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Abbreviations

AOPs:

Advanced Oxidation Processes

AOT:

Advanced Oxidation Technologies

SC: Semiconductor

NPs: Nanoparticles

MNPs:

Metal nanoparticles

CB:

Conduction Band

VB:

Valence Band

UV: Ultraviolet

NHE:

Normal Hydrogen Electrode

LSPR:

Localized Surface plasmon resonance

THPC:

Tetrakis Hydroxymethyl Phosphonium Chloride

P25:

A mixture of anatase (80%) and rutile (20%)

IMP:

Impregnation method

DRS:

Diffuse Reflectance Spectroscopy

XRD:

X-ray Diffraction

BE:

Binding Energy

EDS

Energy-Dispersive Spectroscopy

HAADF:

High Angle Annular Dark Field

HRTEM:

High Resolution Electron Microscopy

SEM:

Scanning Electron Microscopy

TEM: Scanning Transmission Electron Microscopy

TRMC: Time Resolved Microwave Conductivity

AS:

Action Spectra

XPS:

X-ray Photoelectron Spectroscopy

XAS:

X-ray Absorption Spectroscopy

ROS:

Reactive Oxygen Species

IEQ:

Indoor Enviromental Quality

PWS

Photocatalytic Water Splitting

XVIII

Motivation

TiO2 is a very abundant, cheap, stable and non-toxic material, which is used in several products and goods of normal use and every day consumption such as creams for solar protection, cosmetics, papers, paints, food industry, etc.

It is well known that TiO2 has the peculiar property that when it is irradiated with light at sufficient energy (higher than its band-gap), reactive species are formed on its surface.

These species are capable to carry out redox reactions. This phenomenon is known as "photo-activation", and these kind of materials are known as photocatalysts.

This material can be used for self-cleaning surface modification due to the superhydrophilicity property of TiO2 induced by UV irradiation. The photocatalytic activity and the hydrophilicity property of TiO2 are exploited to obtain self-cleaning surfaces: TiO2 is added to several surfaces such as glass, plastic, ceramic, cement, etc. 1

TiO2 is a semiconductor with band gap around 3.2 eV. When it is excited with UV light, electrons and holes are formed. These electrons and holes can recombine. When they escape recombination, they can migrate to the surface of the photocatalyst, and thus react with electrons and acceptor donors to carry out redox reactions. Thus, TiO2 can be used to solve global environmental problems for depollution of air and water. Indeed, it can work as air purifier, cleaning the air that we breathe, and it is also used in reactors for air purification.

Another social and technological application is wastewater treatment (mineralization of pollutants in water), destruction of bacteria and fungi and it can also be used to split the water molecule to produce hydrogen as a new source of energy.

Besides all the above mentioned advantages, one and the most important limitation of TiO2 is that it can be only activated by UV irradiation (only about 5% of UV irradiation is within the solar spectra), [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF] which basically means high energy costs for technological applications.

Many studies focus on modification of TiO2 to extend its activity toward the visible range and thus obtain a photocatalytic material very active under the solar light, a free and inexhaustible source of energy.

Our research group is interested in modification of TiO2 and in development of materials for photocatalytic application under visible light. In this thesis work, we are focused on the development of new active photocatalysts based on TiO2 working under visible light. With this
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in mind, we proposed the surface modification of titania with metals such as gold (Au), or silver (Ag), i.e., metals known as "noble and transition metals" since these metal modifications can activate the material under visible light. But why these metals? Why they are so special? It turns out that nanoparticles made of these metals, present constructive resonant oscillations among the surface electrons of the metal nanoparticles (MNPs) and the electric field of the incident light, and therefore present strong absorption in the visible range, a phenomenon known as "surface plasmon resonance" (SPR). The photocatalytic semiconductors modified with plasmonic metal nanoparticles are known as plasmonic photocatalysts. [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF] When visible light interacts with the plasmonic photocatalysts, there is strong evidence in the literature, that SPR play an important role in enhancing the rate of photocatalytic reactions on nearby semiconductors, as obtained in the measurements with rate enhancements induced by plasmonic metals as a function of the excitation wavelengths.

Another modification that enhances the photo-activity of TiO2 under visible light, is to join it (physically) to another semiconductor with a narrow band gap, this last one being able to be activated under the visible range, such as CuO. The semiconductor CuO is active under visible light, and the junction with TiO2 can lead to active photocatalysts under visible light.

Environmental pollution is today a very important issue that must be considered seriously to prevent further problems in the future, for example the large amounts of wastes dumped in various water effluents, such as rivers, lakes and seas can be very harmful to fish, animals and humans. The emission of greenhouse gases and other pollutants are threatening the biodiversity and our future. On another hand, the energy demand is increasing, and it is urgent to develop new clean energy sources such as solar fuels.

Solar energy is the only feasible long-term way of meeting the world's ever increasing needs for energy, and its storage technology will be the key enabling factors to make sunlight 

Hypothesis

The modification of photoactive semiconductor titania with size and structure control of metal nanoparticles (Au, Ag, CuO and Ag@CuO) enhance the quantum yield of titania under UV irradiation retarding the recombination process and can also activate the titania under visible irradiation with the electron transfer from the metal NPs to the conduction band of titania semiconductor. This modification can induce an enhancement in the photocatalytic activity.

Objectives

The general objective in this thesis work, is the development of new or improved photocatalytic Titania, controlling the size, loading and structure of metal-based nanoparticles. A particular attention was paid to surface modification with one and two metalbased nanoparticles, synthesized by radiolysis or by a chemical method.

The objectives of the PhD thesis were to:

 Understand the effect of surface modification of Titania with metal nanoparticles on the charge carrier dynamics and on the photocatalytic activity. We carried out studies with time resolved microwave conductivity (TRMC) technique coupled to a tunable laser (from UV to infrared irradiations: from 220 nm to 2000 nm) and we measured the action spectra of the photocatalysts.

 Understand the effect of surface modification of TiO2 with Au, Ag, CuO and CuO@Ag nanoparticles on the photocatalytic processes, i.e.; (a) the role of metal nanoparticles as electron traps and the effect on the electron-hole recombination processes (UV region), and (b) also electron transfer from the metal nanoparticles to the conduction band of the TiO2.

 Study their photocatalytic activity for different oxidation reactions and for hydrogen generation.

