galvánicos 

multifuncionales de Fe/Au mediante una técnica de dos pasos que consistió en el 

autoensamblaje coloidal de partículas de sílice de poro grande y deposición física 

de metales por vapor para generar semicapas bimetálicas de Fe/Au. La capa de 

Au sobre la superficie de Fe mejoró significativamente la actividad catalítica de 

los nanoreactores debido a su diferencia de potencial electroquímico con respecto 

al Fe. Como resultado, las capas de Fe y Au actuaron como ánodo y cátodo, 

respectivamente. Este sistema galvánico promovió la oxidación y liberación 

eficiente de Fe a Fe2+ y la transferencia de los electrones a la capa de Au para la 

generación simultánea de H2O2 in situ, proporcionando así los ingredientes 

principales para desencadenar la reacción de Fenton en agua a pH 7. El Fe2+ 

liberado catalizó la descomposición del H2O2 produciendo radicales hidroxilos 

altamente reactivos a pH neutro sin necesidad de aditivos externos o aporte de 

energía. La producción de H2O2 in situ se detectó empleando una reacción 

enzimática de alta sensibilidad, que mostró una concentración de H2O2 36 veces 

mayor en el nanoreactor galvánico de Fe/Au en comparación con los 

nanoreactores de Fe. La alta reactividad se demostró mediante la degradación 

eficiente de los contaminantes orgánicos azul de metileno y tetraciclina con una 

dosis mínima de catalizadores. Los nanoreactores de Fe/Au mostraron una 

constante cinética notablemente más alta (5 veces), así como mayores eficiencias 

de degradación y mineralización en comparación con nanoreactores de Fe. Hasta 
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donde se sabe, los reactores galvánicos de Fe/Au han demostrado reacciones de 

Fenton sin precedentes a pH 7 en comparación con otros sistemas basados en Fe, 

sin la necesidad de agregar H2O2 externamente y mostrando una de las 

constantes cinéticas normalizadas más altas. Combinados con sus propiedades 

fototérmicas y ferromagnéticas, estos nanoreactores galvánicos podrían tener 

aplicaciones atractivas en terapias locales basadas en ROS. 

En la segunda parte de la tesis, se desarrollaron nanoreactores 2D MoS2/Cu 

fotocatalíticamente activos sobre partículas de sílice mesoporosas mediante la 

combinación de síntesis hidrotermal y deposición física de vapor. El MoS2 

obtenido consta de dos fases semiconductoras, el prismático 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 está parcialmente lleno y posee una banda prohibida 

muy pequeña, lo que facilita una mayor capacidad de transferencia de carga. A 

su vez la fase 1T’ obtenida exhibió mayor densidad de defectos, los cuales 

constituyen sitios activos para los procesos redox interfaciales. Por otro lado, la 

deposición de una capa fina de Cu, que rápidamente se oxida a Cu2O, permitió 

generar una heterounión con el MoS2 facilitando una mayor separación de los 

portadores de carga fotogenerados, además de contribuir con una mayor 

absorción de luz, que de por sí ya es muy buena en el MoS2. Todos estos atributos 

hacen que los nanoreactores de MoS2/Cu presenten una actuación fotocatalítica 

eficiente con luz blanca e incluso con luz infrarroja cercana. La actividad 

fotocatalítica fue comprobada mediante la degradación de Tetraciclina 

(antibiótico) y Anatoxina-A (biotoxina), como contaminantes orgánicos modelo. 

Los nanoreactores fotocatalíticos mostraron una excelente actividad fotocatalítica 

bajo luz blanca a pH 6 y pH 8. El rendimiento catalítico de los nanoreactores se 

probó mientras estaban inmovilizados en un sustrato de silicio sin causar 

ninguna contaminación secundaria y con una gran robustez, mostrando una 

degradación mínima después de 10 ciclos catalíticos. Además, los nanoreactores 

iluminados por luz infrarroja cercana en la primera ventana biológica (660 nm) 

pudieron matar células cancerosas de manera eficiente in vitro a pesar de la gran 

separación entre los nanoreactores y las células (100 µm). Estos resultados, 

combinados con la baja citotoxicidad, demuestran el alto potencial de los 

nanoreactores MoS2/Cu para aplicaciones medioambientales o de salud. 
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La última parte recoge los resultados preliminares de nanorreactores 

termocatalíticos de Ni/Pt ricos en Ni para la conversión de ácido levulínico en γ-

Valerolactona mediante hidrogenación por transferencia catalítica utilizando 

ácido fórmico como donante de hidrógeno. Estos reactores se fabricaron sobre 

nanopartículas de sílice porosa autoensambladas, mediante evaporación por haz 

de electrones y tratamiento térmico a 500 °C en atmósfera de hidrógeno y argón 

para aumentar el rendimiento catalítico. Este tratamiento térmico permitió la 

aleación de los metales y una distribución óptima de Pt en la capa de Ni para 

mejorar la actividad catalítica. Las propiedades de eficiencia fototérmica de los 

nanorreactores de Ni/Pt soportados los convierten en candidatos prometedores 

para aplicaciones foto-termo-catalíticas. 

En resumen, esta tesis ha demostrado la versatilidad de los nanomateriales 

multicomponentes con soporte catalítico o fotocatalítico, que pueden abrir el 

camino a aplicaciones prometedoras en áreas que incluyen la remediación 

ambiental, los tratamientos biomédicos basados en ROS o la conversión de 

energía con la capacidad potencial de explotar aún más sus propiedades 

magnetoplásmonicas. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

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 Fe2+ and the transfer of 

electrons to the Au layer for the simultaneous onsite generation of H2O2, thereby 

providing the main ingredients to trigger the Fenton reaction in water at pH 7. 

The released Fe2+ catalyzed the decomposition of the produced H2O2 into highly 

reactive hydroxyl radicals without the need for external additives or energy input 

at neutral pH. The onsite H2O2 production was detected by employing a highly 

sensitive enzymatic reaction, showing a 36-fold higher H2O2 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 H2O2, showing one of the highest normalized kinetic 

constants. Combined with their photothermal and ferromagnetic properties, 

https://www.sciencedirect.com/topics/materials-science/nanostructure
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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 MoS2 

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 Cu2O, allowed the generation of a heterojunction with MoS2, 

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 MoS2. 

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 µm). These results, 

combined with the low cytotoxicity, demonstrate the high potential of the 

supported MoS2/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 γ-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 catalyst1. 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 catalysts2. The supports 

can also give the catalysts their geometrical shape, texture, mechanical resistance, 

and even certain activity, particularly for bifunctional catalysts3. 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. 

 

2. 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. 

 

3. 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.  

 

4. 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.  

 

5. The fifth chapter exhibits the fabrication of 2D MoS2-Cu nanoreactors on 

3D mesoporous silica support with applications in environmental 

remediation and cancer therapy. The MoS2-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.  

 

6. The sixth chapter includes the preliminary results related to the 

conversion of levulinic acid to γ-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. 

 

8. Appendix A contains supplementary information about the Fe/Au 

nanoreactors. Appendix B contains additional information about 

magnetic properties of nanomaterials. 
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CTAB Cetyltrimethylammonium Bromide 

TEOS Tetraethyl orthosilicate 

TMB 1-3-5 trimethylbenzene 

CVD Chemical Vapor Deposition 

AOPs Advanced Oxidation Processes 

ROS Reactive Oxygen Species 

ZVI Zero-Valent Iron 

CTH Catalytic Transfer Hydrogenation 

CTD Chemodynamic Therapy 

DMF        Dimethylformamide 

EtOH Ethanol 

TC Tetracycline 

MB Methylene Blue 

NIR Near-infrared 

PLL Poly-l-lysine 

MCM-41      Matter No 41 

SBA University of California at Santa Barbara 

DMHA N, N-dimethylhexadecylamine 

TA Tannic Acid 

RIE Reactive Ion Etching 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

XRD X-Ray Diffraction  

E-beam Electron beam  

PL Photoluminescence 

DLS Dynamic Light Scattering  

XPS X-ray Photoelectron Spectroscopy 

 

 



 

 

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 others1. 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 nanoparticles2.  

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 confinement3. Magnetic nanomaterials can also 

increase their magnetization and be more reversible to applying magnetic fields 

with confinement, which can affect contaminant removal processes4. 

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  r2) and the volume (Vsphere = 4/3 r3) 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.  

a) b) 

 
 

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 miniaturization5.  

The significant difference  between the surface and interior atoms gives 

nanomaterials outstanding physical and chemical properties6. 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 materials7. 

The surface area of the NPs can be further increased by creating rough or porous 

surfaces8. 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 

arrays9. 

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 ones10. 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 bulk11. 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 as12:                                     
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𝛾 =
1

2
𝑁𝑏𝜀𝜌𝑎 

1.1 

 

Where 𝜌𝑎 surface atomic density, 𝑁𝑏 is a number of unsatisfied bonds and 𝜀 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 activity13.  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, c illustrate typical processes 

that can be enhanced with miniaturization such as different adsorption processes 

or different chemical reactions10. 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 nanoparticles14. Additionally, decreasing the particle size changes the 

thermodynamic properties of nanoparticles. Melting and evaporation 

temperatures are drastically reduced with NP size decrease15,16. These changes in 

the thermodynamic properties are related to the surface energy.  

 
Figure 1-2. Schematic representation of dangling bonds on a NPs surface10. b)-c) 

Different processes that can be enhanced with size decrease: adsorption and 

chemical reactivity. Figure c also indicates sites of higher activity or reactivity at 

which a higher density of dangling bonds is found.  
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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 light17: 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 applications18. 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 NPs19.  SPR is an optical 

phenomenon induced when light hits the metal films or NPs20,21.  

                 

Figure 1-3. a) Schematic illustration of SPR of gold NPs 22, b)Schematics showing 

the different dielectric constants involved in the Mie equation12, c) 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 electrons23. 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 particle24. According to 

Mie’s theory, absorbance A is expressed as the product of two terms: 

The first term represents the scattering which depends on the dielectric constant 

of the medium (𝜀𝑚), 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 (𝜀′) and imaginary part (𝜀′′)   of 

the dielectric constant of the metal particles and on the dielectric constant of the 

medium (𝜀𝑚). 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 𝜀′ approaches the value of −2𝜀𝑚. 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). 

𝐴 =
𝜀3/2𝑅3

λ

𝜀′′

2(𝜀′ + 2𝜀𝑚)2 +  𝜀′′2
 

 

1.2 
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SPR favours the application of NP in medical diagnostics25 and therapeutics26, 

chemical27 and biochemical sensors28, substrates for enhanced spectroscopy29, 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 devices30. 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-gap31.  

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 edges32. 

Nanoparticles under the confinement effects are called quantum dots and exhibit 

an intermediate state between molecules and bulk materials.  

 

 
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 

exciton33. The exciton occupies a certain space that is described by the exciton 

Bohr radius (𝑎0),                  

𝑎0 = 
ℎ2𝜀

𝑒2
+ (

1

𝑚𝑒∗
+
1

𝑚ℎ
∗) 

 

1.3 

 

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 a0, 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 a0, 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 size34. The size-dependent 

bandgap of a confined semiconducting nanoparticle is then described by the Brus 

Equation,  

𝐸0 = 𝐸𝑔𝑎𝑝
ℎ2

8𝑅2
(
1

𝑚𝑒
∗
+
1

𝑚ℎ
∗) 

 

                   

1.4                                    

where 𝐸0 is the energy gap of a semiconducting nanoparticle, 𝐸𝑔𝑎𝑝  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 conductive35.  

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 one36.  
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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. 

 
Figure 1-5. Effect of decreasing the size of semiconductor nanoparticles on the 

optical properties35. 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 systems37. 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 MoS2, an increase in photoluminescence has been observed when 

decreasing the number of MoS2 layers which has been attributed to the increase 

and transformation from indirect to band gap1 due to confinement effects38–40. 

Thus, for single-layer MoS2 the direct band gap transition of electrons is favored 

enhancing the photoluminescence. 

 

                                                           

 
1 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)41. 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 decreases42. Magnetism as a 

size-dependent property holds huge benefits in many biological and 

technological applications, including magnetic data storage, medical diagnostics, 

biosensors, therapeutics, and catalysis43. Magnetic nanoparticles have already 

drawn special attention in biomedicine because of their biocompatibility, low 

toxicity, and manipulation capabilities44. 

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 1-6c). 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 1-6c).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 evolution45. 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 

field 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) 46.  The critical diameter (𝐷𝑐) can be 

estimated from the equation 

𝐷𝑐 ≈
36√AK

µ0𝑀𝑠2
 

 

1.5              

 

Where 𝐴 is the exchange constant, 𝐾 is the magnetocrystalline anisotropy that 

measures the energy per unit volume required to flip magnetization direction, µ0 

is the vacuum permeability, and Ms is the saturated magnetization. For most 

magnetic materials 𝐷𝑐 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 𝐷𝑐, the coercivity value decreases with decreasing particle size due to a 

decrease in magnetic anisotropy energy47. 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.  

 

                   
               

Figure 1-7. Variation of coercivity (𝐻𝑐) (blue solid line) and magnetization curves 

with particle size 𝑑. (i) With a decrease in the size of ferromagnetic particles, the 

𝐻𝑐 initially increases and then attains a maximum value at the critical single 

domain size (𝐷𝐶) due to domain rotation. (ii) Further, in the single domain regime 

(𝑑 < 𝐷𝐶), the 𝐻𝐶 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 from47,48. 

Thus, superparamagnetic particles behave like paramagnets but with the 

particularity of exhibiting high magnetic susceptibility3 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 

 
3 The magnetic susceptibility (χ=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 pursued49. 

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 activity50. 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 achieve51–53 . 

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 nanoparticles54. 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 energy55. 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/rotation56,57. 
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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 m2/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 

conditions58. 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 industries59,60. 

Catalysts are essential to current chemical, pharmaceutical, and petroleum 

industries61. 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 particles62. 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 NPs63. 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 reactivity64. 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 40s65. 

 
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 techniques66,67. 

 

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 biomedicine68, 

sensing69, photothermal therapy70 and particularly catalysis71. 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 catalyst72. 

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 H2O2: 

Fe0 + H2O2 + 2H+ → Fe2+ +2H2O 
Fe2+ + H2O2 → Fe3+ + OH. + OH- 

2Fe3+ + Fe0→ 3Fe2+  

 

Thereafter, the generated ferric cations (Fe3+) 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 applications73,74. 

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 γ-

valerolactone, a valuable chemical used as a clean additive for automotive fuels, 

mediating dehydration and hydrogenation processes75. Nickel has also become a 

key catalyst in the methane steam/dry reforming technology to convert CH4 into 

H2. 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 

formation87 (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 H2O2 production instead of water formation from 

oxygen/hydrogen sources76. 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 H2O277. 

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/durability78–81. 

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 γ-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 contents82. 

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 move83.  

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 metal84–86. 

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 



40        Chapter 1 

 

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 , Fe2B, 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 

Fe2+ ion release as one of the ingredients in Fenton-like reactions87–97. The higher 

the electrochemical potential difference between the anode/cathode of such 

galvanic cells is, the higher the driving force for Fe2+ 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, etc98–103. 

                                        
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 

catalysts104, 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 

modes105,106.  

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 fields107. 

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 counterparts56. 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 constant108. 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 field109. 

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 applied110. 

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 reactions111. 

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 MX2 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, etc112–114. 

 
Figure 1-10. Highlighted elements represent layered transition-metal dichalcogenides. 

 

1.3.1 TMD structure 
TMDs share the chemical formula MX2, 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 MX2 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 polymorphs4. 

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 top94. 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 atoms115. 

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 MX2 

except for WTe2, in which the 1T’ phase possesses the lowest energy117. 

 

 
4 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 TMD116. 

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 processing119–121.  

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 MoS2 are MoO3 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 achieved122,123. 
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Figure 1-12. Bottom-up a) and Top-down b) approaches for TMD synthesis118. 

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. S2- 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 MoS2 synthesis, but 

its final structure is under debate. Although many studies have concluded that 

the structure is the metallic 1T MoS2 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(III)S2)124. 

 

1.3.3 Optoelectronic properties 
The diversity of chemical compositions and structural phases of TMDs result in 

a broad range of properties125. 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 dz2 (a1), dx2-y2, xy (e) and 

dxz,yz(e´). Conversely, 1T-phase TMDs form degenerate dz2, x2-y2 (eg) and dxz,yz,xy (t2g) 

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, MoSe2, WS2 and WSe2 

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-MoS2 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 MX2 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 MoS2 (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 MoS2, 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 (hν) 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 MoS2 

displays a negligible photoluminescence signal whereas the monolayer MoS2 

exhibits a powerful photoluminescence signal with pronounced emissions at 670 

and 627nm126–128.  

TMDs can exhibit polymorphic phase transitions at near-ambient conditions by 

applying external stimuli131, 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 MS2→MSe2→MTe2(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 MoS2 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. 

 
 

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 MoS2. The solid arrows indicate the electronic transitions through 

indirect (bulk, quadlayer and bilayer MoS2) and direct band-gap transition 

(monolayer MoS2); c) table with band-gap values for monolayer and 

multilayer/bulk MoS2; 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 MoS2 by 

area- selective phase transformation. Compared to MoS2, 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 doping108. 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 devices132. For example, three single-layer TMDs MoSe2, WS2, and 

MoS2, 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 graphene133. 

 

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 

electrocatalysts108. In fact, these materials have been used in many catalytic 

processes, including hydrogen evolution reaction, water splitting, CO2 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 )108. For instance in the series MoSe2, 

WS2, MoS2 and WSe2, it has been demonstrated that MoSe2 is the best-performing 

electrocatalyst, exhibiting appropriate  hydrogen adsorption energy at both the 



Introduction  49 

 

 

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. 
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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.)1. 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 

ecosystem2.  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 health3. 
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Figure 2-1. Hazardous contaminants and their effects on the environment4. 

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 cycle5.  

Several technologies remove and degrade toxic pollutants from water and 

wastewater, such as pollutant coagulation, sedimentation, adsorption, 

membrane process, chemical oxidation process or biological treatments6. 

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)7.  

Over the decades, many research efforts devoted to developing a new, eco-

friendly, and more promising technique called Advanced oxidation processes 

(AOPs). 

AOPs 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 pollutant8. 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 CO2, H2O, 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 (HO2•), hydroxyl (•OH))9. 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 CO2 and inorganic ions (Table 

2-1)10. 

Table 2-1. Oxidation potential of some oxidants6. 

                 Species     Oxidation potential (V) 

Fluorine          3.03 

Hydroxyl Radical          2.80 

Atomic Oxygen          2.42 

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 → 𝐻2𝑂 + 𝑅
⋅ 2.1 

 

𝑅⋅ + 𝑂2 → 𝑅𝑂2
⋅  → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠   2.2 

 

𝑅𝑋∗ → 𝐶𝑂2 + 𝐻2𝑂 + 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 oxygen9. 

 

Figure 2-2. Different advanced oxidation processes. 