 Study the antifungal properties of TiO2 modified with Ag, CuO and CuO@Ag nanoparticles. 
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Résumé Général

XXIII Preface

The photocatalytic process requires a semiconductor (SC) material to absorb photons from an incident irradiation, to generate electrons and holes capable to achieve reduction and/or oxidation (redox) reactions of chemicals products, making these materials useful for a wide range of applications such as air purification, CO2 reduction, effective degradation of organic pollutants in water or air, and hydrogen (H2) production by the water splitting process. [START_REF] Bian | Au/TiO2 Superstructure-Based Plasmonic Photocatalysts Exhibiting Efficient Charge Separation and Unprecedented Activity[END_REF][START_REF] Zhang | Plasmonic Photocatalysis[END_REF][START_REF] Linsebigler | Photocatalysis on TiOn Surfaces: Principles, Mechanisms, and Selected Results[END_REF] However, the main drawbacks of the currently used photocatalysts such as TiO2 are the high rate of recombinations between electron and holes, resulting in a low quantum yield, [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Ingram | Predictive Model for the Design of Plasmonic Metal/Semiconductor Composite Photocatalysts[END_REF] and the ineffective (or limited) response under solar light, which is considered as a green energy source due to its natural availability, low cost and abundance. One way to enhance the efficiency of the photocatalysts and activate them under visible light is based on the recently developed plasmonic photocatalysts systems, which consist on the surface modification of semiconductors (such as titanium dioxide, which is actually the most used semiconductor for photocatalytic processes) with plasmonic metal nanoparticles (MNPs). In this context, TiO2

has been modified with gold, silver and copper oxide NPs for several applications such as oxidation of organic molecules, selective oxidation of aromatic alcohols to carbonyl compounds in wastewater treatment, [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF] hydrogen formation from alcohols, [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF] antibacterial properties and selective reduction of organic compounds. [START_REF] Wang | Nanogold Plasmonic Photocatalysis for Organic Synthesis and Clean Energy Conversion[END_REF] Since they provide a promising and environmentally friendly way to perform these processes at low-cost using visible light, or in the best of cases, take advantage of the sunlight.

This PhD thesis document contains five chapters:

In Chapter 1, we will describe the theoretical background that involves the plasmonic photocatalysts. We will highlight the critical environmental problems present in the world of water and air pollution, with focus in the specific cases of Mexico and France. The choice of these countries is clear since the thesis is result of the bilateral collaboration between Mexico and France. This chapter will present the description of advanced oxidation processes for waste water treatment, and it will focus on the photocatalytic process due to the versatility of its applications not only in water treatment but also as a new process to obtain H2 from water splitting. We will present the drawbacks of TiO2 used as a photocatalysts and we will summarize the ways to improve the photocatalysts photoactivity especially under visible irradiation. In this chapter we will explain the principle of plasmonic photocatalysis, and the XXIV influence of the localized surface plasmon resonance (LSPR) and the Schottky barrier on the photocatalytic processes. Different methods of plasmonic photocatalysts synthesis will also be presented, principally the chemical method using a reducing agent and the radiolysis method. And finally, we will introduce possible applications of these plasmonic photocatalytic materials.

In Chapter 2 we will describe the experimental setups, materials, experimental conditions, synthesis protocols, characterization techniques and the photoreactors used to measure the photoactivity.

In 

. Global Environmental Pollution

One of the greatest problems that the world is facing today is the environmental pollution.

An increased scale of human activity has brought with environmental pollution, defined as an undesirable change in the physical, chemical, or biological characteristics of the air, soil, and water that may be harmful to affect human life or that of any other species, or will waste or deteriorate our raw material resources. [START_REF] Singer | Global Effects of Environmental Pollution[END_REF] Every passing year, the environmental pollution causes serious and irreparable damage to Earth and Life.

Nowadays there are several environmental problems. It is well known that there are many global research efforts in this direction, to find possible solutions or to control damage or to avoid future problems due to water and air pollution, and the greenhouse effect. On another hand, the energy demand is increasing and the development of green energy and alternative not polluting fuels is a main challenge. In this thesis work, we were interested in water treatment and hydrogen generation.

Water Depollution and the Renewable Water Resources

What are the preoccupations regarding water pollution? First of all, it is the amount of water that is accessible for consumption. On Earth, oceans represent 1,335 million km 3 (96.7% of total); trapped water in ice: 28 million km [START_REF] Bian | Au/TiO2 Superstructure-Based Plasmonic Photocatalysts Exhibiting Efficient Charge Separation and Unprecedented Activity[END_REF] (2.2%); groundwater 15 million km [START_REF] Bian | Au/TiO2 Superstructure-Based Plasmonic Photocatalysts Exhibiting Efficient Charge Separation and Unprecedented Activity[END_REF] (1.2%), and only a little percentage from surface water and the atmosphere: about 400 000 km [START_REF] Bian | Au/TiO2 Superstructure-Based Plasmonic Photocatalysts Exhibiting Efficient Charge Separation and Unprecedented Activity[END_REF] , by the role of the water cycle. But, which of these resources are actually available and for what purpose? The humanity is confined to freshwater resources that ultimately represent only about 35 million km 3 , of which only 16 million are accessible. However, the demand necessarily tends to increase with the continued growth in the number of population as shown in the Figure I-1, and their raising standard of living. [START_REF] Bernier | Un Nouvel « or Bleu[END_REF] In the case of Mexico, the population growth is more than the world average but had the tendency to decrease in the years 2013-2014. On the other hand, France is always bellow than the population growth world average.

Chapter I

2 However, it is still necessary to add the heavy use of water and social and economic inequalities, according to some nations and regions. 13 Everyone wants a drinking tap water free of pollutants. Unfortunately, the presence in aquatic ecosystems of micro-pollutants covering a wide range of chemical families such as metals, solvents, pesticides and some other pollutants called "emerging" because of lack in the knowledge of their behavior and impact to the environment, health and life ecosystems

Chapter I 3 and citizens over the long term, is found and documented. [START_REF] Jacquesy | Une Ressource Vitale -Le Rôle de La Chimie[END_REF] Although scientific studies have provided evidence to track some of these substances or to quantify the risks, questions to the research are numerous and are the subjects of international collaborations on this shared challenge. The European Water Framework Directive (DCE, from Directive-cadre sur l'eau)

provides the list of priority substances, which is reviewed regularly and in the last fifty years, the number of chemical substances found in water has steadily increased (Figure I-3).

Figure I-3.

Increased number of chemical substances, identified and tracked, in aquatic ecosystems. [START_REF] Jacquesy | Une Ressource Vitale -Le Rôle de La Chimie[END_REF] This pollution worries the population, so the authorities have launched a number of actions or plans to monitor and control the pollution in order to avoid possible infections, and to bring the access of drinking water to rural communities. [START_REF] Tiwari | Application of Nanoparticles in Waste Water Treatment[END_REF] Therefore, the removal or degradation of hazardous materials and contaminants from wastewater, ground and surface water is a significant global challenge. Several methods for achieving this goal have been reported, among which the oxidation processes (biological, chemical or physical) have received great attention. 16 Nanomaterials offer the possibility of an efficient removal of pollutants and germs, showing potential for the improvement of water treatment technologies. In recent years, catalysis and photocatalysis processes have received great attention due to their effectiveness in degrading and mineralizing organic compounds. 17 CO2 is a naturally occurring gas fixed by photosynthesis into organic matter. However, it is the principal anthropogenic greenhouse gas that affects the Earth's radiative balance. It is the reference gas against which other greenhouse gases are measured, thus being a Global Warming Potential number one, due to burning of carbon-based fuels since the industrial revolution (oil, coal and gas for energy use, wood and waste materials, and from industrial processes such as cement production). The concentrations of atmospheric carbon dioxide has rapidly increased, consequently increasing the rate of global warming and causing anthropogenic climate change. [START_REF]CO2 emissions (metric tons per capita) | Data | Graph[END_REF] The CO2 emissions of a country are an indicator of only one greenhouse gas, but it is representative of how a country influences the climate change (see Figure I-4). In the case of Mexico, its emission is below the world average but started to increase, while France, which had higher CO2 emission in 2006, in 5 years started to decrease. This decrease is in large part due to the actions that the French government took to boost the use of green energy sources and to encourage the citizens to use insulation in houses, less polluting cars (including electric cars, etc). However, in 2011 the French CO2 emissions was still higher than the world average. Hydrogen (H2) can be considered as a clean energy carrier similar to electricity, with a number of advantages for the future. For example, a large volume of hydrogen can be easily stored in several ways. It is also considered as a highly efficient, low polluting fuel that can be used for transportation (for example, NASA uses hydrogen fuel to launch the space shuttles), [START_REF]Hydrogen Energy and Fuel Cell Technology[END_REF] heating, and power generation in places where it is difficult to use electricity.