AOPs are divided into two main groups: nonphotochemical and 

photochemical11,12. 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/H2O2, UV/O3, UV/ O3/ H2O2, photo-Fenton, etc, and 

heterogeneous photocatalysis processes (Figure 2-2) 13.    

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 MHz14. 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 H2O2 destroying organic contaminants. However, the application of 

sonolysis is limited because of high energy consumption, which prevents its use 

in high volumes15–17. 

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 

radicals12,18,19. 

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)20. The mixture of H2O2 and Fe2+ is called a Fenton 

reagent. In 1894 Fenton reported that ferrous salts (Fe2+) could activate H2O2 to 

degrade tartaric acid21. Essentially, the Fenton reaction starts with the formation 

of ROS, such as hydroxyl radicals, with a high-rate constant. Firstly, Fe2+ oxidizes 

Fe3+ in the presence of hydrogen peroxide (H2O2) (2.4). Next Fe3+ reacts with 

hydrogen peroxide (2.5) and forms Fe2+ which then decomposes H2O2 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) 22.  

 

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼𝐼) + 𝑂𝐻
− + 𝑂𝐻∙            𝑘 = 76 𝑀−1𝑠−1                                  2.4 

 
𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2 → 𝐹𝑒(𝐻𝑂2)

2+ + 𝐻+                    𝑘 = 0.0001 − 0.01 𝑀−1𝑠−1 2.5 

𝐹𝑒(𝐻𝑂2)
2+ → 𝐹𝑒(𝐼𝐼) + 𝐻𝑂2

⋅                                   𝑘 = 1.3𝑥106 𝑀−1𝑠−1            
 

2.6 

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼𝐼)  + 𝐻𝑂
⋅ + 𝑂𝐻−         𝑘 = 1.67𝑥10−3 𝑀−1𝑠−1    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 friendly23. However, the Fenton reaction such has 

some drawbacks, which include the high H2O2 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.  

 
Figure 2-3. Schematic illustration of Fenton reaction24. 

As mentioned, Fenton reaction strongly depends on the reaction pH. The 

optimum pH for the Fenton reaction is 3 in most systems25,26. The activity of the 

reaction at higher pH decreases due to the presence of relatively inactive iron 

oxyhydroxides, and the formation of ferric hydroxide precipitates27,28. Thus, less 

ROS is generated due to the presence of fewer iron ions. At high pHs, the 

oxidation potential of hydroxyl radicals also decreases29. Furthermore, the auto-

decomposition rate of H2O2 is accelerated30. At very low pH, the rate of 

contaminant removal diminishes with the formation of iron complex species [Fe 

(H2O)6]2+, which reacts with H2O2 extremely slowly compared to Fe2+ or Fe3+. 

Moreover, at low pH, H+ acts as a hydroxyl radical scavenger, forming oxonium 

ions H3O2+ 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 poisoning31.  

The overall efficiency of the Fenton process also depends on the concentration of 

H2O2. Increasing the H2O2 concentration increases the contaminant degradation 

significantly. However, the excess amount of H2O2 scavenges generated hydroxyl 

radicals32. 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 Fe2+ and thus, avoiding 

the use of extra Fe salts and the formation of Fe sludge33.  

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 reactivity34. 

ZVI chemistry for contaminant removal/degradation involves complex 

pathways such as dissolution, adsorption, redox reaction, and etc, which are very 

dependent on the reaction conditions35. 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 H2O2 (  2.9 and  2.10) with the 

concomitant Fe2+ ions release. Fe2+ ions are very sensitive to O2 and can be 

oxidized to Fe3+ ( 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(II) and Fe(III) 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 structure36.  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 systems37. 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 

𝐹𝑒0  + 4𝐻+ → 𝐹𝑒2+ +  2𝐻2   2.8 

𝐹𝑒0  + 𝑂2 + 4𝐻
+ → 𝐹𝑒2+ +  2𝐻2𝑂   2.9 

𝐹𝑒0  + 𝑂2 + 2𝐻
+ → 𝐹𝑒2+ +  𝐻2𝑂2  2.10 

4𝐹𝑒2+  + 𝑂2 + 2𝐻
+ → 4𝐹𝑒3+ +  2𝑂𝐻−  2.11 

Hydroxide/oxide iron shell formation. 
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𝐹𝑒2+  +  2𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2 +  2𝐻
+ 2.12 

𝐹𝑒3+  +  3𝐻2𝑂 →  𝐹𝑒(𝑂𝐻)3 +  3𝐻
+ 2.13 

6𝐹𝑒2+  + 𝑂2 +  6𝐻2𝑂 → 2𝐹𝑒3𝑂4 + 12𝐻
+ 2.14 

Fenton-like reaction. 

𝐹𝑒2+  +  𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− + 𝑂𝐻∙ 2.15 

𝐹𝑒3+  +  𝐻2𝑂2  →  𝐹𝑒
2+ + 𝐻𝑂2

∙ + 𝐻𝑂+ 2.16 

𝐹𝑒0 + 2𝐹𝑒2+ → 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 

that36. Figure 2-4 shows different scenarios that can yield to contaminant 

degradation: reductive degradation, oxidative degradation, (co)precipitation and 

adsorption (Figure 2-4a, b, c, 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 H2 or activated hydrogen 

atoms (H*) adsorbed at the iron surface, or iii) the reducing power of Fe2+38. 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 removal39. 

On the other hand, the corrosion products of Fe2+ and H2O2 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 

mineralization40. One of the expected advantages of these Fenton-like reactions is 

that the external supply of H2O2 could not be required. In fact, some water 



70        Chapter 2 

 

pollutants such as surfactants, herbicides, phenols, etc., have been degraded with 

the in-situ produced H2O236.  

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 

H2 pretreatments41,42. Other strategies have been focused on accelerating ZVI 

corrosion by coupling ZVI with another metal43,44. 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 cathode45. 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 Fe2+ 

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 processes46.  

 

  

Figure 2-4. Different contaminant removal pathways: 1a-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 B47–49. 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)50.  

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 system51–53. 

Under more oxic conditions, it is expected that the reduction of O2 to H2O2 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 Fe2+ (2.17) to efficiently sustain the Fenton cycle, while minimizing Fe 

(OH)3 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 contaminants54. Although there are many studies in the literature 

of ZVI bimetallic catalysts combined with the external supply of H2O2 (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 H2O2 with the improved 

galvanic cell configuration. That is the case for the ZVI/Carbon system in which 

H2O2 production and the cycle rate of Fe2+/Fe3+ were significantly increased 

leading to a fast and complete removal of dyes (e.g., RhB, Methylene blue or Azo 

orange dyes55–57. 

Even though there are several papers reporting on the performance of bimetallic 

ZVI catalysts for water remediation, many aspects still need better 

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 pathway53. 

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, Ebg. 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)58. 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 oxidation59,60. 

 Some semiconductors exhibit an appropriate band gap and energy levels for 

inducing redox reactions with H2O and O2 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 microorganisms61–

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 process64,65.  
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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, Cu2O, CuO etc.), metal sulfides (e.g., CdS, CuS, ZnS etc.), 

complex oxides (e.g., Bi2WO6), carbon nitrides, metal-organic structures, 

dendrimers, and polymeric nanocomposites, among other materials66,67. 

 

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 



74        Chapter 2 

 

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)68,69. 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”70. 

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 MoS2, WS2, MoSe2, WSe2 are 

showing great potential in the field of photocatalysis6,71,11. 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 effects72,73; (vi) suitable 

energy band structure with respect to the redox potentials for hydrogen 

evolution or water oxidation73, (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 metals74,61,75,76. 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 

resources77. 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 chemicals78. It is a chemical 

process that can easily break the bond between C-C or C-H by simultaneously 

adding H2. 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 method79,80. 

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 hydrogenation77,78.  

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 

reactions81. 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 83–85 or can have the acid and base 

sites of Al2O386, zeolites87,88, 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. 

 

 

Figure 2-6. a) Catalytic transfer hydrogenation of various constituents of 

lignocellulose15, b) reaction mechanism of CTH, c) mechanism of CTH over 

Pd/Fe3O4 catalyst82. 

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 

 



Chemical and photocatalysis for water remediation          77 
 

 

efficient CTH of biomass derived furfural to methyl furan using Ru/RuO2/C 

catalyst89. 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/Fe2O3 catalysts (Figure 2-6c)82. 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 CO2. 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%)86 

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 γ-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 GVL90. 

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 γ-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 
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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 organs91. Likewise, radiotherapy suffers from a similar lack of specificity 

and is also an expensive, complex and invasive method that can cause multiple 

side effects92.  

Promising gene-targeted and immuno-therapies directed at molecular mutations 

are emerging but have many challenges ahead78. 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 therapy68. 

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 window5. 

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 pH93. The CTD strategy is based on three steps: 1) ROS-inducer 

nanomaterials accumulate in the tumour cells due to enhanced permeability and 

retention effects6, 2) H2O2 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. 

6 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 

reactions93.  

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 nanoparticles93. The common hurdle is the insufficient 

endogenous H2O2, which undoubtedly reduces the ability to generate ROS to a 

certain extent94. 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 Fe3+ to Fe2+ to sustain the Fenton reaction and pH conditions 

not low enough for an optimized performance95.  Cu based nanoparticles have 

better performance for ROS generation. The Cu2+ to Cu+ reconversion for Fenton 

like reactions is faster than in the case of iron ions. Moreover Cu2+ 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 process96. However, copper ions exhibit in general more toxicity effects 

on the body that iron ions97. 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 Cu2+, MnO2 can also consume GSH and produce Mn2+ 

with higher catalytic efficiency162. Manganese can also activate pathways to 

enhance immune surveillance and immune clearance of tumor cells98. 

To alleviate the relevant shortcoming of endogenous H2O2 different strategies 

have been carried out. For instance, the synthesis of copper-based nanoparticles 

with H2O2 loading161, the coupling of based nanoparticles with selenium, which 

activate the enzyme superoxide dismutase to promote H2O2 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 H2O2 production and at the same time consume glucose, a 

nutrient for cancer cells93. 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 + hyperthermia99, 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 cancer100. 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)100. For instance, γ-Fe2O3 and Fe3O4 MNPs have been widely used 

in the area of Magnetic Resonance Imaging as T2 negative contrast agent40 and 

Au nanoparticles as optical contrast imaging agents in cancer diagnosis and 

therapy under NIR light activation101 . 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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3. Synthesis of mesoporous and large porous silica 

nanoparticles 
Porous materials, especially mesoporous silica particles are of great interest in 

scientific research because of their unique surface and structural properties.  The 

synthesis of silica particles with different dimensions and pore sizes has 

developed rapidly due to their emerging application areas. In the following 

chapter, the synthesis of mesoporous and large pore silica particles will be 

described. The precursor concentration enables the formation of mesoporous 

silica particles with desired particle size and colloidal stability. Moreover, the 

pore-expanding agent and the catalyst allow tuning pore size.  
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3.1 Introduction 
Mesoporous silica nanoparticles (MSN) with high surface area, large pore 

volume and chemical stability offer an excellent platform to host various 

chemicals or molecules, thereby being widely used in different application areas, 

including catalysis, biomedicine, energy storage, environmental remediation and 

many multidisciplinary fields1. The first monodispersed silica particles were 

synthesized by Stöber et. al2.  However, the insufficient surface area and absence 

of pores limited the application of these pioneer particles. Therefore, enormous 

efforts have been dedicated to synthesize mesoporous silica particles with 

tuneable pore and particle sizes, surface functionalities and morphologies 3–5. The 

first series of mesoporous materials with a pore size of 2-50 nm were synthetized 

by Mobil’s researchers in 1992, and were initially referred to as the Mobil 

Composition of Matter No 41 (MCM-41). Then SBA-15 nanostructures 

(University of California at Santa Barbara) with large pores of 4.6-30 nm were 

developed by Stucky et. al. and opened the path to use them in the different 

research fields mentioned above6–8. 

The unique properties of MSN including, good biocompatibility, low toxicity, 

facile surface modification and stability make them outstanding nanocarriers in 

various application fields. For instance, having a well-defined large pore and 

surface area makes MSN appealing adsorbents of heavy metal ions9.  

Additionally, the tuneable pore size allows loading a large amount of bioactive 

therapeutic molecules that have proven high potential for targeted drug delivery 

in biomedical applications10. The high encapsulation ability of the cargo 

molecules inside the pore channels prevents the leakage of therapeutic agents 

and protects them from enzymatic degradation11–13.  Furthermore, the silanol 

groups on the surface of the MSN can be easily modified for grafting or anchoring 

different organic functional groups either via covalent bonding or electrostatic 

interactions, thus providing a high versatility for the controlled release of the 

cargo materials14. 

Numerous research articles have been published recently related to the synthesis 

of MSN or large pore silica nanoparticles (LPSN) with tailored properties. By 

using the simple sol-gel method, scientists have been able to synthesize silica 

particles with diverse morphology and pore size including zero-dimensional (0-

D) MSN, one-dimensional (1D) mesoporous silica nanorods, nanowires, two-

dimensional (2-D) nanofilms and three-dimensional (3-D) powders15–17.  The sol-

gel process in oxides is based on the formation of an oxide network through 
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hydrolysis/condensation reactions of a molecular precursor in a liquid. The 

process involves the conversion of monomers into a colloidal solution (sol) that 

acts as a precursor to an integrated network (or gel) of discrete particles. In the 

hydrolysis reaction, alkoxy groups (OC2H5) of tetraethoxysilane (TEOS 

(Si(OC2H5)4)) were substituted by hydroxyl groups (OH) under basic 

condition(3.1)18,19. The hydrolysis of TEOS is then followed by the condensation 

process in which two silanol groups form the siloxane groups.  

In each subsequent hydrolysis and condensation step, the negatively charged 

transition state becomes more stable with the increased electron-withdrawing 

capabilities of -OH and -OSi compared to -EtO20. As a result, the increased 

stability of the transition state escalates the reaction rate, and each subsequent 

step occurs faster as the hydrolysis and condensation proceeds21.  

In general, mesoporous silica particles are fabricated using surfactants as 

templates for defining the pores. Cetyltrimethylammonium bromide (CTAB) is a 

widely used surfactant for the synthesis of MSN, but the different surfactants can 

significantly alter the properties and morphologies of the MSN. Depending on 

the assembly of the surfactant micelles, the pores will be either hexagonal, cubic 

or lamellar (Figure 3-1). For example, Poly-l-lysine (PLL) was used for the 

synthesis of the hexagonal structured MCM-4122 (Figure 3-1a), whereas changing 

the surfactant to triblock polymer ((EO20PO70EO20)–butanol) and GPTMS2 

(glycidoxypropyltrimethoxysilane) led to the cubic (Figure 3-1b) and lamella-like 

(Figure 3-1c) arrangement in the MCM-48, MCM-50 materials, respectively23,24.  

Recently, Teng et. al. developed a new method for the synthesis of hollow 

spherical silica NPs by using different organic molecules26. Castro and co-

workers reported a facile method to develop MSN with different morphologies 

by changing the water surfactant ratio27.  

In the case of the synthesis of large pore silica nanoparticles, LPSN, there are 

generally two pathways: (i) post-synthetic treatment using different silica 

etching chemicals, and (ii) use of swelling agents during the silica synthesis. 

Large pore hollow silica particles were developed by Yang et al. via post-

synthetic treatment method28. They used NaOH to gently etch the silica 

particles and obtained LPSN with irregular pores whose size was around 10 

nm. In the second pathway, amphiphilic copolymers, surfactants with long 
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hydrophobic chains, alcohols, acids or amines have been used as a template or 

pore expanding agent. For instance, a combination of N,N-

dimethylhexadecylamine (DMHA) with octadecyltrimethylammonium 

bromide (OTAB) has been employed to produce MSN with a pore diameter of 

4.6 nm28. 

 
 

Figure 3-1. Structures of mesoporous materials a) MCM-41 (hexagonal), b) MCM-

48 (cubic), c) MCM-50 (lamellar)25. 

Tannic acid (TA) can also significantly improve the pore diameter (6-13 nm)29. 

However, a further increase is limited. Most of the reported LPSNs possess small 

particle sizes, around 50-100 nm, with a pore diameter ca. 15 nm. Therefore, cost-

effective synthesis methods are needed for the fabrication of LPSN with larger 

pores and particle sizes.  

In this Chapter, the sol-gel process was applied to synthetize monodisperse silica 

particles with controllable pore diameter, either mesoporous or large pore, and 

particle size. The synthetized silica templated by cetyltrimethylammonium 

bromide (CTAB) exhibited the mesopore structure. The reaction temperature and 

concentration of the precursor played an important role in the modification of 

the particle diameter from 100 nm up to 700 nm. On the other hand, the pore size 

was controlled by tuning the amount of pore-expanding agent.  After the 

synthesis, the particles were cleaned from the excess of surfactant by ammonium 

nitrate. Then the silica beads were colloidally self-assembled on the silicon wafer 

and cleaned with oxygen plasma to remove any possible surfactant residues, 

therefore being ready for the next fabrication steps that have been carried out in 

this thesis. 
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3.2 Results and discussion 

3.2.1 Fabrication of the mesoporous silica nanoparticles (MSN). 
The synthesis of MSN started with the formation of surfactant (CTAB) micelles 

in water by increasing the solution temperature (Figure 3-2). The micelle 

formation and amount of H2O strongly affected the surface area and porosity of 

the MSN. The addition of alcohol, especially ethanol, lead to the formation of 

high-quality, clear and uniform micelles with spherical morphology. Moreover, 

ammonia (NH3 35 %) was used as a weak catalyst to tune the hydroxyl 

concentration in the reaction system. Ammonia is alkalescent (Kb = 1.8×10−5) and 

partially decomposes to control hydroxyl concentration in solution. With the 

increase of the ammonia amount , hydroxyl concentration was raised and a larger 

number of hydroxyl groups substituted alkoxy groups of TEOS30. Hence, the 

hydrolysis and condensation of TEOS was accelerated around the CTAB 

micelles.  

 
 

Figure 3-2. The synthesis strategy of MSN via a surfactant-templated route31. 

3.2.1.1 The effect of the amount of TEOS on mesoporous silica particles  

In the case of MSN, we selected the amount of TEOS as the main factor to control 

the particle size.  According to our experience, the TEOS addition rate and the 

surfactant concentration showed negligible effect on the MSN particle 

morphology and size. Moreover, we observed that increasing the reaction time 
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had no significant effect on the particle size. As TEOS is the source of the 

monomers that forms the mesoporous silica network, when the amount of TEOS 

is increased, both the hydrolysis and condensation rates speed up. 

 

 

Table 2. Average particle size under different reaction conditions. 

 

The detailed synthesis conditions of MSNs are represented in Table 2. The 

morphology of the monodispersed MSN was characterized by High-Resolution 

Scanning Electron Microscopy (HRSEM). As can be seen from the SEM images, 

the size of MSN could be easily tuned by varying the amount of TEOS 

systematically from 1 to 5 mL. The morphology of all synthesized MSN was 

spherical with uniform size. By increasing the TEOS concentration, the size of the 

samples was raised from 168 nm (MSN-1) up to 706 nm (MSN-5). The particle 

size of all samples was determined by using ImageJ software on SEM 

micrographs and corresponding histograms were generated revealing average 

particle sizes of 168 nm, 240 nm, 347 nm, 540 nm, 706 and 706 nm for TEOS 

quantities equal to 1 mL, 1.5 mL, 2.5 mL, 4 mL, 5 mL respectively (Figure 3-3a, b, 

c, d, e). Additionally, we conducted two experiments by adding TEOS at 35°C, 

which showed no particle formation. This could be explained because of 

extremely slow TEOS hydrolysis and condensation rates at low temperature, 

thereby taking days for particles formation. 

The STEM analysis showed (Figure 3-3a-f) that although the size of MSN 

increased with TEOS concentration, the pore size remained stable at around 2.5 

nm.  

Name 

of the 

sample 

 Experimental conditions Results 

 
CTAB 

(g) 

EtO

H 

(mL

) 

H2O 

(mL

) 

NH3 

(µL) 

TEOS 

(mL) 

TEOS 

addition 

temperature 

(⁰C) 

Average 

pore size 

(nm) 

Average 

particle 

size (nm) 

MSN-1  1.02 120 340 100 1 80 2.5 168 

MSN-2  1.02 120 340 100 1.5 80 2.5 240 

MSN-3  1.02 120 340 100 2.5 80 2.5 357 

MSN-4  1.02 120 340 100 4 80 2.5 540 

MSN-5  1.02 120 340 100 4.5 80 2.5 706 

MSN-6  1.02 120 340 100 1 35 - 
No 

particles 

MSN-7  1.02 120 340 100 2.5 35 - 
No 

particles 
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Figure 3-3. SEM images of MSN prepared by sol-gel method at various TEOS 

concentration a) MSN-1 b) MSN-2 c) MSN-3 d) MSN-4 e) MSN-5 f) STEM image 

of MSN-2. Scale bars 200 nm (a, b,d), 300  nm (c, e) and 100 nm (f). 
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3.2.2 Large pore silica nanoparticles (LPSN) 
Three main factors were followed to control the pore size in the LPSN: i) the 

amount of NH3, ii) the amount of TEOS, iii) the amount of pore-expanding agent. 

In this case TMB, triethanolamine (TEA) and dimethylhexylamine (DMHA) were 

used as expanding agents. The reaction conditions for the synthesis of LPSN are 

shown in Table 3.  

In the synthesis process NH3 was used as a basic catalyst in order to speed up the 

rate of silica condensation process. The pore and particle size of LPSN depend on 

the rate of TEOS hydrolysis and condensation. Therefore, different amounts of 

ammonia can have a significant effect on the pore and particle size of the LPSN 

(Figure 3-4). We observed that using a small amount of ammonia (100 μL) 

alongside TMB has no effect on the pore size of silica particles. In order to obtain 

the NPs with desired pore size the amount of ammonia also needs to be 

increased. High amount of ammonia increases the formation rate of micelles and 

TEOS hydrolysis and decrease the reaction time up to 2 h. This could be 

explained due to the pH of the reaction system. The hydrolysis of TEOS is quite 

slow in the reaction system, because this reaction occurs at the liquid-liquid 

(TEOS/water) interface. Namely, silicate species have a restricted supply due to 

the limited surface area of the TEOS/water interface. On the other hand, as the 

reaction proceeds, the condensation process becomes faster, which is caused by 

the decrease of pH in water phase due to the presence of ammonia. 

The pore size in the MCM-41 materials can be controlled by the hydrophobic 

alkyl chain length of the surfactants or with the aid of auxiliary organic 

compounds (i.e., trimethylbenzene) as spacers and fillers32. When the auxiliary 

organic species are added to the reaction gel, they are solubilized inside the 

hydrophobic regions of the micelles, causing an increase in micelle diameter 

which leads to an increase in the pore size of the final product33. When 

triethanolamine (TEA) was used as swelling agent, no expansion of the pore size 

of the LPSN-1 (2.2 nm) was observed by the addition of 3 mL of NH3. In the case 

of DMHA as swelling agent, a significant increase in the pore size (8 nm in LPSN-

2) was obtained by the addition of 4 mL DMHA. Nevertheless, the pore size 

stayed unchanged with the further increase of the amount of DMHA.
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Figure 3-4. SEM images of LPMSN synthetized by simple sol/gel method by 

using TMB as pore expanding agent. a) LPSN-1 b) LPSN-2 c) LPSN-3 d) LPSN-4 

e) LPSN-5 f) LPSN-6 g) LPSN-7 h) LPSN-8. Scale bars 200 nm (a, b, c, f, g), 100 nm 

(e, h) 
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In contrast, Mesitylene (TMB) could significantly enlarge the pores size of the 

LPSN from 10 nm up to 58 nm (LPSN-3; LPSN-8) by tuning the reaction 

conditions. Unlike the other swelling agents, TMB showed better selectivity and 

tunability of the pore expansion in the LPSN. By tuning the amount of TMB, 

LPSN with different pore sizes could be synthetized without addition of any 

other polymer, such as Pluronic (F123 and F127).  

Compared to MSN, the LPSN samples showed disordered pore structure with 

wide pore distributions from 2 nm up to 58 nm (Figure 3-4d), which could be 

related with the low boiling point of ammonia (-33 °C), leading to the fast 

evaporation from the reaction mixture, resulting the decrease of reaction pH. The 

decrease of reaction pH in the reaction mixture affected the degree of pore 

ordering, resulting in the formation of the disordered pore distribution34. 

Additionally, the particle size could be tuned by increasing the amount of TEOS. 

TMB allowed the formation of different pore sizes without significantly 

decreasing the particle diameter which could be maintained by tuning the 

amount of TEOS.   

Therefore, by controlling both the amount of TMB and TEOS, silica NPs with 

both tailored pore and particle sizes could be synthetized. However, higher 

amount of TMB and ammonia (amount of TMB > 8 mL, NH3=5 mL) prevented 

further increase of the particle size (LPSN-8) due to the high pH value of the 

reaction mixture. 

 

 

 

 

 

 



 

 

Table 3. Experimental conditions of LPSN with different pore sizes. 

Name of 

the 

sample 

 Experimental conditions Results 

 
CTAB 

(g) 

EtO

H 

(mL) 

H2O 

(mL) 

NH3 

(mL) 

TEOS 

(mL) 

Mesitylene 

(mL) 

(TMB) 

Triethanola

mine (TEA) 

(mL) 

Dimethylhe

xylamine 

(DMHA) 

(mL) 

Average 

pore size 

(nm) 

Average 

particle size 

(nm) 

LPSN-1  1.02 120 340 3 1 - 3 - 2.2 nm 125 nm 

LPSN-2  1.02 120 340 3 1.5 - - 4 8 nm 255 nm 

LPSN-3  1.02 120 340 3 3 2 - - 44 nm 400 nm 

LPSN-4  1.02 120 340 2 2 1.5 - - 28 nm 140 nm 

LPSN-5  1.02 120 340 2 3 4 - - 49nm 345 nm 

LPSN-6  1.02 120 340 3 3 1.5 - - 14 nm 580 nm 

LPSN-7  1.02 120 340 1.5 1.5 1 - - 35 nm 230 nm 

LPSN-8  1.02 120 340 5 5 8 - - 58 nm 170 nm 
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3.2.3 Post-processing of the porous silica nanoparticles                   
Once the porous, MSN or LPSN, nanoparticles are synthesized, the complete 

removal of the surfactants is necessary for the pursued applications in this Thesis. 

The typical methods of the surfactant removal are calcination or acid extraction. 

Calcination is one of the most common methods for removal of organic residues 

from the pores of silica. In this method, the dried silica particles are heated up to 

550 °C (4-24 h) in the presence of carrier gas (nitrogen, oxygen, air) to remove the 

organic residues35–37. However, prolonged, continuous heating of silica particles 

results in complete removal of silanol groups thereby preventing the complete 

dispersion of NPs in solution and promoting the formation of aggregates. 

Moreover, the high temperature also leads to structural shrinkage and pore 

deformation, and the burned surfactants can leave carbon deposits blocking the 

pores. To avoid these problems, in this synthesis we used a combination of 

solvent extraction and oxygen plasma to completely clean silica particles without 

damaging the particle morphology and to keep the silanol groups in the silica 

network. For the solvent extraction, particles were dissolved in ammonium 

nitrate (60 mg) solution in ethanol (200 ml) for 1 h at 80 °C followed by washing 

with ethanol three times by repeated centrifuging38. Since silica has high stability 

in alcohols, the already washed particles were resuspended in ethanol for long 

term storage. 

In the applications related to this thesis, the porous particles are self-assembled 

on silicon wafers to continue the fabrication processes (Figure 3-5). This step 

enabled an additional cleaning and activation by oxygen plasma. The MSNs were 

deposited on silicon substrates by a colloidal self-assembly based on the previous 

formation of monolayer silica particles on the air/water surface on the immersed 

silicon wafer, thus leading to the formation of a hexagonal close-packed array. 

Then the water was drained to deposit the self-assembled monolayer on the 

silicon wafer. Once the wafer was fully dried, then the substrate with MSN was 

subjected to oxygen plasma (400 W, 60 sccm, 4 min) which was performed while 

introducing oxygen to the plasma system. The oxygen plasma allowed the fast 

and complete removal of residual contaminants without damaging the particle 

and pore morphology of the assembled MSN. 

 
Figure 3-5. Schematic of colloidal self-assembly. 
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To tailor the size of NPs, the obtained silica array was etched using Reactive ion 

etching (RIE) (Figure 3-6a). RIE is a process that removes materials chemically 

from substrates using ion bombardment. RIE was performed using CHF3 gas for 

45 seconds. Once the process finished, the substrate was cleaned with O2 plasma 

for 3 min to completely remove excess fluor (F) from the pores (Figure 3-6b, c). 

 
 

 
Figure 3-6. a) Schematic of reactive ion etching of silica NPs, b) the etched silica 

NPs c) top view of etched silica NPs. Scale bar 100 nm. 

3.2.4 X-Ray diffraction and colloidal analysis        

To assess the crystallographic structure and colloidal stability, the MSN-3 sample 

was analized by Dynamic Light Scattering (DLS) and X-ray Diffraction (XRD). 

The MSN-3 particles were dispersed in water and the particle size distribution of 

the suspension was evaluated by DLS. The analysis exhibited a monodisperse 

size distribution (PDI=0.07) with an average size of 335 ± 5 nm, which confirms 

the high stability of the as-synthetized MSN-3 sample (Figure 3-7a). 

 
 

Figure 3-7. a) Dynamic light scattering (DLS) spectrum, and b) XRD spectra of 

MSN-3 sample. 
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An amorphous peak of MSN-3 sample between 20° and 30° was observed in the 

X-ray diffraction confirming the amorphous silica network in the NPs and the 

absence of crystalline phases (Figure 3-7b). 

3.2.5  Optical properties of silica particles.                   
The photoluminescence (PL) spectroscopy was used to characterize the optical 

emission properties of MSN. Figure 3-8a, b exhibits the PL spectra of MSN-2 

sample. For the PL analysis the sample was prepared by assembling MSN on the 

silicon wafer. The PL spectra were collected with the excitation beam from a laser 

at 405 nm continuously shining a sample. 

 
Figure 3-8. a) MSN-2 sample used for PL spectra b) PL spectra of MSN-2 sample.                                                                                                                

The PL spectra were taken from four different spots of the MSN-2 sample with 

the excitation wavelength 405 nm at room temperature. To confirm the impact of 

substrate on the PL emission, firstly, the PL spectrum of silicon substrate was 

taken (Figure 3-8a). As can be seen from the spectra , the substrate has no effect 

on the PL emission. However, when the spectra were taken on the silica particles, 

the PL spectra showed one broad PL emission band in the wavelength range from 

400 to 800 nm. In the regions of high concentration of particles the PL emission 

significantly increased (Figure 3-8b). 

This very interesting photoluminescence in amorphous porous silica 

nanoparticles can be due to the existence of diverse defects (vacancies and 

impurities) which play the role of emission centers39. Indeed, the defects can 

create different electronic states that can cause optical transitions as absorption 

and luminescence with lower energies than the fundamental absorption edge of 

the silica material, approximately 9 eV, from the valence to the conduction band. 

These optical properties can be extremely interesting in the bioimaging field. 
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3.3 Conclusions 
In this Chapter, silica particles with different particle (MSN) and pore sizes were 

synthetized by a simple sol-gel method. The main advantage of this method is its 

reproducibility with the controlled pore and particle size. A series of 

monodispersed MSN with controlled particle size were developed by controlling 

the amount of TEOS which is the main factor for the particle growth. 

Additionally, the MSNPs showed high stability and uniformity according to the 

DLS results. In addition to particle size, the pore size also could be adjusted from 

2.5 nm to 58 nm by controlling the amount of swelling agent (TMB). We found 

out that, the pore size of NPs mainly depends on the amount of pore expanding 

agent alongside ammonia catalyst (NH3). Given their uniform and adjustable 

pore and particle size, both MSN and are LPSN expected to be useful in many 

industrial applications, especially in bio-applications including drug delivery, 

and in environmental remediation as catalyst support material or adsorbent for 

the organic pollutants. 

3.4 Materials and Methods 
The MSNs were synthetized with a simple sol-gel method using the silicon 

precursor TEOS and CTAB as a surfactant template. The schematic of the 

synthesis pathway of the MSNs is shown in Figure 3-9. The experimental 

procedure started by dissolving the surfactant CTAB (1.02 g) in distilled water 

(340 mL) in an Erlenmeyer flask (500 mL). Next, the CTAB-water solution was 

sonicated until the solution color became transparent and the flask was 

transferred to an oil bath. Except for the TEOS, the rest of the reactants were 

added while vigorously stirring and maintaining the reaction temperature 

between 30-35 ⁰C. During the synthesis the flask was kept closed to prevent the 

solution evaporation. When the solution temperature reached 30 ⁰C, ethanol (120 

mL; absolute 99 %), was added to the CTAB solution. Upon the addition of 

ethanol, the solution color became cloudy and recovered its transparency by 

further stirring. Then, NH3 (100 µL 35 %) was added to the CTAB solution, and 

the temperature was set to 80 ⁰C for 2 h. Finally, when the solution temperature 

was 80 ⁰C, 1 mL of TEOS was added dropwise while stirring, and the mixture 

was maintained at constant 80 ⁰C for 2 h. After 10 min, the solution color turned 

white due to the light scattering generated by the synthetized silica particles. 

After the 2 h, the particles were recovered by centrifugation (5 min; 10000 rpm; 

26 ⁰C) and washed with ethanol three times. 

The synthesis of the LPSN also followed the same procedure except for the 

addition of Mesitylene (also called trimethylbenzene (TMB)) as pore-expanding 

agent, and the increase of the ammonia amount for rising the TEOS hydrolysis 

rate. Apart from TMB, Dimethylhexylamine (DMHA) and Triethylamine (TEA) 

were also tested as pore-expanding agents. However, TMB was finally selected 

as the main swelling agent due to its better performance such as allowing the 
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synthesis of monodisperse silica particles with desired pores and particle size 

without decreasing the size further In Addition, the reaction time is fast 

compared with DMHA and TEA. 

 
Figure 3-9. Schematics of synthesis pathways of mesoporous silica particles 

(MSN). 
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4. Fe/Au galvanic nanoreactors triggering Fenton 

reaction without additives in water at neutral pH. 
The efficient generation of reactive oxygen species (ROS) via the Fenton reaction 

has received significant attention for environmental and biomedical applications. 

This reaction can be triggered by zero-valent metal nanoparticles by converting 

externally added H2O2 into hydroxyl radicals (•OH) in acidic media. To avoid the 

need for any external additive or energy supply, the development of self-

sustained catalytic systems enabling continuous onsite production of H2O2 at a 

neutral pH is particularly important.  In this Chapter, novel Fe/Au galvanic 

nanoreactors are fabricated by the physical vapor deposition of a metallic Fe/Au 

bilayer on arrays of nanoporous silica nanostructures. These nanoreactors enable 

the direct production of H2O2 and efficiently release Fe2+ as soon as they are 

immersed in water at a neutral pH, thereby triggering the Fenton reaction by 

exploiting the large electrochemical potential difference between the Fe and Au 

layers. The galvanic nanoreactors simultaneously promote the Fe2+/Fe3+ 

circulation and minimize side reactions that passivate the iron surface, which 

enhances their reactivity.  
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4.1 Introduction 

Reactive oxygen species (ROS) are highly reactive free radicals with a wide range 

of applications, from the removal of toxic organic pollutants to the selective 

destruction of cancer cells1–5. A widely extended mechanism to efficiently 

generate ROS is through the Fenton reaction, which uses H2O2 as a precursor 

generating the highly oxidant hydroxyl radical (•OH). This process can be 

catalyzed by transition metal cations such as iron, copper, aluminum, or silver. 

The interest in the Fenton reaction has increased with the development of highly 

reactive zero-valent metal nanoparticles, which can efficiently generate metal 

cations through their corrosion in water media, as a result of the electron transfer 

between the metals and O26. Examples of such zero-valent nanoparticles are 

silver, copper, aluminum, and iron nanoparticles7–9, the latter being the most 

widely studied due to their low cost, low toxicity, abundance, and reducing 

activity9–12. 

The zero-valent iron nanoparticles (nZVI) are highly reactive reagents that can 

trigger different reaction pathways, such as redox, adsorption, or precipitation, 

depending on the reaction conditions13. Despite the merits of nZVI in Fenton 

reactions and other reaction pathways, they also exhibit important limitations. 

For instance, nZVI can easily aggregate in solution due to magnetic and 

electrostatic interactions, which can decrease their reaction performance14. 

Different support materials, such as silica or metal-organic frameworks, can be 

used to overcome such limitations and increase their stability and reactivity15,16.  

Another drawback is their short lifetime due to the surface passivation of the 

nZVI over time caused by the formation of oxyhydroxides or oxides that hinder 

the electron transfer from the Fe0 core to the surface. Such a problem is intensified 

at higher pH, thus limiting the activity of the Fe nanoparticles to a narrow acidic 

pH range17–19. The surface passivation can restrict the applications of nZVI in 

environmental remediation when the redox process is the main decontamination 

pathway. However, the passivated iron nanoparticles can also be exploited for 

pollutant adsorption and co(precipitation) through chemisorption and 

electrostatic interactions20. 

On the other hand, to simplify the Fenton reaction with zero-valent 

nanoparticles, new strategies to minimize the need for external additives (e.g., 

H2O2) or energy supplies (e.g., UV light, ultrasounds) are needed, thereby 

avoiding the increase in complexity and costs.  The capability to produce H2O2 
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in-situ is therefore very relevant for activating Fenton or Fenton-like processes 

and generating reactive oxygen species with higher oxidizing power21.  However, 

the majority of the Fenton nZVI systems have relied on the external supply of 

H2O2 to achieve proper ROS generation, which reflects the difficulties in tuning 

the reactivity of the nZVI/O2 system due to the many dependent reaction 

parameters (e.g., nZVI particle size, pH, O2 dosage dissolved in water, growing 

passivation layer over time). Different strategies have been proposed to improve 

the nZVI systems, such as introducing other metals or components into the nZVIs 

to create intermetallic galvanic cells that enhance iron reactivity. The galvanic 

effect is induced when two metals, with different electrochemical potentials, are 

brought into contact, forming a pair of electrodes, with one of them acting as a 

cathode and the other as an anode22–25. The galvanic effect has been used for a 

variety of purposes, including cathodic protection26–30, which involves using a 

sacrificial metal as the anode to protect a more valuable metal as the cathode. 