Hydrogen can be produced from various domestic resources such as water, renewable energy and nuclear energy. For example, hydrogen is produced from separation of hydrocarbons through the application of heat, a process known as steam reforming.

Currently, most hydrogen is made this way from natural gas. However, by steam reforming generates carbon dioxide (CO2). An electrical current can also be used to separate water into its components of oxygen and hydrogen. This process is known as electrolysis. [START_REF]Hydrogen Energy -The Perfect Energy Source for the Future[END_REF] Water offers enormous potential benefits for the energy sector, environment and chemical industries. There are many methods for producing hydrogen from water and these include solar, thermal, 21 combined photo-voltaic/electrolysis, [START_REF] Ogden | Electrolytic Hydrogen from Thin-Film Solar Cells[END_REF] artificial photosynthesis [START_REF] Sartorel | Shaping the Beating Heart of Artificial Photosynthesis: Oxygenic Metal Oxide Nano-Clusters[END_REF] and photocatalysis. [START_REF] Murdoch | The Effect of Gold Loading and Particle Size on Photocatalytic Hydrogen Production from Ethanol over Au/TiO2 Nanoparticles[END_REF] Economic feasibility studies [START_REF]Technoeconomic Analysis of Photoelectrochemical (PEC) Hydrogen Production[END_REF] indicate that at 5% solar photon conversion, the price of hydrogen produced photocatalytically from water would be competitive with conventional non-renewable processes (e.g., methane steam reforming). Photocatalytic water splitting has the simplicity of using a powder in solution and sunlight to produce H2 and O2 from water and can provide a clean, renewable energy, without producing greenhouse gases or having many adverse effects on the atmosphere. In the long-term, hydrogen will simultaneously reduce the dependence on fossil fuels and the emission of greenhouse gases and other pollutants, such as the well-known CO2.

Photocatalysis

Photocatalysis is the conceptual name for the "photocatalytic reactions" and it can be defined as a chemical reaction induced by absorption of photons by a solid material, or ''photocatalyst'', which remains unchanged during the reaction. 26 Photocatalysis is one of the Advanced Oxidation Processes (AOPs), which are technologies with a significant importance in environmental application for wastewater treatment. The AOPs concept was established by Glaze et al.,[START_REF] Glaze | The Chemistry of Water Treatment Processes Involving Ozone, Hydrogen Peroxide and Ultraviolet Radiation[END_REF] who defined AOPs as processes involving the generation of highly reactive oxidizing species able to attack and degrade organic substances until their mineralization to carbon dioxide, water and inorganics or, at least, to their transformation into harmless products. These species, mainly hydroxyl radicals (HO • ) [E 0 (HO • /H2O = + 2.8 VNHE)] and (O2 •-) [START_REF] Rao | Redox Potentials of Free Radicals. IV. Superoxide and Hydroperoxy Radicals . O2-and. HO2[END_REF] are of particular interest because their high oxidation capability. [START_REF] Andreozzi | Advanced Oxidation Processes (AOP) for Water Purification and Recovery[END_REF] Among the different approaches for pollutants removal from water, ozonation and ozone related processes (O3/H2O2, UV/O3), heterogeneous photocatalysis (TiO2/UV), homogeneous photocatalysis with iron oxides (Fenton and Fenton-like processes) and electrochemical oxidation are considered as the most efficient for the degradation of organic products in water. [START_REF] Andreozzi | Advanced Oxidation Processes (AOP) for Water Purification and Recovery[END_REF][START_REF] Haag | Rate Constants for Reaction of Hydroxyl Radicals with Several Drinking Water Contaminants[END_REF] Heterogeneous photocatalysis is a discipline which includes a large variety of reactions: mild or total oxidations, dehydrogenation, hydrogen transfer, O2 [START_REF]CO2 emissions (metric tons per capita) | Data | Graph[END_REF] -O2 16 and deuterium-alkane isotopic exchange, metal deposition, water detoxification, gas pollutant removal, etc. In line with the two latter points, it can be considered as one of the new AOPs for air and water purification treatments. [START_REF] Herrmann | Heterogeneous Photocatalysis: Fundamentals and Applications to the Removal of Various Types of Aqueous Pollutants[END_REF] Heterogeneous photocatalysis is based on semiconductors which absorb photons generating active electrons and holes, which can then be used to initiate reduction and/or oxidation reactions. [START_REF] Hashimoto | TiO2 Photocatalysis: A Historical Overview and Future Prospects[END_REF] Heterogeneous photocatalysis can be carried out in several media: gas phase, pure organic liquid phases or aqueous solutions. It is found to be useful for a wide range of applications such as air purification, wastewater treatment, water splitting, CO2 reduction, oxidation of water, disinfection and self-cleaning surfaces. [START_REF] Herrmann | Heterogeneous Photocatalysis: Fundamentals and Applications to the Removal of Various Types of Aqueous Pollutants[END_REF][START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF][START_REF] Chen | A New Approach to Solar Hydrogen Production: A ZnO-ZnS Solid Solution Nanowire Array Photoanode[END_REF][START_REF] Chen | Multi-Bandgap-Sensitized ZnO Nanorod Photoelectrode Arrays for Water Splitting: An X-Ray Absorption Spectroscopy Approach for the Electronic Evolution under Solar Illumination[END_REF][START_REF] Wu | Application of Optical-Fiber Photoreactor for CO2 Photocatalytic Reduction[END_REF] When a semiconductor (SC) catalyst of the chalcogenide type, e.g., oxides (TiO2, ZnO, ZrO2, CeO2, ...), or sulfides (CdS, ZnS, ...) is illuminated with photons whose energy is equal to or larger than their band-gap energy Eg (hv≥ Eg), there is absorption of these photons and formation within the bulk of electron-hole pairs, which dissociate into free photo-electrons in the conduction band and photo-holes in the valence band. Simultaneously, in the presence of a fluid phase (gas or liquid), a spontaneous adsorption occurs and according to the redox potential of each adsorbate, each ion formed, subsequently, reacts to form the intermediates and final products. 