However, the galvanic effect could also be applied to boost the reactivity of the 

anodes for the efficient generation of reactive oxygen species. There are some 

examples in the literature of ZVI-based systems that use the galvanic effect to 

trigger reductive decomposition or Fenton oxidation of analytes, such as Fe-

based metallic glasses, high entropy alloys, and bi-component systems. Fe-based 

metallic glass catalysts (e.g., FeB, FeBC, FeBP, FeSiB, FePC, FeSiBCu, FeNbSiB) 

are characterized for exhibiting a high density of reactive sites due to the 

formation of local nanosized galvanic cells between different Fe-rich and Fe-poor 

atomic clusters, which promotes the rapid degradation of dyes31–39. On the other 

hand, Fe-based high entropy alloys are typically made by mixing Fe with roughly 

equal amounts of multiple metallic elements, such as Cu, Co, Cr, Ni, Mn, etc. The 

resulting materials, which have highly disordered atomic structures, have been 

mainly exploited for dye decomposition through reductive pathways40. Finally, 

bi-component systems integrating Fe with Co, Ni, Cu, Pt, Pd, or carbon have also 

been studied for the reductive trapping of heavy ions or the reductive 

degradation of organic contaminants41–45. However, very few studies have 

demonstrated the Fenton-like pathway for analyte decomposition. Moreover, in 

most of these systems, external addition of H2O2 was required, as the in-situ 

generation of H2O2 was insufficient to stimulate the generation of •OH radicals. 

The very few cases that have been able to produce in-situ sufficient H2O2 for 

activating the ROS production were under acidic medium conditions (pH~3) or 

using very large catalyst dosages46–48. 

Here, a novel Fe/Au galvanic nanoreactor system with an enhanced reactivity 

obtained by merging the large electrochemical potential difference between the 

constituent metals and the high surface area of the nanoreactor. This catalytic 

system is fabricated by depositing a Fe/Au bilayer on an array of self-assembled 

porous silica nanoparticles. The Fe/Au nanoreactors enable efficient 

simultaneous Fe2+ release and H2O2 generation to effectively trigger the 
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production of reactive oxygen species via the Fenton reaction without the need 

for any external chemical additive or energy source. Moreover, in contrast to 

previous Fe-based systems, we also show that the Fe/Au nanoreactors are highly 

efficient at neutral pH, requiring very low amounts of catalyst, as demonstrated 

by the rapid degradation and mineralization of relevant organic pollutants, like 

the dye methylene blue and the antibiotic tetracycline.  

4.2 Results 

4.2.1 Fabrication of the galvanic nanoreactors 

The Fe/Au galvanic nanoreactors consist of arrays of self-assembled large pore 

nanoporous silica nanoparticles (diameter 200-250 nm, pore size 35 nm) on which 

Fe (60 nm) and Au (20 nm) layers are deposited by electron beam evaporation, 

forming a bimetallic semi-shell (Figure 4-1a). The highly hydrophilic nanoporous 

silica nanoparticles act as a high surface area support, conferring high reactivity 

to the bimetallic coverage and allowing direct contact of water with both metals. 

To assess the reaction mechanisms of the galvanic Fe/Au nanoreactors, similar 

structures of zero-valent Fe (60 nm thick) were also studied. The ROS generation 

tests were conducted with the nanoreactors attached to silicon substrates to 

enable monitoring the fast reaction, which was triggered as soon as the samples 

were immersed in water. The nanoreactor immobilization also provided a quick 

and simple approach for the recovery of the catalyst. The morphology of the 

Fe/Au nanoreactors can be observed in Figure 4-1b and c, showing the obtained 

metallic Fe and Au semi-shell layers on the porous silica nanoparticles. 

Importantly, this fabrication method enables assembling the Fe and Au layers 

without any interlayer passivation, as the deposition is done under high vacuum 

conditions. 
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Figure 4-1. a) Schematic of the Fe/Au galvanic nanoreactors fabrication process, 

starting with the self-assembly of the large pore silica particles on a silicon 

substrate and the subsequent evaporation of Fe and Au layers on top. The inset 

shows a scanning electron microscopy (SEM) image of one porous silica particle 

(50 nm).  b) SEM image of the self-assembled nanoreactors (scale bar 200 nm). c) 

SEM image of Fe/Au nanoreactors (scale bar 50 nm). d) Schematic depicting the 

galvanic Fe/Au reaction mechanism, showing the main reactions pathway. 

4.2.2 Galvanic reaction pathway.  
The proposed galvanic reaction pathway for the generation of reactive oxygen 

species is shown in Figure 4-1d. In the Fe/Au nanoreactors the Fe layer acts as an 

anode and the Au layer as a cathode due to the electrochemical potential 

difference between the Fe (E0(Fe2+/Fe0) =-0.44 V) and Au (E0(Au+/Au0) =+1.83 V) 

layers.  The galvanic reaction starts with the oxidation of Fe to Fe2+ at the anode, 

transferring the released electrons to the Au layer by the voltage difference. Then, 

due to their high solubility in water, the Fe2+ cations are released to the solution 

through the pores of the silica support. Therefore, in this galvanic system, the Au 

capping layer increases the corrosion of the Fe surface and accelerates the 

electron transfer rate. Once the electrons are transferred to the Au layer, there are 

two possible reaction pathways. The transferred electrons to the Au layer can 

reduce oxygen to superoxide radical and, taking several steps, to H2O2. 

Alternatively, both electrons could move to the cathode to directly produce H2O2 

from the available O2 in water. Finally, the released Fe2+ cations decompose the 

produced H2O2 to generate the hydroxyl radicals, thus triggering the Fenton 

cycle.  
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To validate this reaction pathway, the main ingredients needed to trigger the 

Fenton reaction were first identified, by monitoring the H2O2 production and the 

release of iron cations during the spontaneous reaction of the nanoreactors in 

water at pH 7. The detection of the produced H2O2 is complex due to its short 

lifetime, as it undergoes a fast reaction with the iron cations. Moreover, most 

conventional techniques have high detection limits (about mg/L) or require very 

acidic medium conditions46,49,50. To overcome these challenges, we adapted a 

procedure for detecting H2O2 that has been used in biological samples51, which 

relies on an enzymatic reaction to generate a fluorescent probe of the H2O2, whose 

emission intensity is proportional to the H2O2 concentration. Briefly, the H2O2 

was detected with the Amplex™ Red reagent (10-acetyl-3,7-

dihydroxyphenoxazine), which is an extremely sensitive peroxidase substrate in 

the presence of the enzyme horseradish peroxidase (HRP), to produce highly 

fluorescent resorufin (more details are given in the Materials and Methods 

section). As an additional advantage, this approach enables collecting the 

fluorescence signals at the nanoreactor interface using confocal fluorescence 

microscopy.  

 

Figure 4-2. a) Fluorescence emission of resorufin for the Fe/Au and Fe 

nanoreactors excited at 488 nm. b) Fluorescence images of the Fe/Au and the Fe 

nanoreactors surfaces, respectively. c) UV absorbance of the reaction fluid for the 

Fe/Au and the Fe nanoreactors after 90 min of reaction (for the detection of Fe 

ions).  
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Figure 4-2a shows the intensity of the fluorescence emission spectra of resorufin 

for the galvanic Fe/Au reactors compared to the Fe system. The high intensity of 

the resorufin fluorescence signal confirmed the enhanced in-situ production of 

H2O2 in the Fe/Au galvanic cell, whereas it was minimal for the Fe reactors. The 

H2O2 concentration was determined through an H2O2 calibration curve.  After the 

first ten minutes of reaction the H2O2 concentration was remarkably higher (36-

fold) in the Fe/Au nanoreactors (1.8 µM) compared to the Fe reactors (0.05 µM). 

In addition, the confocal images of Figure 4-2b confirm the drastically enhanced 

fluorescence intensity mapping for the Fe/Au nanoreactors.On the other hand, 

the release of Fe cations in water was evaluated by UV spectroscopy, by detecting 

their absorption in the UV below 300 nm52, after immersing the Fe/Au and Fe 

systems in water for 90 min. Interestingly, as illustrated in Figure 4-2c, the 

amount of released Fe ions by the Fe/Au nanoreactors was significantly higher 

than the Fe counterpart after 90 min in water, despite the substantially lower iron 

surface in direct contact with water. The enhanced release of Fe2+ ions was a direct 

result of the galvanic effect. The release of iron cations was further confirmed and 

quantified by ICP-mass spectroscopy, showing concentrations of 19.4 and 5.1 ppb 

for the Fe/Au and Fe nanoreactors, respectively.  

Consequently, these results indicate that the Fe/Au galvanic system  can 

effectively produce the fundamental ingredients (H2O2 and Fe2+ ions) to trigger 

the Fenton catalytic pathway with high efficiency in water at neutral pH without 

any external additive53.     

4.2.3 Catalytic activity 
To demonstrate the additive-free Fenton reaction in water at neutral pH, the 

catalytic activity of the Fe/Au and Fe nanoreactors was evaluated for the 

degradation and mineralization of two typical non-biodegradable environmental 

pollutants54,55: methylene blue (MB) and tetracycline (TC). Importantly, the 

catalytic tests were conducted using very low concentrations of Fe/Au and Fe 

nanoreactors of 14.8 μg/mL and 14 μg/mL, respectively. The degradation of the 

MB (10 ppm, 3.2 mg/L) was first analyzed by the decrease of its UV-VIS spectra 

(absorbance peak centered at 664 nm) during 90 min reaction time. As shown in 

Figure 4-3a and 3b, the MB removal was extremely fast for the Fe/Au 

nanoreactors, with an almost complete degradation in the first 15 min, compared 

to the substantially lower kinetics of the Fe nanoreactors. This clearly indicates 

the enhanced reactivity conferred by the galvanic cell formed between the Fe and 

Au layers. The degradation efficiencies of MB after 90 min were 94.0 % and 86.3 

% for Fe/Au and Fe nanoreactors, respectively (Figure 4-3c).  

Next, the MB mineralization ability of Fe/Au and Fe nanoreactors was quantified 

by measuring the total organic content (TOC) (Figure 4-1c), showing efficiencies 

of 86.1 % and 81.1 % for the Fe/Au and Fe nanoreactors, respectively, further 

confirming the efficient ROS generation by the galvanic effect.  
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Figure 4-3. Catalytic degradation of MB in the presence of a) Fe/Au and b) Fe 

nanoreactors. c) Degradation and TOC removal rates after 90 min of reaction. d) 

Comparison of kinetic fitting of MB decay through pseudo-first order-nonlinear 

kinetics (R2Fe/Au = 0.998, R2Fe=0.997) and e) the corresponding reaction rate (k). 

The kinetics of the MB removal process (Figure 4-3d) exhibited a pseudo first-

order kinetics for both Fe/Au and Fe nanoreactor, following the equation 𝐶𝑡 =

𝐶0𝑒
−𝑘𝑡, where 𝐶𝑡 represents the contaminant concentration at time 𝑡, 𝐶0 the initial 

concentration, and 𝑘 the first-order kinetic reaction rate constant.  The 𝑘 values 

of the Fe/Au and Fe systems were 0.16 min-1 and 0.032 min-1, respectively (Figure 

4-3e). Therefore, the Fe/Au nanoreactor had a 5-fold higher reaction rate 

compared the bare Fe case.  

Considering the fast MB degradation by the Fe/Au nanoreactors, we analyzed 

the degradation and mineralization after only 15 min of reaction (Figure 4-1a). In 

this case, the difference between the galvanic Fe/Au reactor and the Fe reactor 

was remarkably higher. After just 15 min, the Fe/Au nanoreactors achieved 74.8 

% degradation versus 32.6 % by the Fe nanoreactors. A similar trend was 

observed in the mineralization rate, reaching 64.4 % and 19.7 % for the Fe/Au and 

Fe systems, respectively.  
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Figure 4-4. a) Degradation efficiency and TOC removal rates of MB after 15 min 

of reaction. b) MB degradation rate in the presence of the ROS quenchers 

benzoquinone (BQ) and isopropanol (IPA) for the Fe/Au and Fe nanoreactors 

after 90 min of reaction. 

To further confirm the Fenton reaction pathway and the generated ROS species, 

radical quenching experiments were performed. To this end, isopropanol and 

benzoquinone were used as quenchers of the hydroxyl (•OH) and superoxide 

(•O2-) radicals, respectively. As shown in Figure 4-4b, when isopropanol was 

added to the reaction solution, the MB degradation rate declined distinctly to 38.3 

% and 35.0 % for the Fe/Au and Fe systems, respectively. However, the degree of 

degradation of the MB decreased only slightly to 83.17 % and 70.8 % for Fe/Au 

and Fe nanoreactors, respectively, after adding a benzoquinone superoxide 

scavenger. Thus, these results again corroborated that the main reactive species 

for the MB removal were hydroxyl radicals, with superoxide radicals playing a 

secondary role, as expected from the Fenton pathway. 
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Figure 4-5. TC degradation in the presence of the a) Fe/Au and b) Fe 

nanoreactors. c) Degradation and TOC removal rates. d) Comparison of kinetic 

fitting of TC decay through pseudo-first order-nonlinear kinetics (R2Fe/Au = 

0.996, R2Fe=0.992) and e) the corresponding reaction rates (k). 

The high reactivity of the Fe/Au galvanic nanoreactors was also proven by the 

degradation analysis of the pollutant tetracycline (40 ppm, 17.7 mg/L), again at 

neutral pH and without the addition of H2O2. The absorbance spectra of TC 

significantly decreased (72.3 %) in the presence of the Fe/Au reactors (Figure 

4-5a). In contrast, the Fe nanoreactors showed a poor performance towards TC 

degradation, with only 33.6 % of removal (Figure 4-5b, c). These results were 

correlated with mineralization efficiencies of 69.4 % and 29.4 % for Fe/Au and Fe 

nanoreactors, respectively (Figure 4-5d). In addition, the kinetic constants were 

estimated to be 0.081 min-1 and 0.013 min-1 for Fe/Au and Fe nanoreactors, 

respectively (Figure 4-5e), thereby demonstrating once more the high reactivity 

of the galvanic reactors. 

4.3 Discussion 
The comparative degradation studies of MB and TC clearly indicate the enhanced 

performance of Fe/Au with respect to Fe catalytic nanoreactors, which is ascribed 

to the galvanic cell formation in the bimetallic system. The potential difference 

between both metals is the driving force to accelerate iron oxidation and the 

transfer of the released electrons to the Au region for the efficient reduction of 
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oxygen to hydrogen peroxide. The in-situ generation of iron cations and H2O2, as 

proved by UV-visible absorption, mass spectrometry, and confocal fluorescence 

microscopy, are the basic ingredients for triggering the generation of •OH and 

Fe2+ as outlined in the chemical equations below.  

𝐹𝑒0 + 𝑂2 + 2𝐻
+  → 𝐹𝑒2+ + 𝐻2𝑂2 4.1 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒
3+ +⋅ 𝑂𝐻 + 𝑂𝐻− 4.2   

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒
2+ + 𝐻𝑂2⋅ + 𝐻

+ 4.3 

𝐹𝑒0 + 2 𝐹𝑒3+ → 3 𝐹𝑒2+ 4.4 

𝐹𝑒3+ + 𝑒−
𝐴𝑢
→  𝐹𝑒2+ 4.5 

Therefore, the hydroxyl radicals, which were identified by quenching analysis, 

play a key role in degrading the organic pollutants. However, an efficient 

regeneration of Fe3+ to Fe2+ is also key to sustaining the redox catalytical loop and 

the efficacy of the degradation process. In absence of Au, the Fe3+ reduction is 

mainly accomplished with the released electrons at the Fe0 interface. However, it 

is known that the iron cations, and particularly Fe3+, can easily hydrolyze water 

and form iron hydroxides or react with oxygen to form oxides, which passivate 

the metallic iron over time, thus hindering the electron transfer and mass 

transport of reagents and products. The presence of Au on the zero-valent iron 

and the efficacy of the high-driving force galvanic cell to channel electrons into 

the Au region make Au an additional source of electrons for Fe3+ regeneration 

(4.5), leading to an enhancement in the reconversion rate of Fe2+/Fe3+.  The 

increased cycle rate of the iron cations helps to efficiently sustain the Fenton cycle 

while minimizing the side reactions of iron hydroxides/oxides formation at the 

nanoreactor surface. The acceleration of Fenton-type reactions also leads to more 

complete degradation of the organic compounds, with fewer by-products being 

produced, as proved by the mineralization TOC analysis. 

Another benefit of using the Fe/Au galvanic system is that it allows the operation 

of the reaction at more neutral pH values. Generally, Fe-based catalysts show 

their optimum activity at acidic pH (3). Increasing the pH significantly 

decreases the activity of the Fe-based systems due to the formation of the 

hydroxide/oxide passivating layers, which occurs more quickly at higher pH. In 

contrast, the Fe/Au nanoreactors can operate at a more neutral pH while 

maintaining their high catalytic activity. This effect could be ascribed to the 

accelerated Fenton reaction process and the fast iron cation reconversion through 

the high reducing power of Au. This allows the ROS-mediated degradation 

reaction to be the dominant pathway, minimizing the occurrence of competing 

side reactions.  
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To contextualize the performance of the catalytic Fe/Au nanoreactors with 

respect to other Fenton galvanic cells reported in the literature has been included. 

The table collects various parameters of different studies addressing the 

degradation of MB and TC (such as catalyst dosage, external H2O2 supply, 

pollutant concentration, degradation efficiency, and reaction rate constants. The 

normalized rate constants (knorm) with respect to catalyst dosage have also been 

indicated for easier comparison. The cells in the table that are colored blue 

indicate the use of external hydrogen peroxide, acidic pH conditions, or large 

amounts of catalyst (>0.05g/L). The cells highlighted in yellow indicate 

normalized rate constants above 5. The table also includes the reaction conditions 

and results obtained using the Fe/Au and Fe nanoreactors of the current work.  

While MB has been extensively studied using other galvanic systems, there have 

been very few studies on the degradation of TC using Fenton galvanic cells. Most 

of the studies on TC involve the removal of antibiotics, primarily through 

adsorption. Therefore, we have also included studies on derivatives of TC, such 

as oxytetracycline (OT) and chlortetracycline (CTC). 