[E 0 (O2 •-/O2 = + 2.3 VNHE)]
𝐷 𝑎𝑑𝑠 + ℎ + → 𝐷 𝑎𝑑𝑠 + (1. 3)

Semiconductor Materials Used as Photocatalysts

Scientific studies on photocatalysis started about two and a half decades ago, and since then, researchers have used SC materials to absorb photons and so induce active electrons and holes. Nowadays, metal oxide semiconductors are promising materials for photocatalytic applications, but large scale applications in the environmental and energy industries are still rare. [START_REF] Zhang | Plasmonic Photocatalysis[END_REF] Among these types of materials, titanium dioxide or titania (TiO2), which is one of the most basic materials in our daily life, has emerged as an excellent photocatalyst material for environmental purification. [START_REF] Fujishima | Titanium Dioxide Photocatalysis[END_REF] TiO2 is used in photocatalysis due to its chemical and thermal stability, production at large scale, non-toxicity, higher photoactivity under UV irradiation. [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Hashimoto | TiO2 Photocatalysis: A Historical Overview and Future Prospects[END_REF][START_REF] Nakata | TiO2 Photocatalysis: Design and Applications[END_REF][START_REF] Ohtani | Revisiting the Fundamental Physical Chemistry in Heterogeneous Photocatalysis: Its Thermodynamics and Kinetics[END_REF] The meaning of ''non-toxicity'' of titania originates from its chemical properties, but not from its physical structure, and as such, nanoparticles of titania (and all other nanomaterials) are considered as potentially toxic, due to their ability to go through the biological barriers causing damage to various organs. [START_REF] Pichat | A Brief Survey of the Potential Health Risks of TiO2 Particles and TiO2-Containing Photocatalytic or Non-Photocatalytic Materials[END_REF] TiO2 crystallizes in three polymorphic forms: anatase, rutile and brookite. Anatase and brookite are metastable, while rutile is thermodynamically stable. Brookite has been seldom studied, due to more complicated synthetic methods for its preparation, which often needs application of highly concentrated acids or high temperature and pressure. [START_REF] Pottier | Synthesis of Brookite TiO2 Nanoparticles by Thermolysis of TiCl4 in Strongly Acidic Aqueous Media[END_REF] Anatase and rutile are mainly used as photocatalysts, anatase even more than rutile. Their band-gaps are of 3.2 eV and 3.1 eV, respectively (see Figure I-5). Anatase is a metastable form that transforms into rutile at high temperature. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF] It is well known that the anatase phase presents higher photoactivity compared to rutile phase.

Colbeau-Justin et al. studied the dynamics of photogenerated charge-carriers by time resolved microwave conductivity (TRMC) technique. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF] In normalized signals shown in Figure

I-5, it can be clearly seen that rutile shows faster decay of the signal than anatase, indicating more electron-hole recombinations in rutile. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF] The lifetime of charge carriers in anatase powder is extended, this behavior was previously observed by Schindler et al., [START_REF] Schindler | Charge-Carrier Dynamics in Titania Powders[END_REF] and interpreted in the following way: the short free electron lifetime in rutile is due to a high recombination rate whereas in anatase, the recombination process is slower than rutile due to a possible competition between a fast recombination process and a fast trapping part of charge-carriers not participating in the TRMC signal (i.e., the free holes). This trapping process reduces the number of holes available for recombination processes and thus increases the lifetime of charge-carriers that are contributing to the TRMC signal (the electrons). This technique will be described with more details in the next chapter. 

Basic Principles of the Photocatalysis Process

The Importance of Charge-Carriers Dynamics in TiO2-based Photocatalysts

When TiO2 is exposed to an irradiation source with energy higher than its band-gap, a photochemical process takes place, i.e., an electron is excited from the valence band to the conduction band forming the so-called charge-carriers or electron-hole pairs.

𝑇𝑖𝑂 2 ℎ𝑣≥𝐸 𝐺 → 𝑇𝑖𝑂 2 + 𝑒 𝐶𝐵 -+ ℎ 𝑉𝐵 + (1. 4)
Once the electron-hole pairs are formed, different phenomena can occur as illustrated in Schematic photo-excitation in a solid followed by de-excitation events. Quantum efficiency (QE). 5

Quantum Efficiency (QE) of the Photocatalytic Processes

The efficiency of the photoreaction process is expressed by a quantum yield (Φ), which is:

Ф = rate of reactant consumption or product formation 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (1. 5)
The rate of reactant consumption or product formation is proportional to the rate of charge (electron/hole) transfer (kCT) from the semiconductor to the reactant molecules, and the rate of photon absorption is proportional to the sum of the rates of the charge transfer (kCT) and electron-hole recombination (kR). In other words, Φ can be expressed as: 44

Ф = 𝑘 𝐶𝑇 (𝑘 𝐶𝑇 + 𝑘 𝑅 ) (1. 6)
It is very difficult to measure the real absorbed light in heterogeneous systems because of the scattering of light by the semiconductor surface. Generally, it is assumed that all the light is absorbed and the efficiency is quoted as an apparent quantum yield (QE). Sometimes the QE is measured as the yield of a particular product in spite of several products produced in the photocatalytic reactions.

Ways to Enhance the Photocatalytic Activity

There exist several ways to enhance the photoactivity of the semiconductor materials, among which are the following:

 Quantum Size Effects (QSE)
The size of the semiconductor has an effect on the band-gap position, which is called QSE. The anomalies arise when the SC nanoparticle size gets smaller and smaller (in the order of 10-100 Å in size) that it becomes comparable to the de Broglie wavelength of the charge-carriers in the semiconductor, in a manner that could have an effect in increasing the band-gap of the SC. For instance, in Figure I-8, it is shown that the band-gap decreases when the size of the CdSe increases: [START_REF] Kamat | Manipulation of Charge Transfer Across Semiconductor Interface. A Criterion That Cannot Be Ignored in Photocatalyst Design[END_REF] CdSe NPs with a size of 2.8 nm have an energy band gap equal to 2.51 eV, while the CdSe NPs of 4.2 nm have a band-gap of 2.19 eV.

The quantum confinement (generated as the particle size is reduced) produces a quantization of electronic states and thus increases the effective band-gap of the semiconductor. The more positive valence band implies an increased oxidizing capability of the holes. Likewise, the more negative conduction band induces an enhancement of the reducing capability of the generated electrons. 

 Metal and Non-Metal Doping

Another way to decrease the band-gap of TiO2, is by modifying the crystalline lattice of TiO2. The metal-doped TiO2 (using transition metals such as: Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt, Rh) [START_REF] Zaleska | Doped-TiO2: A Review[END_REF][START_REF] Zheng | Titania Modification with a ruthenium(II) Complex and Gold Nanoparticles for Photocatalytic Degradation of Organic Compounds[END_REF] can be explained by new energy levels produced in the band-gap of TiO2 through the insertion of metal ions in the TiO2 matrix. As shown in Figure I-11b, the electrons can be excited from the defect state to the TiO2 conduction band by photons with an energy (hv) higher than the band gap. An additional benefit of transition metal doping (very small amount) is the improved trapping of electrons to inhibit electron-hole recombination during irradiation. The decrease of charge-carriers recombination results also in enhanced photoactivity.

Among the most common non-metal doping of TiO2 that can be mentioned is doping with N, S, C, B, P, I, F. [START_REF] Zaleska | Doped-TiO2: A Review[END_REF] There are in this regard three different explanations. One explanation is that doping will result in a band-gap narrowing as reported by Asashi et al., [START_REF] Asahi | Nitrogen-Doped Titanium Dioxide as Visible-Light-Sensitive Photocatalyst: Designs, Developments, and Prospects[END_REF] who concluded that the visible light sensitivity of nitrogen-doped TiO2 was due to the narrowing of the band gap by mixing the N 2p and O 2p states. The second one is the introduction of additional energy levels due to N impurity reported by Irie et al., [START_REF] Irie | Nitrogen-Concentration Dependence on Photocatalytic Activity of TiO2-xNx Powders[END_REF] who stated that oxygen sites in TiO2 are substituted by nitrogen atoms forming isolated impurity energy levels above the valence band. Under UV irradiation, electrons in both, the VB of TiO2 and the additional energy levels are excited, but under visible light irradiation only the electrons in the impurity energy levels are excited. And the last explanation regarding oxygen vacancies is reported by Ihara et al. [START_REF] Ihara | Visible-Light-Active Titanium Oxide Photocatalyst Realized by an Oxygen-Deficient Structure and by Nitrogen Doping[END_REF] They concluded that oxygen-deficient sites formed in the grain boundaries are important to obtain a visible activity, and that the introduced nitrogen atoms in place of oxygen-deficient sites are important to block re-oxidation.

 Photo-Sensitization

Photo-sensitization could be explained with surface sensitization by chemisorbing or physisorbing photosensitive dyes. Figure I-11c shows this modification that can also expand the absorption spectral range of the semiconductor to higher wavelengths. The dye (S) is excited with visible light to the electronically excited state S*. If this state lies energetically above the conduction band edge of the semiconductor, electron injection to the semiconductor can occur in a fast time scale (fs). These ultrafast electron injection kinetics are contrasted with the charge recombination reaction, which occurs on the microsecondmillisecond time scales. [START_REF] Tachibana | Subpicosecond Interfacial Charge Separation in Dye-Sensitized Nanocrystalline Titanium Dioxide Films[END_REF] The photo-sensitization is the base of the Grätzel cell. In a typical Grätzel cell, I -/I 3-ions in organic solvents serve as charge-carriers.

Many photosensitizers have been already reported such as: Fe, Re, Rh or Os complexes, rhodamine 6G, blackberries pigments etc. [START_REF] Dai | Photosensitization of Nanocrystalline TiO2 Films by Anthocyanin Dyes[END_REF] 

 Metal Surface Modification

The addition of the metal can lead to enhancement of the photocatalytic yield under UV irradiation. Sato and White reported the first enhancement observed in water splitting into H2 and O2 using Pt/TiO2. [START_REF] Sato | Photodecomposition of Water over Pt/TiO2 Catalysts[END_REF] The authors found that after excitation of the modified Titania, the electrons migrate to the metal retarding the recombination process (see Figure I-11d). In another hand, the noble metal nanoparticles such as Au, Ag have absorbed visible light due to their surface plasmon resonance (SPR). Therefore, a new class of photocatalysts formed by semiconductors modified with plasmonic metal nanoparticles is emerging, termed plasmonic photocatalysts. Next section will explain in detail plasmonic photocatalysis. 

Plasmonic Photocatalysts

Plasmonic photocatalysis is a term coined by Awazu et al. in 2008, 56 and it has recently come into focus as a very promising technology for high-performance photocatalysis. [START_REF] Awazu | A Plasmonic Photocatalyst Consisting of Silver Nanoparticles Embedded in Titanium Dioxide[END_REF][START_REF] Wang | Plasmonic Photocatalysts: Harvesting Visible Light with Noble Metal Nanoparticles[END_REF][START_REF] Wang | Plasmonic Ag/AgBr Nanohybrid: Synergistic Effect of SPR with Photographic Sensitivity for Enhanced Photocatalytic Activity and Stability[END_REF] In order to enhance the electron-hole recombination and then raise the photocatalytic efficiency of TiO2, modifications of crystalline TiO2 are proposed. In particular, to enhance their photocatalytic activity under both, UV and visible light, TiO2 can be modified with MNPs to form metal/TiO2 heterostructures. Compared with the common semiconductor photocatalysts, plasmonic photocatalysts possess two distinct features: a Schottky junction and localized surface plasmon resonance (LSPR); where each phenomenon benefits the photocatalysis differently.

The concept of "plasmonic" refers mainly to the LSPR and the induced effect. Although the Schottky junction is not a plasmonic effect, it is a natural result of the metal-semiconductor contact and it can be regarded as an intrinsic feature of the plasmonic photocatalysts.

Accordingly, the development of plasmonic photocatalysts is an interesting option to overcome the limitations presented by TiO2 and other semiconductors. These type of photocatalysts consist in the addition of NPs of noble metals (mostly Au and Ag, in size of ten to hundreds of nanometers), since they may enhance the transfer of photo-generated electrons prolonging the charge-carrier lifetime. Indeed, metal NPs act as electron traps as it can be seen in the scheme shown in 

The Schottky Barrier

The band bending concept was first developed by Schottky and Mott to explain the rectifying effect of metal semiconductors. Figure I-13 shows the ideal energy band of two kind of semiconductors of n-type and p-type. When the semiconductor photocatalyst is of ntype, its Fermi level Ef is close to the conduction-band energy ECB, and the valence band energy EVB is far below. For the p-type semiconductor photocatalyst, the Ef is close to the EVB. TiO2 is an n-type semiconductor. In the next section, we will describe only the interaction between metal NPs and n-type semiconductors. When equilibrium is established, the metal will be negatively charged and the semiconductor will be positively charged at the metal/semiconductor interface due to the electrostatic induction. This region is called the space charge region, also when φm > φs, the electrons are depleted in the space charge region, and this region is therefore called the depletion layer and is characterized by excess positive charge. [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF] And If the metal work function (φm) is lower than that of the semiconductor (φs) which means φm< φs as is shown on the left side of Figure I-14, the electrons are accumulated in the space charge region due to the electron transfer from the metal to the semiconductor, and this region is called the accumulation layer. [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF] In general, when the Fermi level of the metal is below that of the semiconductor, charge will flow to the metal causing the semiconductor Fermi level to decrease, and vice versa. [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF] The Schottky junction results from the contact of the noble metal and the semiconductor. It builds up an internal electric field in a region (the space-charge region) inside the photocatalyst particle but close to the metal/semiconductor interface. This would force the electrons and holes to move in different directions once they are created inside or near the Schottky junction. [START_REF] Wang | Plasmonic Ag/AgBr Nanohybrid: Synergistic Effect of SPR with Photographic Sensitivity for Enhanced Photocatalytic Activity and Stability[END_REF] In addition, the metal part provides a fast lane for charge transfer [START_REF] Lombardi | A Unified Approach to Surface-Enhanced Raman Spectroscopy[END_REF] and its surface acts as a charge-trap center to host more active sites for photoreactions. The Schottky junction and the fast-lane charge transfer work together to suppress the electronhole recombination.

Localized Surface Plasmon Resonance

The more prominent feature of plasmonic photocatalysts is the LSPR, which represents the strong oscillation of the metal's free electrons being in phase with the varying electric field This brings several significant benefits to photocatalysis:

 The resonance wavelength for metal nanoparticles, such as Ag or Au, can be tailored to fall in the visible range or the near-UV range, depending on the size, the shape and the surrounding environment. [START_REF] Kelly | The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment[END_REF] If in the visible range, it renders a visible light response to the large band-gap photocatalysts e.g., TiO2.

 The LSPR can drastically enhance the visible-light absorption of the low-bandgap photocatalysts (e.g., Fe2O3)63 and the UV absorption of the large-band-gap materials,56 which is very useful for weakly absorbing materials.