As previously mentioned, many studies on MB degradation have been 

conducted using metallic glasses as catalysts forming galvanic cells. In all the 

cases an external supply of H2O2 was required, in addition to very acidic 

conditions (pH~3) in most of them, and high catalyst dosage. One of these studies 

stands out due to its very high normalized rate constant of 18, which was 

achieved through a complex pretreatment of the catalyst involving high 

annealing temperatures and ball milling, in addition to the use of external 

hydrogen peroxide or the adjustment of the operating pH to 3. With respect to 

TC degradation, most of the studies were performed under more acidic 

conditions and using large dosage of catalysts. 

Under this comparative context, the galvanic reactors reported in this work 

exhibit a very relevant improved degradation performance for MB and TC under 

conditions at which the other reported systems are ineffective. These results 

emphasize the benefits of the use of zero-valent iron, in terms of its capability to 

produce enough in-situ H2O2 to trigger Fenton reactions. This has been achieved 

by forming a galvanic cell with a high driving force and a large surface area that 

allows operating at neutral pH and with a very low amount of catalysts, as 

reflected in the high normalized rate constant obtained. 

Notably, the Fe/Au galvanic nanoreactors can be easily detached from the 

substrate by ultrasonication and dispersed in a liquid. Thus, they have the 

potential for their use in therapeutic applications, particularly in cancer 

treatment, due to their ability to generate high levels of ROS. Typically, in Fenton-

based cancer treatments, high concentrations of nanoparticles are required to 

reach high ROS levels in order to be toxic to cancer cells56. Additionally, Fenton-

based therapies often fail to treat tumors with only the endogenous hydrogen 
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peroxide concentration57. In contrast, Fe/Au nanoreactors, which rely on efficient 

self-supplying H2O2, could potentially offer high therapeutic efficiency at very 

low particle concentrations (10 μg/mL) to produce sufficient local ROS 

concentrations to kill cancer cells. Additionally, the magnetic character of the iron 

layer allows for a straightforward magnetic targeting of the tumors58,59. 

 

Table 4. Comparison of reported studies with Fenton galvanic cells for 

degradation of MB and TC together with the results of this work. 

Methylene Blue (MB) removal 

Catalyst 
Catalyst 

dosage 

[MB] 

 

H2O2 

supply 
pH D.E. 

k 

(min-

1) 

knorm 

(min-

1g-1) 

Fe/Au* 
0.015 

g/L 
3.2 mg/L No 7 94.6% 0.16 10.6 

Fe* 
0.014 

g/L 
3.2 mg/L No 7 86.3% 0.032 2.3 

Fe/CNTs 

plates46 
- 20 mg/L No 3 - 

0.085

2 
- 

Fe/C60 1.25 g/L - 57 mM 3 100% - - 

Fe/C60 1.25 g/L - No 3 < 20% - - 

Fe/Ni61 2 g/L 600 

mg/L 
50 mM 4.76 61.4% 

0.022 

(303K

) 

0.011 

Fe/Ni61 2 g/L 
1000 

mg/L 
No 4.76 30.8% 

0.012 

(303k

) 

0.006 

Methylene Blue (MB) removal with Amorphous alloys 

FeBC33 0.5 g/L 20 mg/L 0.2 mM 3.5  0.16 0.32 

FeSiB35 

 
0.5 g/L 

100 

mg/L 
1 mM 3 

95% 

 
0.37 

0.74 

 

FePC35 0.5 g/L 
100 

mg/L 
1 mM 3 95% 0.56 1.12 

FeB37 0.5 g/L 20 mg/L 1 mM 3 - 
0.302 

 
0.60 

FeSiB37 0.5 g/L 20 mg/L 1 mM 3 - 0.111 0.22 
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FeSiBPNbC

u31 
2.4 g/L 60 mg/L 0.1 M - 67.76% 

0.018 

(353K

) 

0.008 

FeSiBPNbC

uNi31 
2.4 g/L 60 mg/L 0.1 M - 99.99% 

0.065 

(353k

) 

0.027 

FeBC62 0.05g/L 20 mg/L 2 mM 3 - 

0.19 

(298K

) 

 

3.8 

FeBP62 0.05g/L 20 mg/L 2 mM 3 - 

0.13 

(298K

) 

 

2.6 

FeSiB34 0.5g/L 20 mg/L 1 mM 3 

43% 

(Miner

alizati

on) 

 

0.692 

 
1.38 

FeSiBCuNb3

4 

0.5g/L 

 
20 mg/L 1 mM 3 

20% 

(Miner

alizati

on 

0.099 0.198 

FePCCu39 0.5g/L 
100 

mg/L 
1 mM 3 - 0.34 0.608 

FeCoPCCu39 0.5 g/L 
100 

mg/L 
1 mM 3 - 0.47 0.94 

FeCrNbYB32 0.5g/L 
100 

mg/L 
2 mM 3 - 

0.182 

(303 

K) 

0.364 

FeSiB36 0.05g/L 20 mg/L 1 mM 3 - 0.9 18 

Tetracycline (TC), oxytetracycline (OT) and chlortetracycline (CTC) removal 

Fe/Au* 
0.015 

g/L 

TC 17.7 

mg/L 
No 7 72.3% 0.081 5.4 

Fe* 
0.014 

g/L 

TC 17.7 

mg/L 
No 7 33.6% 0.013 0.93 

Fe/Cu63 1.2 g/L 
TC 8 

µg/L 
2g/L 7 85.1% -  

Fe/Cu/C64 0.5 g/L 
CTC 50 

mg/L 
No 3.6 70.7% 0.294 0.59 
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*This work 

 

4.4 Conclusions 
In summary, galvanic Fe/Au nanoreactors, fabricated using a simple and scalable 

method, present excellent degradation performance at pH 7 for persistent organic 

pollutants using Fenton-like reactions without additives or external energy 

sources. One of the key advantages of the Fe/Au nanoreactors is the in-situ 

formation of H2O2, which was detected using a novel adaptation of an H2O2-

mediated enzymatic system typically used in biological samples and with a limit 

of detection even below the micromolar range. In addition, the high reducing 

capabilities of Au provided by the galvanic reactor enhance the Fe2+/Fe3+ 

regeneration in the Fenton catalytic loop, minimizing competing and undesirable 

side reactions that could lead to fast passivation of the catalyst. The results of the 

ROS scavenging experiments confirmed hydroxyl radicals as the main reactive 

oxygen species for pollutant degradation. Compared to other reported systems, 

the self-powered galvanic nanoreactor described here shows enhanced 

performance for analyte degradation, being highly active with a very small 

amount of catalyst, showing excellent catalytic activity against MB and TC 

(degradation efficiencies of 94 % and 72.6 %, respectively) at neutral pH without 

the need for any additives or external power sources. 

In addition, the system has a high potential for tuning its reactivity. Since it is 

composed of plasmonic and magnetic materials, the ROS reaction could be 

further enhanced by locally increasing the temperature through the activation of 

plasmons using NIR light or by applying alternating magnetic fields66,67. In turn, 

the mass transport of reagents and products could be facilitated by magnetic 

stirring68.  

The operational conditions of this system, including the pH, endogenous 

production of H2O2, and the use of a very small amount of catalyst to initiate the 

process, as well as its magnetoplasmonic capabilities, make it very promising for 

biomedical applications such as cancer treatment through ROS therapy. The 

Fe/Cu65 5 g/L 
TC 50 

mg/L 
50 mM 3 97% 1.122 0.22 

Fe/Pd/rGox4

8 
0.1 g/L 

OT 100 

mg/L 
No 5 96.5% 0.056 0.56 

Fe/Pt47 0.5 g/L 
OT 100 

mg/L 
No 5 99.2% - - 

Fe/Cu41 0.2 g/L 
OT 100 

mg/L 
No 5-6 71.4% - - 

Fe/Ni41 0.2 g/L 
OT 100 

mg/L 
No 5-6 62.3% - - 
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nanoreactors can also be surface engineered to control the ROS reaction by using 

protective coatings, enabling the reaction to be activated at the desired time and 

location. For example, they could be easily coated with different smart molecules, 

including lipid coatings, various enzymes, or pH-responsive smart molecules, 

which could also be activated using magnetic/NIR light heating only within the 

tumor region. Therefore,  the combination of the galvano-magneto-plasmonic 

properties of these nanoreactors could open up a wide range of potential 

applications. 

 

4.5 Materials and methods 

4.5.1 Synthesis of large pore silica nanoparticles  
The large pore silica particles (LPSNPs) with pore size around 35 nm and 

diameters ranging from 200 nm to 250 nm were synthesized by the Stöber 

method Firstly, a cetyltrimethylammonium bromide (CTAB) (1.02 mg) and water 

(340 mL) mixture were prepared in an Erlenmeyer flask under vigorous stirring. 

Subsequently, ethanol (120 mL), 30 % NH3, (1.5 mL), 1-3-5, Trimethylbenzene 

(TMB) (1.5 mL), and water (340 mL) were added to the mixture, maintaining the 

solution temperature at 35 °C. Finally, the solution was heated to 80 °C before 

adding tetraethyl orthosilicate (TEOS) (1 mL) dropwise. After 2 h, the particles 

were recovered by centrifugation (10000 rpm, 5 min), cleaned with an 

NH4NO3/ethanol solution, and redispersed in ethanol. 

4.5.2 Fabrication of Fe/Au and Fe nanoreactors. 
The Fe/Au and Fe nanoreactors were fabricated by combining colloidal self-

assembly and physical vapor deposition techniques as shown schematically in a 

Silicon wafers (Siegert Wafer GmbH) were used as substrates for the colloidal 

self-assembly of the porous silica nanoparticles. Initially, the substrate was 

thoroughly cleaned several times with acetone and isopropanol, then rinsed with 

Milli-Q water and dried with a nitrogen gun. The silicon wafer was immersed 

inside a water filler container and the aqueous suspension of colloidal LPSNPs 

was initially deposited at a liquid/air interface over the silicon wafer. Once a 

close-packed, monolayer array of LPSNPs was formed at the air/water interface, 

the water was drained, thereby depositing the LPSNPs array on the silicon wafer. 

Then, the Si substrate with the array of LPSNP was cleaned with oxygen plasma 

(400 W, O2 - 60 sccm) for five minutes (PS210, PVA Tepla America, Inc.) to fully 

remove any leftover surfactants. This process avoids the need for calcination and 

leaves a highly hydrophilic silica surface. Finally, the 60 nm Fe film was then 

deposited on the array of nanoporous SiO2 beads using electron beam 

evaporation (UNIVEX 450, Leybold). Following this step, the 20 nm layer of Au 

was deposited on top of the Fe layer to obtain the galvanic Fe/Au nanoreactors. 
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4.5.3 Characterization of the nanoreactors. 
The fabricated Fe and Fe/Au nanoreactors were analyzed by different 

characterization techniques. The size and morphology of the nanoreactors were 

characterized by scanning electron microscopy (FEI Magellan 400L XHRSEM). 

The EDX elemental mappings of nanoreactors were also monitored with the 

same microscope, which is equipped with an Oxford Instruments Ultim Extreme 

EDX detector system (Supplementary Information).  

4.5.4 Detection of the produced H2O2  
The combination of Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) and 

horseradish peroxidase (HRP) has been used as an ultrasensitive assay to detect 

hydrogen peroxide (H2O2), with a detection limit of around 50 nM. In the 

presence of HRP, the Amplex Red reagent reacts with H2O2 in a 1:1 stoichiometry 

to produce the red-fluorescent oxidation product, resorufin. The concentration of 

H2O2 is proportional to the generated resorufin. The fluorescence emission 

maxima of resorufin are at 587 nm upon excitation at 488 nm. The process was 

followed using confocal fluorescence microscopy (Leica, SP5) by focusing on the 

interface of the supported nanoreactors. 

The procedure started with the preparation of fresh stock solutions: 10 mM 

Amplex Red reagent in DMSO, 1X Reaction Buffer, 10 U/mL Horseradish 

Peroxidase (HRP), and 20 mM H2O2 in 1X buffer. The H2O2 calibration curve was 

prepared by diluting the appropriate amount of 20 mM H2O2 into 1 X buffer to 

produce H2O2 concentrations of 0.5, 2.5, 5, 7.5, and 10 μM, including a no-H2O2 

control (See Figure 2A, Appendix A). Appropriate amounts of Amplex red and 

HRP were added to the standard solutions of H2O2 in order to achieve a final 

concentration of 100 μM in the case of Amplex Red and 0.2 U/mL in the case of 

HRP. The reaction between H2O2, Amplex Red, and HRP was incubated for 30 

min in order to produce resorufin as a fluorescent probe of the H2O2 standard 

solutions. Afterward, the fluorescence emission of the resorufin was measured 

as a function of the concentration of the standard solutions of H2O2 that 

underwent reaction. Then, the concentration of H2O2 at the nanoreactor interface 

was determined by the addition of 100 μM Amplex Red and 0.2 U/mL HRP.  

4.5.5 Catalytic activity tests 
The catalytic performance of the Fe and Fe/Au nanoreactors was tested by using 

Methylene Blue (MB) and Tetracycline (TC), which exhibit absorption peaks at 

664 and 362 nm, respectively. In these tests, the Fe and Fe/Au nanoreactors 

attached to the silicon substrate (size 0.7x2 cm2) were immersed in the pollutant 

solution with initial concentrations of 3.2 mg/mL MB or 17.7 mg/mL TC at room 

temperature (25 °C). The color change and decrease of the absorbance were 

monitored in 15 min intervals using UV-vis spectroscopy (Cary 4000, 

PerkinElmer) in quartz-cuvettes. The degradation percentage (D%) of the 

pollutants was calculated by the following expression: 
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𝐷% =
𝐴0 − 𝐴90
𝐴0

 × 100 

where 𝐴0 is the initial pollutant absorbance and 𝐴90 the pollutant absorbance at 

the final time point. 

Total Organic Carbon Content (TOC) was used to evaluate the mineralization 

efficiency in order to confirm the degradation of the contaminants using TOC-

VCSH equipment (Shimadzu) with a high-sensitivity column.  

4.5.6 Scavenger experiments. 
Radical scavenging tests were carried out with the addition of scavenging agents 

in the MB solutions to identify the reactive oxygen species involved in the 

pollutant degradation. Accordingly, two different scavengers were used in 

presence of MB: benzoquinone (1 mM) as quencher for the superoxide radical 

(•O2-), and isopropanol (1 mM) as a quencher for the hydroxyl radical (•OH). 
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5.   2D MoS2/Cu photocatalytic nanoreactors on 3D 

mesoporous silica support for environmental 

remediation and biomedical applications. 
 

Transition metal dichalcogenides (TMD) have attracted great attention in the 

field of photocatalysts due to their remarkable optoelectronic properties. This 

section describes 2D MoS2/Cu photocatalytic nanoreactors on 3D mesoporous 

silica templates fabricated by a combination of hydrothermal synthesis HT) and 

e-beam deposition methods. 

The resulting hydrothermal MoS2 phase consists of two different semiconductor 

phases with clear experimental indications to be ascribed to a combined trigonal 

prismatic phase 2H and the distorted trigonal phase 1T′. The deposition of copper 

(Cu) onto the MoS2 greatly enhanced the photocatalytic activity due to the 

system’s outstanding light absorption properties and charge separation provided 

by the copper heterojunction. 

The MoS2/Cu nanoreactors showed excellent stability and could be applied for 

wastewater treatment with safe white light. Moreover, the catalytic activity of 

MoS2/Cu nanoreactors was tested in vitro on cancer cells with near-infrared (660 

nm) light actuation, showing a large decrease in cell viability after 90 min 

actuation, thereby being a very promising system for biomedical applications. 
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5.1 Introduction 
Water pollution is severely harming the ecosystem as a result of growing 

industrialization, with industrial effluent containing organic pollutants serving 

as a major source of contamination1,2. These highly resistant industrial pollutants 

not only threaten the available freshwater sources but also endangers the life of 

living organisms. In this context, photocatalytic materials have been developed 

for the degradation and mineralization of these organic pollutants. 

Within the photocatalytic materials, 2D transition metal dichalcogenides and, 

particularly molybdenum disulphide (MoS2),  have attracted wide attention due 

to their bandgap tunability, favourable bands alignment, earth abundance and 

cost-effectiveness3,4. 

Molybdenum disulphide exhibits polyphasic nature, showing a stable hexagonal 

2H phase and metastable 1T or distorted 1T′ octahedral phases due to the 

formation of different coordination bonds between Mo and S atoms5,6. In turn, 

the structural coordination of the Mo metal and its d-electrons impacts on the 

electronic properties of the MoS2 phases. As mentioned in the introduction, the 

bulk 2H phase of MoS2 holds semiconducting properties with an indirect 

bandgap of 1.2 eV, whereas a monolayer of MoS2 exhibits a direct bandgap of 1.8 

eV. The T phase is metallic while the distorted octahedral T’ phase is a small 

bandgap semiconductor7.  The thermodynamically stable 2H phase is valuable in 

the fields of optoelectronics, photonics etc., due to high photon absorption8,9. The 

unstable octahedral metallic 1T phase exhibits great potential in catalysis, 

batteries, superconductivity, photothermal cancer therapy, etc., due to its 

reduced charge transfer resistance10–12. Combinations of different MoS2 phases 

have  recently been found to be extremely efficient catalysts, particularly for 

hydrogen evolution reactions and wastewater remediation13–15.The direct 

bandgap of MoS2, resulting from quantum confinement in 2D, also enables highly 

efficient charge separation, which can be exploited in photocatalytic reactions to 

produce reactive oxygen species through the activation of oxygen16.  The 

photocatalytic activity of MoS2 could be further increased by the formation of 

different heterojunctions. However, the recovery of MoS2 structures from 

solution after degradation can be complex, costly, and potentially cause 

secondary pollution when used as dispersed heterogeneous catalysts. Growing 

MoS2 on a solid support may alleviate these issues, but its 2D nature would 

significantly decrease the number of active sites for catalytic reactions1,17–19.  
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Here, with the aim to achieve highly reactive 2D MoS2 supported on 3D 

templates, we fabricated multifunctional MoS2 nanostructures on mesoporous 

silica nanoparticles by a cost-effective hydrothermal process. The 

characterization output of the supported hydrothermal MoS2 suggests a 

combined 2H-1T′ semiconducting structure. In addition, a thin Cu layer 

deposited on the grown MoS2 favoured an efficient electron transfer to enhance 

the photocatalytic reactions. The optimized MoS2/Cu nanoreactor exhibited a 

remarkable photocatalytic performance in a wide pH range, being capable to 

degrade and mineralize organic pollutants and biotoxins with white light.  In 

addition, the MoS2/Cu nanoreactor exhibited very high efficacy to kill cancer cells 

by illumination with near-infrared light in the first biological window (660 nm). 

Therefore, the MoS2/Cu heterojunction nanoreactors on the 3D mesoporous 

supports could be appealing for both environmental remediation and therapeutic 

applications. 

5.2 Results and discussions 

5.2.1 Fabrication 
The fabrication process of hydrothermal MoS2/Cu follows four different steps. 

The first fabrication step follows the same procedure that is presented in Chapter 

4. The other steps are ii) silanization, iii) hydrothermal growth of MoS2 and iv) 

Cu deposition (Figure 5-1). As known, MSNPs are negatively charged. Therefore, 

a silanization process is needed to grow MoS2 flakes on the silica surface. For this 

purpose, the substrate was immersed in (3-Aminopropyl) triethoxysilane 

(APTES (4%)) solution in toluene for 2 h at 80 °C. Then, the substrate was rinsed 

with toluene and immersed in DI water for 2 h to clean the excess APTES. In the 

third step, 0.3 mg ammonium tetrathiomolybdate (NH4)2MoS4) was dissolved in 

10 ml dimethylformamide (DMF) and the solution was sonicated for 30 min. 

Subsequently, the substrate was submerged in DMF solution, transferred to a 

stainless-steel autoclave, and hydrothermally treated for 18 h at 180 °C. After 18 

h, the as-prepared sample was rinsed with water and dried with a nitrogen gun. 

Finally, 3 nm copper (Cu) was deposited onto the MoS2 nanoreactors via e-beam 

deposition. 
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Figure 5-1. Schematic of the fabrication process of hydrothermal MoS2/Cu 

nanoreactors. 

To understand better the morphology, we also fabricated monolayer MoS2 flakes 

grown by chemical vapor deposition(CVD)20. For this purpose, an alumina boat 

with a precursor MoO3 (5 mg) was placed in the middle of the quartz tube 

furnace. Then the wafer with 2x2 cm2 dimensions was placed onto the alumina 

boat in an upside-down manner. Another alumina boat was inserted at the cold 

side of the quartz tube in a distance of 15 cm with sulfur as the other reagent 

precursor. The furnace was heated up to 750 °C at a rate of 50 °C/min under Ar 

40 sccm to induce the reaction. After 25 min growth time, the furnace rapidly 

cooled down. 

 

5.2.2 Structural characterization of 2D MoS2/Cu nanoreactors on 

mesoporous SiO2 supports 
The morphology of the hydrothermal MoS2/Cu nanostructures was observed by 

SEM and HRTEM. The SEM image in Figure 5-2a shows that the MoS2 flakes form 

a high density and uniform 3D network on the mesoporous silica particles. The 

TEM image illustrated in Figure 5-2b shows the thin 2D MoS2 flakes, and the 

elemental mapping (Figure 5-2c) confirmed the uniform distribution of the Cu, 

Mo and S elements and the absence of contaminants.  

To determine the crystallographic structure, the samples were analyzed by XRD, 

Raman, XPS and UV-VIS spectra. To understand better the structure, the 

hydrothermally grown MoS2 samples were compared to CVD-grown flakes of 

MoS2 flakes which are known to be either 2H or 1H phase. 
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Figure 5-2. a) SEM image of hydrothermal MoS2/Cu, b) HRTEM image of 

hydrothermal MoS2/Cu, c) SEM image of hydrothermal MoS2/Cu together with 

elemental mappings corresponding to Cu, Mo and S maps, respectively. Scale 

bara a) 100 nm, b) 50 nm. 

 Unlike the H phase, the growth of the 1 T or 1T′ phase is challenging due to their 

high formation energy (0.84 eV for T phase and 0.55 eV for T’ phase)21,22. Figure 

5-3a depicts the UV-Vis spectra of hydrothermal MoS2 and CVD MoS2 

nanoflakes. The CVD MoS2 exhibited the three characteristic peaks at 614 nm, 667 

nm and 440 nm, which are related to the direct band gap and quantum 

confinement effect. These peaks are typical for the semiconducting 2D 1H 

phase5,23 In contrast, no visible peaks appeared for the hydrothermal MoS2. 

Likewise, CVD MoS2 exhibit strong photoluminescence as a result of direct band 

gap excitations at the K point of the Brillouin zone24,25, whereas the hydrothermal 

MoS2 did not exhibit any photoluminescence, which could be due to the presence 

of phases with very small bandgap or more metallic nature (Figure 5-3b)6,7.  
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Figure 5-3. Characterization of MoS2 samples grown by CVD and by 

hydrothermal processes. a) UV-Vis spectra, b) photoluminescence spectra, c) 

Raman spectra and d) XRD spectra. 

Raman spectroscopy was also performed to characterize the differences between 

CVD and hydrothermal MoS2. As shown in Figure 5-3c Raman spectra, the CVD 

MoS2 with the typical 2H phase contains only two main peaks the E2g mode at 

384 cm-1 and the A1g mode at 410.15 cm-1 26,27.  However, the hydrothermal MoS2 

possesses several peaks: J1 (143.6), J2 (223.6), J3(350.6), E1g (~306.4), E2g (376.7), A1g 

(406.1), respectively28–30. The defect related J1 (143.6 cm-1) peak illustrates the 

presence of  a quite defective phase that could be related with a T′ phase31,32.  

Furthermore, the two typical E2g and A1g Raman modes although slightly shifted 

give indications that a 2H phase would also be present in the hydrothermal 

sample. The J2 (223.6) and J3 (350.6) modes illustrate the shifting of S atoms with 

respect to Mo atoms. 

The X-ray diffraction (XRD) patterns of the hydrothermal and CVD grown MoS2 

are shown in Figure 5-3d. The hydrothermal MoS2 phase had poor crystallinity 

compared to the CVD 2H MoS2 (JCPDS Card No. 37-1492), and exhibited a shifted 

peak located at 9.5° (002) 33,34.  

To get more insights into the physicochemical differences between the HT MoS2 

and CVD MoS2 samples, X-ray Photoelectron Spectroscopy (XPS) measurements 

were performed. The emission of X-ray photons has been used not only to obtain 

information of the composition and chemical state of the elements but also to 
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provide hints of the electronic structure/properties of the sample. The Valence 

Band Maximum (VBM), which is the highest occupied energy level in a solid 

material, is an important parameter in the electronic structure of the material. 

VBM is typically determined using photoemission data that corresponds to low 

binding energies in the range of about 1-5 eV above the Fermi level of the system 

(being this latter parameter located at 0 binding energy).  

To accomplish a more complete characterization of the hydrothermal samples, 

we have also analyzed CVD grown MoS2 samples and a MoS2 natural crystal (SPI 

supplies), with the well-known and stable 2H structure. 

Figure 5-4 shows high resolution XPS spectra of the Mo3d/S2s lines (left) and of 

the S2p lines (right) for (a) a mechanically exfoliated MoS2 natural crystal, (b) a 

CVD grown MoS2 sample and (c) a MoS2 sample prepared by hydrothermal 

methods. Least-squares fits of the experimental data (black lines) after a Shirley-

type background subtraction (grey lines) are shown using a combination of 

Gaussians and Lorentzian functions. The branching ratios for the Mo3d and S2p 

doublets are set to 2/3 and 1/2, respectively, and the spin-orbit splitting is fixed 

to 3.16 and 1.19 eV, respectively. The envelopes of the fits are represented by 

orange lines.  

In Figure 5-4(Left, a) the Mo3d doublet can be deconvoluted into two 

components, the main contribution (blue lines) centered at 229.5 eV (Mo3d5/2), 

indicated by a continuous straight line, and a minor contribution (olive line) 

centered at 232.6 eV, while the S2s line (also indicated by a continuous straight 

line) shows a single peak at 226.7 eV (magenta line). In Figure 5-4(right, a) the 

S2p line can be fitted with a single doublet (blue lines), with the S2p3/2 line 

centered at 162.4 eV, indicated by a continuous straight line, and with a full width 

at half maximum (FWHM) of 0.7 eV, which approaches the combined X-ray 

source-analyzer energy resolution35. The 229.5 and 162.4 eV features are 

characteristic of n-type 2H MoS2 (Mo4+)36,37 and the 232.6 eV is assigned to MoO3 

(Mo6+)38, respectively. This is further evidenced by the position of the valence 

band maximum (VBM) that is located at 1.3 eV below the Fermi level of the 

system [see inset in Figure 5-4 (a)]. The VBM is obtained by a linear extrapolation 

(blue straight lines) of the leading edges in the valence band spectra. Such VBM 

value is nearly the full band gap of bulk MoS2, indicating that the Fermi level 

should be very close to the conduction band36. 
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Figure 5-4  XPS spectra of the Mo3d/S2s lines (left) and of the S2p lines (right) for 

(a) a mechanically exfoliated MoS2 natural crystal, (b) a CVD grown MoS2 sample 

and (c) a MoS2 sample prepared by hydrothermal methods. For all samples, the 

binding energy of C1s is 284.5±0.1 eV, arising from graphitic carbon 

contamination, ruling out any charging effects. The insets of a) and b) correspond 

to the low photoemission binding energies where the valence band can be 

collected. Evaluation of the VBM is also indicated.  

The deconvolution of the Mo3d, S2s and S2p lines in Figure 5-4 (left, b) and (right, 

b) provide a S2s singlet centered at 226.9 eV, a S2p single doublet with the S2p3/2 

line centered at 162.5 eV (FWHM = 0.7 eV) and three components for the Mo3d 

lines, the main contribution at 229.6 eV and two smaller contributions at 230.5 

and 232.7 eV, respectively. Both the main and the higher binding energy 

contributions are assigned to n-type 2H MoS2 and to MoO3, respectively, as 

discussed for the MoS2 natural crystal. The 230.5 eV feature has been assigned to 

defect Mo+4, corresponding to Mo atoms close to sulfur vacancies39. 
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The convolution of the spectra corresponding to the hydrothermal sample is 

more complex. Let us start with Figure 5-4 (right, c). The region between 166 and 

158 eV binding energies is satisfactorily deconvoluted with two doublets, with 

the S2p3/2 lines centered at 161.7 (red line) and 162.9 eV (blue line), respectively, 

with FWHMs of 1.2 and 1.5 eV, respectively. The shift between both components 

is 1.2 eV. The doublet in the 170-166 eV region corresponds to contributions from 

sulfates40. From the deconvolution from Figure 5-4 (left, c) we obtain two S2s 

contributions (magenta lines) at 225.9 and 227.0 eV, respectively (1.1 eV shift) and 

three contributions to the Mo3d lines with the corresponding Mo3d5/2 lines 

centered at 228.7 (red line), 229.9 (blue line) and 232.6 eV (olive line), respectively. 

Note that in this case the contribution from MoO3 (232.6 eV) dominates and that 

the remaining features are shifted by 1.2 eV. In the inset we observe that for the 

hydrothermal samples the VBM is located at 0.25 eV.  

Figure 5-4c evidence the presence of two different MoS2 materials or phases in 

the hydrothermal samples, in addition to the MoO3 component. We identify n-

type 2H MoS2 (blue lines), with the Mo3d5/2 and S2p3/2 peaks located at 229.9 and 

162.9 eV, respectively, by direct comparison with the MoS2 natural crystal and 

CVD-grown references in Figure 5-4a, b. The second material or phase exhibits 

binding energies (core levels and VBM) that are rigidly shifted by 1.2 eV towards 

lower energies, a value that approaches the full indirect band gap of MoS2. This 

rigid shift is due to band bending41,42. The comparison of the FWHM of the S2p 

line corresponding to the hydrothermal sample (above 1 eV) as compared to the 

natural crystal and CVD samples (0.7 eV) evidence considerable disorder in the 

nanocrystals due to the presence of defects, which could induce the pinning of 

the Fermi level and thus the band bending. All these features indicate that the 

second phase could be assigned to either a defective p-type 2H MoS2 or to a 

defective small-gap octahedral phase. Coming back to the previous 

measurements of UV-visible absorbance we have observed that the characteristic 

absorption bands of 2H-MoS2 have smeared out and instead a monotonic change 

is captured. That indicates that the spectrum is dominated by octahedral T 

phases, which have a more metallic character, rather than a p-type 2H MoS2. That 

is also supported by the lack of photoluminescence signals on the hydrothermal 

samples, indicating again that the overall performance is dominated by a more 

metallic character. However, a pure metallic phase is ruled out since the VBM 

does not coincide with the Fermi level of the system, depicting 0.25 eV of 

difference between Ef and VBM. Such finding discourages the presence of the 

pure metallic T phase, which is also unstable due to its high energy7. These results 

are more consistent with the presence of the distorted T′ phase, which exhibits 

small bandgaps and is more prone to defects, doping and lattice deformation 

inducing band shifting and band bending7. 

Finally, our fits consider exclusively Mo+4 oxidation states (apart from the Mo+6 

from oxides used as precursors in the hydrothermal growth). No hint of lower 
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oxidation states, e.g., Mo3+, is observed, although residual traces cannot be 

completely excluded given the complexity of the fit. Recently, a critical review on 

the experimental characterization of the MoS2 1T phases has pointed out the 

presence of Mo3+ species43. In the case of XPS experiments this is based on the 

observation of binding energies of the Mo3d5/2 line of about 228 eV. One has to 

bear in mind that when dealing with defective semiconductors, band bending 

can shift the binding energies with a difference up to the band gap without the 

relevant presence of lower oxidation states44–46. 

 
Figure 5-5. The XPS fitting of Cu of hydrothermal MoS2/Cu nanoreactors 

XPS measurements have been performed on the copper deposited on the MoS2. 

Figure 5-5 shows the XPS spectra of the Cu2p line (main frame) and of the Auger 

Cu LMM region (inset), respectively. Both the binding energy and shape of the 

Cu2p3/2 component (932.3 eV) together with the shape of the Cu LMM line, which 

exhibits a prominent maximum at a kinetic energy of 917.1 eV, are indicative of 

an oxidation state of +1 for copper47. 

5.2.3 Photocatalytic degradation of organic pollutants. 

5.2.3.1 Photocatalytic removal of tetracycline. 

The photocatalytic degradation ability of the hydrothermal MoS2/Cu 

nanoreactors was investigated at pH 6 and 8 with Tetracycline (TC) as the target 

pollutant. Firstly, the photocatalytic tests were performed in the absence of the 

nanoreactors in the dark and under visible light irradiation to obtain the 

adsorption-desorption equilibrium.  

The changes of the TC absorbance were acquired during 180 min of irradiation 

with visible light (Figure 5-6a). The TC degradation ability of HT MoS2 

nanoreactors was 33.1 % and 43.9 % at pH=6 and pH=8, respectively. 

Interestingly, the deposition of a thin 3 nm copper (Cu) layer on the HT MoS2 
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significantly promoted the degradation rate of TC to 90 % and 92 % at pH=6 and 

pH=8, respectively, indicating its excellent catalytic performance. The 

photodegradation kinetics was analyzed by fitting the first-order kinetic 

equation (Figure 5-6c). By the addition of Cu, the rate constant of HT MoS2/Cu 

system increased by 5.95 and 4.05 times from 0.002 min-1 to 0.013 min-1 and from 

0.0034 min-1 to 0.013 min-1 at pH=6 and pH=8, respectively. In addition, the mass-

normalized kinetic constant was calculated (𝑘𝑛𝑜𝑟𝑚 = 𝑘 𝑚𝑐𝑎𝑡⁄ ).  According to ICP-

MS results only 0.0073 g of catalyst was used in order to completely remove TC 

in 180 min. Thus, the corresponding knorm values for TC at pH 6 and pH 8 were 

1.79 min-1 g-1 and 1.89 min-1 g-1, respectively. 

The total organic carbon (TOC) was measured to assess the mineralization of TC 

by the HT MoS2 and HT MoS2/Cu systems. Especially, the MoS2/Cu system 

achieved a high TOC removal rate of 74.6 % and 86.2 % at pH=6 and pH=8 

respectively, which is nearly double or triple the rate obtained with the MoS2 

system (22.6 % at pH=6, 33.8 % at pH=8) (Figure 5-6b). 

 
Figure 5-6.  TC degradation in the presence of hydrothermal MoS2 with/without 

copper at different pH. a) Variation of the TC concentration versus time. b) 

Degradation and TOC removal percentage. c) Reduction of the TC concentration 

over time in logarithmic scale, d) Obtained reaction rate (k) values. 
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5.2.3.2 ROS quenching and reusability of the catalyst 

Generally, hydroxyl radicals (·OH) and superoxide radicals (·O2-) are the main 

reactive oxygen species (ROS) for organic pollutant removal. Therefore, the ROS 

quenching experiments on ·OH, ·O2- and h+ were performed for determining the 

generated active species. We used 1mM p-benzoquinone (p-BQ) as a quenching 

agent for ·O2-, 1mM isopropyl alcohol (IPA) as a quenching agent for ·OH, and 

1mM triethanolamine (TEA) as a quenching agent of h+. Figure 5-7a shows that 

the removal efficiency of TC was significantly affected by IPA and p-BQ after 180 

min. At pH=8, only 16.3 % and 34.5 % TC was degraded in the presence of IPA 

and p-BQ respectively. Similarly, in the presence of IPA and p-BQ, the 

nanoreactors decomposed 23.1 % and 21.2 % of TC at pH=6, respectively. In 

contrast, when TEA was added, the removal rate was 81.5 % and 72.3 % at pH=6 

and pH=8, thus suggesting that ·OH and ·O2- were the main active species for TC 

removal.  

 
Figure 5-7. a) ROS quenching experiments in the presence of p-BQ, IPA and TEA, 

b) regeneration cycles of the catalyst. 

Evaluating reusability and stability is crucial for commercial wastewater 

treatment. Therefore, we conducted a cyclic experiment of the TC removal at pH 

6 and 8. Figure 5-7b reveals that the photocatalytic activity of MoS2/Cu 

nanoreactors keeps nearly unchanged even after 10 cycles both at pH 6 and pH 

8. These results confirm that the MoS2/Cu nanoreactors could be a potential 

candidate for commercial wastewater treatment. 

5.2.4.2 Anatoxin degradation catalytic tests 

Cyanobacteria are aquatic, photosynthetic bacteria that use sunlight for the 

conversion of a carbon dioxide-rich atmosphere to an oxygen-rich 

atmosphere48,49. Currently, the excessive reproduction and accumulation of 

cyanobacteria and the toxins they produce pose a growing challenge to the water 

industry50,51. The cyanobacterial blooms are promoted by climate change 

especially, ocean warming and the high N/P ratio in wastewater which is in great 
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supply due to the pesticides and fertilizers in agricultural runoff and detergents 

from water treatment plants52.  

Cyanotoxins are classified into three main groups according to their mechanism 

of action in tissues: hepatotoxins, dermatoxins and neurotoxins51,53. Anatoxin-a 

(ATX-a) is one of the potent alkaloid neurotoxins produced by cyanobacteria 

globally54. It can cause death in animals via severe asphyxiation, and in humans 

via respiratory paralysis48.  

 

 
 

Figure 5-8. a) The decrease of absorbance of Anatoxin. Retention time (RT) is a 

measure of the time taken for a solute to pass through a chromatography column. 

b) The degradation and TOC, c) the linear fitting of rate constant (k). 

Although several water treatment techniques such as coagulation, flocculation, 

sedimentation, filtration, flotation, chlorination, ozonation, and adsorption on 

activated carbon have been used for the removal of cyanotoxins, for total removal 

a combination of different methods is required, which can be expensive54–56. 

Moreover, conventional treatments are unable to eliminate extracellular 

anatoxin-A.  
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To prove the potential of the MoS2/Cu nanoreactors for complex environmental 

applications, we analyzed the removal of anatoxin-A under white light 

irradiation. The nanoreactors were immersed into the anatoxin-A solution on 

the silicon substrate which helped the quick, time-efficient and clean recovery.  