 The strong absorption causes most of the incident light to be absorbed in a thin layer (∼10 nm) under the surface, and thus there is only a short distance between the photoexcited electrons and/or holes and the surface, making it comparable to the minority carrier diffusion length (∼10 nm).63,64 This is beneficial to materials presenting poor electron transport.

 The LSPR creates an intensive local electric field, which favors the photocatalytic reactions in several ways. For instance, it powers the excitation of more electrons and holes, [START_REF] Zhdanov | Relaxation of Plasmons in Nm-Sized Metal Particles Located on or Embedded in an Amorphous Semiconductor[END_REF][START_REF] Langhammer | Plasmonic Properties of Supported Pt and Pd Nanostructures[END_REF] heats up the surrounding environment to increase the redox reaction rate and the mass transfer, [START_REF] Wu | Silver Nanoparticles on Amidoxime Fibers for Photo-Catalytic Degradation of Organic Dyes in Waste Water[END_REF][START_REF] Sun | Ag@C Core/shell Nanocomposite as a Highly Efficient Plasmonic Photocatalyst[END_REF] and polarizes the nonpolar molecules for better adsorption. [START_REF] Sun | Ag@C Core/shell Nanocomposite as a Highly Efficient Plasmonic Photocatalyst[END_REF] In addition to these beneficial effects of the plasmonic photocatalysis (described above), MNPs themself often present a catalytic effect for specific reactions (e.g. Pt on hydrogen production or Au for CO oxidation).

Influence of the Plasmonic Effect on Photocatalysis

Interaction of Light with Metal Nanoparticles

The optical response of the noble metal nanoparticles is related to the effect of the LSPR and has been well described in many books and review articles with formulations, principles and some applications. 4,60,69. The optical response is measured principally for a spherical shape because the nanosphere has the simplest shape and most importantly, it produces strict analytical solutions in response to an electromagnetic field. Fundamentally, under conditions of the quasi-static approximation (r<<λ) valid up to about 100 nm, the description of the electrodynamic response of a single spherical particle is given by Mie theory, [START_REF] Bohren | Absorption and Scattering by a Sphere[END_REF] and the interaction of the NPs with the light can be described by the Maxwell's equations. Under these conditions only plane-wave crosses the particle, and thus the spatial distribution of the electric field is simply the response of the particle under an electrostatic field (see In this consideration of a homogeneous spherical nanoparticle under the irradiation of a plane-wave light, the electric field of incident light is written as:

𝐸 ⃗ ⃗ = 𝐸 0 𝑒 -𝜔𝑡 𝑥 ̂ (1. 7)
Where 𝐸 0 is a constant, 𝑥 ̂ the unit vector of the 𝑥 direction and 𝑡 the time interval The wavelength dependent complex dielectric constant 𝜀(𝜔), and 𝜔 is the angular frequency, and the sphere is surrounded by material with dielectric constant 𝜀 𝑚 . Conceptually, the conduction electrons in the nanosphere are displaced by the external electric field to create a negative charge center on one end and a positive change center on the other end, forming a dipole (Figure I-16b). If 𝜔 is not very high, the dipole can oscillate fast enough to follow the phase of 𝐸 ⃗ It is easy to imagine that to the first order, the dipole moment 𝑝 is linearly proportional to 𝐸 ⃗ , as given by

𝑝 ⃗ = 𝜀 𝑚 𝛼𝐸 ⃗ ⃗ (1. 8)
Where 𝛼 is the static polarizability of the sphere. Outside of the sphere, the dipole generates an electric field and superimposes on the incoming electric field 𝐸 ⃗ . The polarizability is related to other parameters such as the permittivity of vacuum. 

Influence of Metal Nanoparticle Environment and Shape

As discussed above the spherical shape is the simplest structure, but metal NPs in plasmonic photocatalysis can also have different shapes such as: triangles, ellipsoids, nanoshells, or other anisotropic shapes, such as nanorods. There are many studies related to synthesis of nanoparticles of controlled shapes for different applications. For example, gold nanorods of different aspect ratios have attracted a lot of attention because of their optical properties: they present two plasmon peaks in the transverse and longitudinal directions under visible light and near IR. Nanorods of high aspect ratios can be used for photothermal therapy and cancer cell imaging under near-infrared region. [START_REF] Huang | Cancer Cell Imaging and Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods[END_REF] Au nanorods are also interesting in the field of plasmonic photocatalysis, because the MNPs absorb a broad that of TiO2 (φm). The electrical contact resulted in a space charge layer, the Schottky barrier, which trapped electrons and suppressed electron-hole recombination. [START_REF] Linsebigler | Photocatalysis on TiOn Surfaces: Principles, Mechanisms, and Selected Results[END_REF][START_REF] Zhang | Band Bending in Semiconductors: Chemical and Physical Consequences at Surfaces and Interfaces[END_REF] Surface of metal acquires an excess of negative charge, while TiO2 exhibits an excess of positive charges as a result of electron migration from the barrier region. An increase of activity under visible light after modification of titania with plasmonic nanoparticles such as gold, silver, platinum, and palladium results from additional metal impact on the mechanism of electron transfer. The It has been widely reported that surface modification of TiO2 with metal NPs can improve its photocatalytic activity, especially with noble metals such as Pt, Pd, Cu, Ag and Au. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF][START_REF] Hai | Radiolytic Synthesis of Au-Cu Bimetallic Nanoparticles Supported on TiO2: Application in Photocatalysis[END_REF][START_REF] Kowalska | Modification of Titanium Dioxide with Platinum Ions and Clusters: Application in Photocatalysis[END_REF][START_REF] Tahiri Alaoui | Charge-Carrier Lifetimes and Activity of Pd-TiO2 Photocatalysts Obtained by Gamma Radiolysis[END_REF] However, there are only few works focused on modification of TiO2 with bimetallic nanoparticles, such as: Ag-Au, Ag-Pt, Ag-Cu, Pt-Cu, Pt-Pd (good catalysts for oxidation reactions) or Au-Pt, Au-Pd, Au-Rh, Au-Ni, Au-Co, and Pt-Ru and Au-Cu (good catalysts for reduction reactions). The mechanism of photocatalyst excitation depends on the bimetallic nanoparticles structure. [START_REF] Zielińska-Jurek | Progress, Challenge, and Perspective of Bimetallic TiO2-Based Photocatalysts[END_REF] Bimetallic nanoparticles of the same size, shape, and composition show significant differences in activity when configured into different structures. Their structure depends on distribution modes of the two elements, which can be oriented, see This suggests that alloying of another metal with Pt would decrease the work function of Ptalloy based nanoparticles. This may decrease the energy value of the CB and promote efficient electron -transfer from the metal nanoparticles to the semiconductor. [START_REF] Shiraishi | Pt-Cu Bimetallic Alloy Nanoparticles Supported on Anatase TiO2: Highly Active Catalysts for Aerobic Oxidation Driven by Visible Light[END_REF] The promoting effect of bimetallic nanoparticles is attributed to either the improved spatial charge separation in TiO2 semiconductor or charge carrier transfer from metal NPs to the conduction band of TiO2. Based on catalytic, optical, and photocatalytic properties the synergy between two metals in bimetallic systems is also related to the electronic and geometric effects. A bimetallic structure formed by metals with lower electronegativity and other metals with higher electronegativity seems to lead to better activity in photocatalytic oxidation reactions. [START_REF] Nwosu | An Electronegativity Approach to Catalytic Performance[END_REF] The second metal is more subjected to oxidation than the other, which is enriched on the surface and may form metal oxide patches or shells on the first metal surface. The less electronegative metal can participate directly in oxidation reactions by providing reactive oxygen.