Figure 5-8a shows the anatoxin chromatograms in which the decrease in the 

intensity of anatoxin over time in the presence of nanoreactors can be clearly 

seen.  Exposing the nanoreactors to artificial sunlight efficiently degraded 93.11 

% of the anatoxin-A in 240 min. To validate the mineralization, the TOC 

measurements were conducted. The MoS2/Cu system achieved a high TOC 

removal rate of 86 % Figure 5-8b. In addition, the rate constant of anatoxin 

photodegradation was calculated according to the Langmuir-Hinshelwood 

model, following the pseudo-first-order kinetics. Figure 5-8c indicates that the 

photodegradation rate constant of anatoxin-A over the hydrothermal MoS2/Cu 

system was 0.011 min-1 (kapp=1.54 min-1 g-1). These results suggest that the 

hydrothermal MoS2/Cu system is extremely efficient for the removal of 

cyanotoxins without using any noble metal co-catalyst57. 

5.2.4 Photocatalytic mechanism 

The introduction of copper (Cu) significantly improved the photocatalytic 

activity of the hydrothermal MoS2 system. According to the XPS results the Cu is 

oxidized to Cu+ upon its combination with hydrothermal MoS2. The resulting 

Cu2O is generally a p-type semiconductor and exhibits remarkable photocatalytic 

properties due to its band gap (1.9~2.2 eV)58,59. Apart from the already good 

visible light absorption characteristics of MoS2, the presence of Cu2O promotes 

furthermore the efficiency of light absorption. The Cu2O heterojunction also 

contributes to improving the charge separation of the photocarriers.  Proof of that 

may be attributed to the lack of photoluminescence of the overall MoS2/Cu2O 

system, indicating its excellent photocatalytic activity due to a lower electron-

pair recombination rate60. Moreover, the presence of the additional T′ phase in 

the hydrothermal MoS2 provides more conductivity and high density of exposed 

active basal, edge and defect sites as compared to a pure 2H MoS2 phase. These 

sites serve as catalytic sites for the redox processes of the analytes at the liquid 

interface. All these aspects greatly enhance the catalytic performance of the 

hybrid system. Furthermore, the ROS quenching results showed that the 

hydroxyl and superoxide radicals play a vital role in pollutant removal.  
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Figure 5-9. Schematic of photocatalytic degradation mechanism of hydrothermal 

MoS2/Cu. 

Based on above the investigations, the proposed. The photocatalytic degradation 

pathway of the MoS2/Cu system is shown in Figure 5-9. Previous calculations 

have shown that the conduction band of Cu2O is more negative than that of MoS2, 

so under visible light illumination, Cu2O will guide the electron pathways. 

Electrons from the valence band (VB) of Cu2O will be transferred to 2H-MoS2 and 

then to the conduction band (CB) of T′ MoS2, which is an excellent electron 

acceptor, leaving holes behind. The excited electrons on the CB of 1T′ phase will 

reduce oxygen to generate superoxide radicals (·O2-), which will then react with 

water to form hydroxyl radicals (•OH) (according to the chemical pathways 

outlined below). On the other side, the holes migrate towards the valence band 

of Cu2O. However, these holes may not have enough energy to oxidize water to 

•OH radicals (requiring redox potentials of around 1.9-2.8 eV depending on the 

pH) because the band levels are below 1.78 eV. Some minor oxidations of analytes 

may still be possible through other pathways, although quenching experiments 

have shown that the role of the oxidizing holes is minor in analyte degradation 

(5.1-5.4). 

𝐶𝑢2𝑂/𝑇′ − 2𝐻 𝑀𝑜𝑆2 + ℎ𝜐 → ((𝐶𝑢2𝑂/𝑇
′ − 2𝐻 𝑀𝑜𝑆2))

∗ + 𝑒− + ℎ+ 5.1 

𝑂2 + 𝑒
− → ⋅ 𝑂2

− 5.2 

⋅ 𝑂2
− + 𝐻2𝑂 → 𝐻2𝑂2 +⋅ 𝑂𝐻 5.3 

𝐴𝑛𝑎𝑙𝑦𝑡𝑒 + ℎ+/⋅ 𝑂2
−/⋅ 𝑂𝐻 →  𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 5.4 
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5.2.5 Catalytic activity of MoS2/Cu nanoreactors on cancer cells. 

Recently the biomedical applications of MoS2 have attracted considerable 

attention due to its biocompatibility and good photodynamic activity. In this 

section, we will introduce preliminary but very encouraging findings on the use 

of MoS2-based nanoreactors as photodynamic agents for cancer therapies.  To 

assess the therapeutic response in vitro a cell viability assay was performed in 

human osteoblast-like Saos-2 cell line (human osteosarcoma). The cells were 

plated inside a plastic well (thickness 120 µm) located in the center of the Petri 

dish. Then the supported MoS2/Cu photocatalyst on the silicon substrate or a bare 

silicon substrate without photocatalyst were placed on the top part of the plastic 

well, thereby forming a cavity with a separation distance of 100 µm between cells 

and the active nanostructures (Figure 5-1a).  

Firstly, the cells were irradiated with near-infrared light (660 nm, 100 mW/cm2) 

for 90 min and then were incubated for 24 hours under normal conditions (37 °C, 

5 % CO2). Then the live-dead assay was conducted (Figure 5-10c, d, e).  

 
 

Figure 5-10. Live/dead staining of the Saos-2 cells after different treatments a) 

control, b) cells treated with hydrothermal MoS2/Cu catalyst, c) cells treated with 

NIR and MoS2/Cu, d) cell viability assay, e) scheme of in vitro analysis. 

As can be seen, after red light irradiation, the viability of the cell population was 

97 % (Figure 5-10b). Similarly, the incubation of cells with nanoreactors exhibited 

good biocompatibility and safety (viability 99.56 %). In contrast, the incubation 

of cancer cells with nanoreactors and NIR-light illumination led a drastic 

decrease on the viability (5.77% viability). This result highlights the remarkable 

catalytic performance of the hydrothermal MoS2-Cu system under physiological 
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conditions, especially considering the large separation distance between the 

nanoreactors and the cells. Even stronger photodynamic effects would be 

expected in the case of nanoreactors directly interacting with the cells, either at 

the cell membrane or internalized.   

 

5.3 Conclusions 
The 2D MoS2 nanoreactors were successfully grown on the mesoporous silica 

nanoparticles by hydrothermal treatment. XPS measurements have provided 

relevant insights by comparing the hydrothermal samples with the well-known 

structures of CVD MoS2 or natural crystals of MoS2. The joint analysis of the 

findings obtained with XPS and other characterization techniques such as UV-

visible absorption, Raman spectroscopy and photoluminescence suggests that 

the most likely structure of HT MoS2 is a combined 2H-1T′ phase, featuring 

defects and chemical doping.  Compared to the reactive sites of CVD 2H MoS2, 

the HT 2H-1T′ MoS2 has a higher density of catalytic sites (basal, edge defect 

active sites), which promote the transfer of photogenerated charges to analytes 

at the liquid interface. The deposition of an extremely thin layer of Cu has greatly 

enhanced the photocatalytic properties of the system. Cu in the form of the 

semiconducting Cu2O promotes light absorption and charge separation. The 

synergistic effect of all these features makes the photocatalytic performance of 

HT MoS2/Cu nanoreactors superior to that of HT MoS2 towards TC and Anatoxin 

(A+) degradation and mineralization with white light. Moreover, the 2H-1T′ 

MoS2 nanoreactors were notably stable even after 10 cycles. In addition, the 

catalytic activity of the HT MoS2/Cu nanoreactors was tested on cancer cells in 

vitro under NIR light irradiation. The 2H-1T′ MoS2 nanoreactors showed 

negligible cytotoxicity and efficiently kill cancer cells under NIR light irradiation.  

Overall, we anticipate that the environmentally friendly, cost-efficient HT 

MoS2/Cu nanoreactors could be a potential catalyst not only for cost-effective 

environmental applications but also for biomedical applications, especially for 

photodynamic cancer treatment. 

5.4 Materials and methods  

5.4.1 Studies on the degradation of pollutants 
Firstly, the photo degradability of the photocatalysts was examined through the 

degrading organic pollutant of Tetracycline (TC). The experimental procedures 

were as follows: 5 ppm TC aqueous solution was prepared, and the solution pH 

was set to pH 6 and 8. Then the nanoreactors on the silicon substrate (2x3 cm2) 

were immersed in pollutants. Subsequently, the mixture was continuously 

stirred in the dark for 60 min to reach the adsorption equilibrium. Once the 

equilibrium was achieved, the nanoreactors were irradiated under visible light 

(24.2 mW/cm2).  
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The photocatalytic activity of HT MoS2/Cu nanoreactors against cyanotoxins was 

evaluated using a solution containing 20 ppm of (±)-anatoxin-A fumarate as a 

model cyanotoxin. Briefly, the nanoreactors were suspended in the cyanotoxin 

solution in the dark to establish adsorption-desorption equilibrium. A 24.2 mW 

LED lamp setup was used as a simulated solar light source. To determine 

photocatalytic activity, the pollutant solutions were exposed to irradiation. The 

reduction of cyanotoxin concentration was measured using ultrahigh-

performance-liquid chromatography (UHPLC) system.   

The reaction rate constant was calculated according to the Langmuir-

Hinshelwood model, following first-order-kinetics:  𝑙𝑛
[𝐴𝑡]

[𝐴0]
= −𝑘𝑡. 

5.4.2 Studies of cancer cell apoptosis 
A sterile Secure-Seal™ spacer of 9 mm diameter was placed in the middle of a 35 

mm petri dish. Saos-2 cells were seeded inside the spacer at a density of 10,000 

cells for 48 hours. Then, UV-sterilized MoS2/Cu nanoreactors on the silicon wafer 

were placed on top of cells with particles facing cells and kept for 90 minutes. 

The live/dead assay was performed after 24 hours. 0,1 μL of Calcein-AM (Green, 

excitation/emission spectra: 495/515 nm) and 1 µL of Ethidium homodimer-1 

(Red, excitation/emission spectra: 528/617 nm) were added into 1 mL of culture 

media and incubated with cells for 30 minutes at RT. 

5.4.3 Studies of XPS 
XPS experiments were carried out using a SPECS PHOIBOS150 hemispherical 

analyser with a monochromatic X-ray source (1486.6 eV) operated at 300W. The 

reported binding energies have been obtained with an error of ±0.1 eV and are 

referred to the Fermi level (EF) of the analyser, which is periodically determined 

by measuring the photoelectron energies from an atomically clean reference Au 

(111) sample. 
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6. Ni/Pt nanoreactors on porous silica nanostructures as 

thermocatalysts  
Transition-metal-catalyzed transfer hydrogenation with an in situ hydrogen 

donor has received a great deal of attention as an alternative to the traditional 

high-pressure-hydrogen process, owing to its better efficiency, atom economy, 

and sustainability features. Hydrogen stored in the chemical bonds of formic acid 

(FA), a promising hydrogen storage compound that could be derived from 

biomass or reduction of CO2, can be extracted selectively, and used for diverse 

catalytic transformations. This Chapter describes some preliminary results of 

Levulinic acid conversion to gamma Valerolactone over Ni/Pt nanoreactors. 
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6.1 Introduction 
Fossil fuel use, which has climbed alongside economic growth since the 

industrial revolution, currently supplies 80 % of the world’s energy. The reliance 

on fossil fuels worsens air quality, causes water pollution, and significantly 

increases global carbon fingerprint and greenhouse gas emissions1. Recently the 

world has been tackling with the issue of soaring energy prices. Higher energy 

costs have been a major cause of excruciatingly unbearably high inflation, 

pushing households into poverty, forcing some firms to reduce output or even 

close down, and delaying economic growth to the point that several nations are 

on the verge of a severe recession2. On the other hand, the unprecedented energy 

crisis should also be seen as a turning point to speed up the world's transition to 

green energy.  

Lignocellulosic biomass, the main renewable energy source, is derived from 

organic materials such as trees, plants, and agricultural and urban waste3–5. This 

biomass is mainly composed of cellulose, hemicellulose and lignin6,7. The 

sustainable production of lignocellulosic biomass can be used for heating, 

electricity generation, and transport fuels, effectively reducing greenhouse gas 

emissions8–10. Lignocellulose can be catalytically converted into numerous added-

value chemicals such as alkanes11,12, acids13–15, aldehydes16,17, esters18,19 etc. For 

example, the catalytic dehydration of glucose yields Levulinic acid (LA)20. LA is 

one of the most relevant chemicals produced from a variety of biomass-rich 

carbohydrates, including agricultural residues and food waste21–23. 

Hydrogenation of LA is a promising path for the conversion of biomass to value-

added chemicals24. The transient state of 4-Hydroxyvaleric acid (4-HVA) is 

formed when the LA carbonyl group is reduced, yielding γ-valerolactone (GVL). 

GVL is an essential biomass derivative used in many areas, such as food or fuel 

additives, and is a safe intermediate for the production of gasoline and fine 

chemicals. Furthermore, GVL can be transformed into methyl tetrahydrofuran, 

1-4 pentadiol and methyl tetrahydrofuran in the presence of hydrogen. Direct 

hydrogenation with H2 gas is one of the ways to convert LA to GVL in the 

presence of metal catalysts such as Ru, Pd, Cu, Ir, Fe, Ni and metal phosphide 

catalysts25–29. However, the direct hydrogenation process requires high 

temperature and pressure which makes the process extremely dangerous and 

expensive. Catalytic transfer hydrogenation (CTH) is one of the cost-effective and 

safe alternatives to direct hydrogenation. The CTH process is based on hydrogen 

transferring from the hydrogen donor such as formic acid, various alcohe hols, 

etc., via transition metal complexes, especially Ru, Ni, Pt, Fe, Cu, Mg etc30–35.   
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In this Chapter, the fabrication of Ni/Pt alloy nanoreactors for the conversion of 

LA to GVL is first described. Large pore silica nanoparticles were used as catalyst 

support onto which Ni and Pt were deposited. The chapter then presents 

preliminary findings for the LA conversion to GVL using hydrothermal 

treatment in the presence of Ni/Pt nanoreactors, with formic acid (FA) used as a 

hydrogen donor. The results indicate that Ni/Pt alloy nanoreactors display good 

catalytic performance (50 % conversion) under hydrothermal treatment. The 

chapter also covers the first results on the capabilities of these nanoreactors as 

highly promising photothermal agents. 

6.2 Materials and methods 

6.2.1 The fabrication of Ni/Pt alloy nanoreactors 
The fabrication of Ni/Pt alloy nanoreactors follows similar steps as previously 

described in other chapters. The fabrication scheme is shown in Figure 6-1a. 

Firstly, large pore silica nanoparticles (LPSN) were colloidally self-assembled on 

a silicon wafer. Then, Ni (60 nm) and Pt (nm) layers were deposited on the LPSN 

array by electron beam evaporation. In order to induce a Ni/Pt alloying, the 

nanoreactors were then subjected to thermal treatment using a tubular furnace 

fed by Ar and H2 gases under low pressure (Figure 6-1b). The silicon wafer with 

2x2 cm2 dimensions was placed in the quartz tube and Ar was blown into the tube 

to remove oxygen from the tube (Ar 40 sccm 5 min). The temperature was then 

set to 500 °C for 3 h in the presence of 400 sccm Ar and 200 sccm H2 at vacuum. 

At the end of the process the quartz tube was cooled down at room temperature.  
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Figure 6-1. Schematic of fabrication of Ni/Pt alloy nanoreactor and b) the heat 

treatment of fabricated Ni/Pt nanoreactors. 

6.2.2 The experimental conditions. 
The catalytic transfer hydrogenation (CTH) of LA was carried out in a Teflon-

lined stainless-steel autoclave (Figure 6-1). In a typical process, 5 mg Ni/Pt alloy 

nanoreactors were dispersed in 4 mL water. Then, 0.386 g Formic acid (HCOOH) 

and 1 g LA (C5H8O3) were added to the nanoreactor/water mixture. The sealed 

autoclave was placed in the furnace heated up to 180 °C for 4 h. After the CTH 

reaction, the autoclave was cooled down at room temperature and the 

nanoreactors were recovered by the magnet. The solution was analyzed using 

HPLC. 

 
 

Figure 6-2. Schematics of the experiment of LA conversion of GVL 
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6.3 Results 
In this section we will first discuss the performance of Ni/Pt nanoreactors for 

CTH of LA to GA under metal alloying and without alloying. As mentioned, 

alloying formation is promoted through thermal annealing, a process that forms 

alloys through solid-state mixing. During this process, the atoms of Ni and Pt 

diffuse together, creating a solid solution of the alloy.   

The Ni/Pt alloy nanoreactors were characterized by HRSEM. Figure 6-3a, b shows 

the SEM images of Ni/Pt nanoreactors before and after thermal annealing for 

alloy formation.  The heat-treated nanoreactors exhibit changes in their 

morphology as a result of the high diffusion of atoms during the thermal alloying 

process. The EDS result (Figure 6-3c) confirms the presence of the metal elements 

in the nanoreactors after the alloying process. 

The catalytic coversion of LA was analyzed by HPLC. The As previously 

mentioned the product identification and conversion yield were obtained by 

HPLC. According to the HPLC results 50% of LA was converted to GVL when 

using alloyed Ni/Pt nanoreactors. 

 

  
Figure 6-3. a) SEM image of Ni/Pt nanoreactors before the heat treatment, b) heat 

treated Ni/Pt alloy nanoreactors, c) the EDS of Ni/Pt alloy nanoreactors. 
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We have also addressed the capabilities of these Ni/Pt nanoreactors as 

photothermal agents by inducing heat in the reaction medium under NIR light 

illumination. Firstly, the light absorbance spectrum of the nanoreactors was 

analysed. 

 

Figure 6-4. a) UV-Vis of Ni/Pt alloy nanoreactors, b) temperature changes of 

Ni/Pt alloy nanoreactors under 808 nm laser. 

Figure 6-4a shows the UV-Vis spectra of the Ni/Pt alloy nanoreactors. Although 

no characteristic peaks could be observed, a significant absorption increase 

profile was captured in the NIR region with the wavelength increase. Then the 

photothermal effect of the nanoreactors on a thin plastic film in air was 

investigated upon the irradiation of 808 nm laser as shown in Figure 6-4b. Under 

non-illumination conditions, the temperature of the film was 32.7 °C, but as soon 

as the catalytic system is illuminated, the temperature of the film increases up to 

156°C (T = 123.7 °C) with a light intensity of 2.3 W/cm2. Therefore, the 

photothermal conversion efficiency in air was 53. 7 °C cm2/W, thereby 

demonstrating the potential of these nanoreactors as photothermal agents. 

6.4 Discussion 
The results show the Ni/Pt alloying effect has a relevant impact on the catalytic 

performance of the CTH process for LA/GLV conversion compared to the 

unalloyed Ni/Pt where no evidence of chemical conversion was obtained. 

Different reasons can be behind such findings which can be related to the 

interaction of the reagents with the catalytic system and competition with side 

reactions36–38. Specifically, in the CTH of LA, the conversion of LA and the yield 

of GVL are highly dependent on the ability to efficiently generate active H atoms 

from the hydrogen donor. The CTH process is strongly influenced by the 

chemical properties of the hydrogen donor. The use of FA as hydrogen donor 

possesses many advantages. FA has high capacity of hydrogen storage which 

prevents the need for high-pressure H2 usage. This not only decrease the costs 

but also improve the sustainability and safety. Additionally, its low activation 

barrier for dehydrogenation leads to an accelerated CTH process. However, in 
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some cases, using FA can lead to an increase in competing reactions. This could 

be due to several factors, such as FA decomposition. Generally, FA 

decomposition follows two different routes, either it forms carbon dioxide (CO2) 

and hydrogen (6.1) or carbon monoxide (CO) and water (6.2Error! Reference 

source not found.)39. 

 

𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2 + 𝐻2 6.1  

𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂 + 𝐻2𝑂 6.2 

 

The CO formation is one of the reasons for low conversion of LA to GVL due to 

its poisoning effect on the active sites of catalyst.  

In this context one of the reasons of the higher performance of the alloying Ni/Pt 

system can be attributed to the minimization of poisoning effects. As previously 

mentioned in the introductory part of this thesis, in general, the high 

performance of alloying catalysts is often attributed to ensemble or ligand effects 

upon alloying40–42. These effects have been studied in many alloying systems and 

have been found to result in improved catalytic performance, with superior 

catalytic selectivity and minimal poisoning effects. The ensemble effects refer to 

the specific arrangement of a finite number of active atoms required to promote 

catalysis, and are affected by the dilution of the more active metal (e.g., Pt) with 

respect to the less active one (e.g. Ni) during alloying. Very often has been 

observed that catalytic processes are enhanced when contiguous ensembles of 

the more active metal disappear to form more isolated active atoms surrounded 

by an area of the less active ones.  The disappearance of contiguous ensembles of 

the more active material switches off side reactions, explaining the selectivity 

increase of certain reactions. The ligand effects, on the other hand, refer to 

changes in the electronic structure of the metals that occur as a result of hetero-

nuclear metal-metal bond formation, involving charge transfer or orbital 

rehybridization between the heterometals. In turn, the metal bonds (e.g. Pt-Pt 

bonds) can be changed by perturbation of the metal lattice constant of the more 

active metal by the other metal component. The ligand effects can strongly 

impact on the interaction strength between adsorbates and the catalytic system. 

It is quite probable that a more complete dispersion of the active material on the 

nanoreactor (optimum ensemble) is achieved with the alloying system as 

compared to non-alloying nanoreactors, thus favoring the CTH process and 

preventing CO adsorption. However, further studies are needed to better 

address the ensemble and ligand effects that typically characterize bimetallic 

catalyst alloys. Additionally, it should be noted that the large pore silica particles 

used as a support material can become easily deformed when subjected to long-
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term heat treatment. This deformation can lead to the mixing of the silica with 

Ni/Pt, potentially forming porous alloys that may even improve the catalytic 

process. 

Finally, the preliminary results of using Ni/Pt nanoreactors as photothermal 

agents are encouraging for the development of nanoreactors that can self-

generate heat locally to induce reactions without the need for a furnace, thereby 

increasing portability, affordability, and sustainability. 

6.5 Conclusion 
In conclusion, we have developed a process to produce GVL from LA using a 

catalytic transfer hydrogenation (CTH) process with formic acid as the hydrogen 

source, and large porous silica-supported Ni/Pt alloy nanoreactors. The Ni/Pt 

alloy was formed through heat annealing pretreatment. The alloyed Ni/Pt 

catalyst displayed good catalytic performance, resulting in a good conversion (50 

%) of LA to GVL compared to unalloyed nanoreactors. We believe that the 

alloying process optimizes the dispersion of heteroatoms, which, along with 

ligand effects, enhances the catalyst's activity. These are preliminary results that 

require further study to fully support our claims. 

Moreover, we have also presented the first attempts to use the Ni/Pt nanoreactors 

as photothermal agents. The nanoreactors can absorb efficiently NIR light to 

increase temperature with a high efficiency of 326.85 K·cm2/W. Although there is 

a lot of room for to optimize the photothermal process, the results are 

encouraging and may open new routes for the generation of self-powered 

nanoreactors for thermally induced reactions. 
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7. Conclusion 
In the present thesis, various multicomponent materials supported on 

nanoporous silica nanostructures have been developed as catalysts for their 

application in environmental remediation, biomedical therapies and energy 

conversion. In particular, the combination of different metals and/or 

metal/semiconductor materials has enabled achieving enhanced 

physicochemical properties. The following list of conclusions for the different 

developed materials can be drawn up.  

1. A simple, cost-effective and scalable fabrication method has been applied 

to develop novel Fe/Au galvanic nanoreactors. These nanoreactors are 

based on the anisotropic physical vapor deposition of a Fe/Au bilayer with 

a semi-shell fashion on mesoporous silicon oxide nanoparticles. The 

bimetallic coating enabled the efficient in-situ production of H2O2 (36-fold 

higher than the Fe counterpart) and the release of Fe2+ in water at neutral 

pH by exploiting the different electrochemical potentials of the metal. This 

triggers the Fenton chemical path for ROS production. 

 

2. The catalytic activity of the Fe/Au nanoreactors was demonstrated by the 

excellent degradation of the organic dye methylene blue (MB) and 

antibiotic tetracycline (TC) without any external additive or energy supply 

at pH=7 and using a minimal amount of catalysts (ca. 15  µg/mL).  The 

enhanced reactivity with respect to the Fe nanoreactors was highlighted 

by (i) the 5-fold higher MB degradation kinetic constant, (ii) the 3.2-fold 

higher MB mineralization efficiency after 15 min reaction, and (iii) the 2.3-

fold higher TC mineralization efficiency after 90 min reaction.  Therefore, 

the Au layer accelerated the Fe corrosion rate and increased the Fe3+/Fe2+ 

reconversion, efficiently sustaining the  redox catalytic cycle for the 

generation of highly reactive  •OH  from the decomposition of the in-situ 

produced H2O2. 

 

3. Compared to other zero-valent iron-based catalysts, the FeAu 

nanoreactors exhibited unprecedented reactivity at neutral pH and 

without the external supply of H2O2, showing substantially higher 

normalized kinetic constant and promising prospects for biomedical 

applications. 

 

4. The novel 2D MoS2/Cu photocatalytic nanoreactors on 3D mesoporous 

nanostructures could be obtained by the combination of colloidal self-

assembly, hydrothermal growth and electron-beam deposition. The 

experimental findings suggested that the hydrothermal MoS2 has a 

combined structure: the semiconducting trigonal prismatic 2H phase and 
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the distorted octahedral T’ phase. The latter phase features a very small 

band gap. The Cu layer was oxidized upon deposition onto the MoS2, 

forming an ultrathin Cu2O layer. The phase transition of MoS2 and 

oxidation of Cu favoured the formation of a highly efficient type II 

photocatalyst with enhanced photoabsorption, enhanced charge 

separation and a high density of catalytic active sites for the interfacial 

redox process.  

 

5.  The high photocatalytic efficiency of the MoS2/Cu nanoreactors with 

white light was demonstrated by the nearly complete degradation and 

mineralization of TC and the biotoxin anatoxin in a wide pH range after 

90 min reaction. The nanoreactors exhibited excellent durability, keeping 

their reactivity after 10 cycles. The ROS quenching experiments suggested 

that ·OH and ·O2- were the main active species for the degradation of the 

organic pollutants.  

 

6. The MoS2/Cu nanoreactors showed negligible cytotoxicity and could 

efficiently kill cancer cells in vitro under NIR light irradiation, thereby 

highlighting their biomedical potential as photodynamic agents.   

 

7. Ni/Pt alloy nanoreactors supported on porous silica nanoparticles were 

obtained via the simple and scalable electron beam deposition and 

thermal treatment under a hydrogen and argon environment. This high-

temperature annealing induced a uniform distribution of Pt alongside the 

nanoreactor surface. The alloying process optimizes the 

dispersion/dilution of heteroatoms, which, along with ligand effects, 

enhances the catalyst's activity.  

 

8. The preliminary results of the Ni-Pt alloy nanoreactors showed the 

thermo-catalytic capacity to drive the conversion of levulinic acid into 

gamma-valerolactone by using formic acid as the hydrogen source. Their 

photothermal properties could open up the GVL synthesis pathway by 

using light as an energy source.    
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7.1 Future perspectives 
Although the developed porous-silica-supported nanoreactors showed high 

catalytic efficiency, there are still many issues to be solved to enable their 

applications in the biomedical, environmental or energy fields. 

• The reactivity of the Au/Fe should be modulated via functionalization 

routes. The functionalization of the Fe/Au nanoreactors can be optimized 

by using different lipids, cell penetration peptides or pH-sensitive smart 

molecules/ inorganic coatings. This will help to slow down the ROS 

generation, optimize the internalization pathway and activate the 

nanoreactors at the desired time or desired location. The bioavailability of 

the nanoreactors could be improved by specific ligands or polymers. 

 

• The Fe/Au system has a high potential for tuning its reactivity due to its 

plasmonic and magnetic nature. Therefore, the ROS reaction can be 

further enhanced by locally increasing the temperature through the 

activation of plasmons using NIR light or by applying alternating 

magnetic fields. In turn, the mass transport of reagents and products could 

be facilitated by magnetic stirring. 

 

•  Having the unique characteristics of 2D materials and properties of 

semiconductors gives MoS2 great application prospects in cancer therapy. 

Therefore, the MoS2/Cu can be further functionalized with biomolecules, 

lipids or polymers to improve cell internalization and biocompatibility. In 

addition, different nanomaterials or drugs could be integrated into the 

MoS2/Cu nanoreactors that could specifically respond to the tumor 

microenvironment, thereby increasing the antitumor efficiency.  

 

• The stability of the MoS2 can be improved by modifying the synthesis 

process to fine-tune the MoS2 phase transitions. The monophasic MoS2/Cu 

nanoreactors can be developed for their application in bioimaging by 

exploiting their high photoluminescence. Further in vitro and in vivo 

experiments can be conducted to fully understand the toxicity and 

therapeutic potential of the nanoreactors as photodynamic agents. 

 

• The fabrication of Ni/Pt nanoreactors needs further optimization. The 

alloy formation should be tested at different temperatures and better 

characterized by advanced surface techniques. The nanoreactors can be 

further employed for the levulinic acid (LA) conversion to gamma-

valerolactone (GVL) via direct hydrogen transfer from water rather than 

hydrogen donor by using additional photocatalysts. The conversion of LA 

into GVL can be tested under light irradiation via photothermal processes. 



 

 

Appendix A: Supporting Information (Chapter 4) 

Elemental composition of nanoreactors by EDS 

 

 

Element Atomic % 

Si 17.85 

Fe 51.50 

Au 30.65 

Total: 100.00 

 

Figure 1A. EDS elemental mapping of Fe/Au nanoreactors 

           

Amplex Red / Horse Radish Peroxidase (HRP) Assay for H2O2 detection: 

calibration curve 

Amplex Red reacts with H2O2 in a 1:1 stoichiometry, mediated by HRP to 

produce the fluorescence molecule resorufin, with emission at 586 nm. Therefore, 

resorufin becomes a fluorescent probe of the H2O2 with detection limits in the 

nanomolar range. To assess the H2O2 production at the Fe/Au and Fe 

nanoreactors, a calibration curve was performed using H2O2 solutions in the 

presence of the reagents Amplex Red (50 μM) and HRP (0.1 U/mL). The resulting 

fluorescence intensity of resorufin as a function of H2O2 concentration is plotted 

in Fig. 3.  Each value is the average of three fluorescence measurements. The 

produced H2O2 concentration was determined by fitting the linear part of the plot 

(dashed line). 



Appendix A  174 

 

 

0 2 4 6 8 10

0

50

100

150

200
F

lu
o

re
s
c
e

n
c
e

 I
n
te

n
s
it
y
 (

a
.u

.)

H2O2 concentration (mM) 
 

Figure 2A.  The calibration curve was obtained by measuring resorufin 

fluorescence as a function of standard solutions of H2O2. Background 

fluorescence, determined for a no-H2O2 control reaction, has been subtracted 

from each value as well as any background fluorescence from the support 

substrate of the Au/Fe and Fe nanoreactors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Appendix B: Magnetic properties 

 

Types of magnetic materials 

 

The magnetic properties of the materials can be classified depending on their 

response to applied magnetic fields. Five main types can be found: diamagnetic, 

paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic.  

The atoms of diamagnetic materials have no unpaired electrons in their orbitals 

which results in zero net magnetic moment. However, the orbital motion of the 

electron is present and induces a weak magnetic field when applying a magnetic 

field but in the opposite direction, causing repulsive forces. In this case, the 

magnetic susceptibility (χ=M/H), defined as the ratio of the intensity of 

magnetization to the intensity(force) of the magnetizing field, is negative. 

Examples of these materials are Cu, Ag, Au. Diamagnetism is present in every 

material, but such opposing magnetic response is so weak that is usually 

negligible if other magnetic behaviors are possible.  

Paramagnetic materials exhibit an odd number of electrons (unpaired) carrying 

a magnetic moment. However, the magnetic moment of the atoms is randomly 

orientated resulting in a null total magnetization contribution unless an external 

magnetic field is applied. In presence of a magnetic field, the magnetic moments 

of the atoms align along the direction of the applied magnetic field but getting 

weak magnetic moment (e.g.  Al, Mg, Li, Ta). The magnetization vs. magnetic 

field H curve in these materials follows a linear relationship with positive 

magnetization, χ > 0, unlike the diamagnetic materials. These materials do not 

retain magnetic moment when the magnetic field is removed.   

 

Ferromagnetic materials (e.g. Fe, Ni, Co) comprise atoms with unpaired 

electrons which form special neighbourhoods termed domains. 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. 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. These materials keep a permanent net magnetic 

moment at zero fields once they are magnetized since the domains are unable to  

revert to a completely random orientation. This kind of material presents positive 

and large susceptibility and in contrast to diamagnetic and paramagnetic 

materials, the ferromagnetic characteristics are temperature dependent. Above a 

certain temperature (Curie temperature), the thermal agitation becomes so great 

that the material turns into paramagnetic one. 
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Ferrimagnetism is observed in compounds with complex crystal structures 

combining different atoms (A, B) such as magnetite Fe3O4 and maghemite γ-

Fe2O3. These materials break down into magnetic domains and possess a net 

magnetic moment at zero field as in the case of ferromagnetic materials. 

However, the exchange interactions lead to parallel alignment of atoms in some 

of the crystal sites (sublattice A), and anti-parallel alignment of other atoms 

(those in sublattice B). Magnetic dipoles lining up in one direction are stronger 

than those in the opposite direction which prevents the cancellation of magnetic 

moments with an applied magnetic field. Although they can present large 

magnetization and positive magnetic susceptibility, their magnetization is 

smaller than in the case of ferromagnetic materials. They also exhibit similar 

temperature dependence. 

Similar to ferrimagnetic materials, antiferromagnetic materials are composed of 

distinct atom sublattices (MnO, CoO, NiO).  They exhibit similar magnetic 

moments but with their moments antiparallel to each other. The total magnetic 

moment is zero at zero magnetic field. When an external magnetic field is 

applied, one of the groups of the dipoles can become stronger than the other 

inducing a kind of ferrimagnetism behavior. The magnetization susceptibility is 

positive but small and the magnetic response is temperature dependence. At 

higher temperatures can become paramagnetic. 

Figure 1 a and b show in comparison, the magnetic dipole alignment and the 

magnetization curve starting from a demagnetized material when applied a 

magnetic field in one direction. The curves depict the trend of the magnetization 

moment (M) as a function of the applied magnetic field (H). From these curves 

the magnetization susceptibility (M/H) can be easily inferred.  
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Figure 1B. a) Summary of the main relevant forms of magnetism (diamagnetic, 

paramagnetic, ferromagnetic, ferrimagnetic and anti-ferromagnetic materials) 

with the schematic representation of magnetic dipole alignment in absence and 

in presence of an applied magnetic field H. Just notice the domain formation in 

ferromagnetic, ferrimagnetic and antiferromagnetic materials. b) Variation of the 

magnetic moment with an applied magnetic field with positive magnetic 

susceptibility (M/H) for ferromagnetic, ferrimagnetic, paramagnetic and 

antiferromagnetic materials and negative one for diamagnetic materials. 

Origin of the magnetic domains 

 

The reason of the existence of magnetic domains is energy-related: the higher the 

number of domains, the less the internal energy of the material. The internal 

energy is the result of different contributions such as the exchange energy, the 

magnetostatic energy, the magnetocrystalline and magnetostrictive energies.  

The exchange energy is related with the driving force for magnetic dipole 

alignment, arising from the interaction of the electron spins. The magnetostatic 

energy is the magnetic potential energy generated by a magnetic body field and 

is reduced by dividing the magnetic body into domains, thus resulting in the 

main driving force for domain formation (Fig. 2 a, dashed field lines represent 

the magnetic potential energy). 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. Thus, the magnetocrystalline energy is 

related to the excess energy required to magnetize materials in a particular 

direction over the one along the easy direction. The magnetostrictive energy is 

related to domain length changes under magnetization.  

The boundaries between adjacent domains are called domain walls and their 

width is again determined by a balance between competing energy contributions 

such as the exchange energy (which prefers a wide wall) and the magnetocrystalline 

anisotropy energy (which prefers a narrow wall). In this wall region, the electron 
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spin changes gradually in going from one domain to another of different 

orientation. Magnetic domains are greatly affected by material miniaturization. 

 

Figure 2B. Reduction of the magnetostatic energy by domain formation in a 

ferromagnet (Magnetostatic potential field in dashed lines) 

Magnetic vortex configuration 

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 centre, at the core of the vortex, the magnetic moments get out of the plane 

and point perpendicularly (figure 3). The figure also shows the different stages 

of the magnetization curve of a structure with vortex states as function of an in-

plane magnetic field. At low fields, the vortex core is displaced reversibly in the 

plane until it reaches the structure lateral border, where it is annihilated (Ha) and 

the sample becomes magnetically saturated. Reducing the magnitude of the 

applied field, the vortex is nucleated again (Hn), but at a magnetic field of lower 

intensity than that for annihilation, and then follows back the original reversible 

path, corresponding to the reversible movement of the vortex core. The same 

trend is followed when the magnetic field is applied in the opposite direction. 

This causes a very peculiar hysteresis loop, with no remanence or coercive field 

and open lobes at high fields. The values of characteristic fields and the slope of 

the linear part of the hysteresis loop are strongly size-dependent. 

 

Figure 3B. Left: vortex core schematics. Right: Hysteresis loop of a magnetic 

vortex configuration. (Adapted from Reference Guslienko et al., Phys. Rev. B, 65, 

244141–2441410 (2002)). 
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