Segregation between two metals may occur upon treatment in an oxidizing atmosphere, or in either reaction preparing process, and sometimes the shell of the structure is oxidized. Kowalska et al. reported for example the formation Ag-Au core-shell structure NPs on TiO2 obtained by the photodeposition method: Silver nanoparticles were oxidized and formed a shell on gold-rich core. [START_REF] Kowalska | Mono-and Bi-Metallic Plasmonic Photocatalysts for Degradation of Organic Compounds under UV and Visible Light Irradiation[END_REF] Larger ability of charge generation at the interface of a bimetallic structure does not mean better photoactivity, since in the Aucore-Agshell plasmonic structure, the electrons, instead of being transferred from silver to CB of titania may sink in nearby gold NP and vice versa, as is shown in the scheme from 

Deposition Methods of Metal Nanoparticles

Surface modification of photocatalysts material with metal nanoparticles was investigated and the mainly used methods are: photodeposition, deposition-precipitation (DP), and colloidal deposition. Each precursor, conditions and methods used can present different responses in the photoactivity of the modified material that depends of different factors such as the distribution, loading, localization of the metal nanoparticles on the semiconductor and metal nanoparticle size. The characteristics of each method is presented in the following paragraphs.

Photodeposition

Photodeposition has been widely used to prepare titania supported metal NPs. The method of photo-deposition is valid when the support is a semiconductor such as titania.

Electrons and holes are able to be generated when the semiconductor is irradiated with light of sufficient energy. The photo-generated electrons are so reductive that they can reduce metal ions into metal NPs that will be simultaneously deposited on the semiconductor Chapter I 29 surface. Generally, a hole scavenger such as an alcohol is added to scavenge the oxidative radicals. Parameters such as metal precursors, preparation pH, light intensity and deposition time, have a significant influence on the nanoparticles size and on the final properties of metal deposits. 82

Deposition-Precipitation (DP)

The DP method is very simple and convenient and leads to homogeneous samples with reproducible properties and very small metal nanoparticle size (less than 5 nm). For many catalytic reactions, supported gold catalysts are more active when metal gold particles are smaller than 5 nm. [START_REF] Haruta | Size-and Support-Dependency in the Catalysis of Gold[END_REF] In the DP method, the metal precursors are mixed with the supports forming an aqueous suspension, subsequently precipitated as a hydroxide by increasing the pH value. The key point of the DP method is the prevention of precipitation away from the surface of the supports. The most widely used method for preparing Au-TiO2 catalysts is deposition-precipitation method. [START_REF] Hidalgo | Photodeposition of Gold on Titanium Dioxide for Photocatalytic Phenol Oxidation[END_REF] 

Colloid Deposition

Colloid deposition consists in preparation of colloidal solutions in water or other solvents followed by adsorption of the MNPs on the substrate surface. For instance, the most popular methods are reduction of AuCl4 -with citrate in aqueous phase (the Türkevich method) [START_REF] Kimling | Turkevich Method for Gold Nanoparticle Synthesis Revisited[END_REF] or the two-phase protocol consisting of reduction of AuCl4 -by NaBH4 in water and extraction into toluene of the Au-NPs by means of a phase transfer agent (the Brust method). [START_REF] Xu | From Aqueous to Organic: A Step-by-Step Strategy for Shape Evolution of Gold Nanoparticles[END_REF] Gold NPs of 5 nm with narrow size distribution can be obtained with these methods. Besides, an alternative method is the reduction of Au III complexes by tetrakis (hydroxymethyl) phosphonium chloride (THPC), giving a hydrosol of gold NPs with average diameter 1~2 nm. [START_REF] Duff | A New Hydrosol of Gold Clusters[END_REF] THPC acts simultaneously as a reducing and a stabilizing agent. These prepared metal colloids can be put in contact with a support and adsorb on it. However, it has been often observed that in the adsorption stage, the prepared metal colloidal particles undergo coalescence and agglomeration forming metal islands of particle size above 50 nm. This would result in inactivation of the photocatalyst due to the weak interaction with the substrate or the small surface/volume ratio of metal NPs. [START_REF] Primo | Titania Supported Gold Nanoparticles as Photocatalyst[END_REF] Moreover, radiolytic reduction can be used to synthesize metal colloidal suspensions in the presence of surfactants, polymer or supports as stabilizing agents. [START_REF] Duff | A New Hydrosol of Gold Clusters. 1. Formation and Particle Size Variation[END_REF][START_REF] Duff | A New Hydrosol of Gold Clusters. 2. A Comparison of Some Different Measurement Techniques[END_REF] Strong reducing species such as aqueous electrons, hydrogen radicals generated by water radiolysis are able to reduce metal ions to lower valences and finally to metal atoms. The radiolytic synthesis will be discussed in details in the following section.

The Radiolysis Method

Several chemical and physical routes have been used to prepare composites of MNPs supported on TiO2. In aqueous solution, the preparation methods involve in general the reduction of the metal precursors by adding a reducing agent such as sodium borohydride, ascorbic acid, formaldehyde and hydrazine, THPC, etc. The metal reduction can also be achieved by microwaves, sonochemistry or by radiation chemistry using UV irradiation and ionizing radiations (such as γ-rays, X-rays or electron (or ion) beams). The radiolytic method (high energy radiations) in solution presents the advantage of using simple physico-chemical conditions such as, atmospheric pressure and room temperature, absence of additional chemical reducing agents (as the reducing species are induced by solvent radiolysis) and absence of contaminants. The method results in homogeneous reduction and nucleation leading to metal nanoparticles of controlled size and shape. [START_REF] Wishart | Recent Trends in Radiation Chemistry[END_REF] When aqueous solutions are irradiated by high energy radiation (γ-rays, electron beams, X-rays), excitation and ionization of water takes place as following: 92

H 2 O 𝛾-𝑟𝑎𝑦 → 𝑒 𝑠 -, H 3 O + , 𝐻 . , 𝐻𝑂 . , 𝐻 2 , 𝐻 2 𝑂 2 (1. 9)
Indeed, high energy radiation (γ-rays, X-rays, electrons or ions beams) of water leads to the formation of free radicals such as solvated electrons (e -s) (which are strong reducing species (E 0 (H2O/ e -s = -2.87VNHE)) and H • (E 0 (H + /H • ) = -2.3 VNHE) and HO • radicals (E 0 (HO • /H2O)= +2.8 VNHE). [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF] The radiolytic yields (quantity of radicals formed per Joule of deposited energy) of the radicals are: G (es -) = 0.26, G (H • ) = 0.06 μmol J -1 . [START_REF] Abidi | Gold Based Nanoparticles Generated by Radiolytic and Photolytic Methods[END_REF][START_REF] Buxton | Critical Review of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms and Hydroxyl Radicals (⋅OH/⋅O-in Aqueous Solution[END_REF] These radicals can reduce dissolved metal complexes to the zero valence state. In the case of monovalent metal ions M + , the reduction process can be written as follows:

𝑀 + + 𝑒 𝑠 -→ M 0 (1. 10) 𝑀 + + 𝐻 • → M 0 +𝐻 + (1. 11)
In the case of multi-valent metal ions, they are firstly reduced to lower valences and finally to the zero valence like in the case of Au III . The reactions of Au III with the reducing species generated from water radiolysis lead first to the formation of Au I , then to Au 0 clusters, and then of Au-NPs, as has been established by the pioneering research of Belloni et al., [START_REF] Delcourt | Metal Microaggregates Prepared by Radiolytic Reduction in Liquids[END_REF][START_REF] Dey | Mechanism of Trivalent Gold Reduction and Reactivity of Transient Divalent and Monovalent Gold Ions Studied by Gamma and Pulse Radiolysis[END_REF] Henglein, [START_REF] Henglein | The Reactivity of Silver Atoms in Aqueous Solutions (A γ-Radiolysis Study). Berichte Bunsenges[END_REF] and Meisel et al. [START_REF] Henglein | Radiolytic Control of the Size of Colloidal Gold Nanoparticles[END_REF] In the reaction strong oxidative hydroxyl radicals HO • [ E 0 (HO • /H2O) = + 1.9 VNHE at pH 7, G(HO • ) = 0.27μmol J -1 ] are also generated during the irradiation of deoxygenated water. [START_REF] Abidi | Gold Based Nanoparticles Generated by Radiolytic and Photolytic Methods[END_REF] In this case, primary and secondary alcohols (such as 2-propanol) are used in solution to remove the oxidative species working as hydroxyl radical scavengers, which also react with hydrogen atoms to form alcohol reducing radicals: [START_REF] Belloni | Growth and Properties of Nanoclusters Studied by Radiation Chemistry: Application to Catalysis[END_REF]100 𝐶𝐻 3 𝐶𝐻𝑂𝐻𝐶𝐻 3 + 𝑂𝐻 • → 𝐶𝐻 3 𝐶 • 𝑂𝐻𝐶𝐻 3 + 𝐻 2 O 𝑘 1 = 1.9x10 9 L𝑚𝑜𝑙 -1 𝑠 -1 (1. 12)

𝐶𝐻 3 𝐶𝐻𝑂𝐻𝐶𝐻 3 + 𝐻 • → 𝐶𝐻 3 𝐶 • 𝑂𝐻𝐶𝐻 3 + 𝐻 2 𝑘 3 = 7.4x10 7 L𝑚𝑜𝑙 -1 𝑠 -1 (1. 13) 𝐻𝐶𝑂𝑂 -+ 𝐻𝑂 • 𝑜𝑟 𝐻 • → CO𝑂 •-+ 𝐻 2 O or 𝐻 2 (1. 14)
The redox potentials of the generated radicals are: E 0 ((CH3)2CO/(CH3)2C 

𝑀 + + CO𝑂 •-→ 𝑀 0 + 𝐶𝑂 2 (1. 16)
Owing to these reductive species, the metals ions are homogeneously reduced leading to a homogeneous nucleation through the solution. Considering that the binding energy between two metal atoms is stronger than the atom-solvent or atom-ligand bond energy, the atoms dimerize when they encounter. Then, by a cascade of coalescence processes, M2

progressively coalesce to growing clusters:

𝑀 0 + 𝑀 0 → 𝑀 2 (1. 17) 𝑀 𝑚 + 𝑀 𝑝 → 𝑀 𝑛 (1. 18)
The bonding between atoms or clusters with unreduced ions is also strong and these association processes are fast: Followed by steps of coalescence of atoms separately created. In contrast, in the continuous irradiation regime the association of M + ions with atoms, as in the charged dimer M2 + and clusters Mn + 1 + , and the coalescence processes are faster than the production rate of the reducing radicals. Therefore, the reduction of M + ions occurs mostly in situ on clusters already formed Mn + 1 + , where m, n and p represent the cluster nuclearities (number of reduced atoms), and x, y and z refer to the number of associated ions. 92

𝑀 0 + 𝑀 + → 𝑀
𝑀 𝑛+1 + + 𝑒 𝑠 -, 𝐶𝐻 3 𝐶 • 𝑂𝐻𝐶𝐻 3 or CO𝑂 •-→ 𝑀 𝑛+1 + 𝐶𝐻 3 𝐶𝑂𝐻𝐶𝐻 3 + 𝐶𝑂 2 + 𝐻 + (1. 23)
In the case of bimetallic nanoparticles, the final structure depends mainly on the metal precursors and on the reduction kinetics fixed by the dose rate. The two metal precursors M + or M '+ have generally equal probabilities to be reduced by the radiolytic radicals.

In the case of core-shell clusters, an electron transfer from the less noble metal (nascent M '0 formed by radiolytic reduction) to the ions of the more noble metal M + (Eq. 1.24), favors first the reduction into M 0 . Therefore, core-shell structures are obtained with the more noble metal in the core surrounded by the less noble metal

𝑀′ 0 + 𝑀 + → (𝑀𝑀 ′ ) → 𝑀 0 + 𝑀′ + (1. 24) (𝑀 𝑚 𝑀 𝑛 ′ ) 𝑥+ + 𝑀 + → (𝑀 𝑚+1 𝑀 𝑛 ′ ) (𝑥+1)+ → (𝑀 𝑚+1 𝑀 𝑛-1 ′ ) 𝑥+ + 𝑀′ + (1. 25)
If the ionic metal precursors are multivalent, an electron transfer is possible as well between the intermediate low valencies of both metals, so increasing the probability of segregation. The less noble metal ions act as an electron relay towards the noble ions. Thus, monometallic clusters Mn are formed first. Then, when almost all the M + ions are reduced, M' + ions will be reduced at the surface of Mn. The final result is a core-shell cluster where the more noble metal M is coated by the less noble metal M'. [START_REF] Belloni | Growth and Properties of Nanoclusters Studied by Radiation Chemistry: Application to Catalysis[END_REF] In the case of alloyed clusters, the initial reduction reaction is followed by mixed coalescence:

M′ + M → (𝑀𝑀 ′ ) (1. 26) (𝑀𝑀 ′ ) + M → (𝑀 2 𝑀 ′ ) (1. 27) (𝑀 𝑚 𝑀 𝑛 ′ ) 𝑥+ + 𝑀 + → (𝑀 𝑚+1 𝑀 𝑛 ′ ) (𝑥+1)+ (1. 28) (𝑀 𝑚+1 𝑀 𝑛 ′ ) (𝑥+1)+ + 𝑒 𝑠 -(or R) → (𝑀 𝑚+1 𝑀 𝑛-1 ′ ) 𝑥+ (or R + ) (1. 29)
To limit the growth and to obtain small nanoparticles, ligands, polymers, surfactants or supports are added to the irradiated solution. [START_REF] Abidi | Gold Based Nanoparticles Generated by Radiolytic and Photolytic Methods[END_REF]100 Figure I-23 shows a scheme of metal ions reduction in solution by ionizing radiation in the presence of alcohol (added to scavenge HO • radicals induced by radiolysis). These nanoparticles can be synthesized directly on a support such as TiO2. and on the dose rate. At low dose rate, the electron transfer occurs from the atoms of the less noble metal to the ions of the more noble metal. This results in bimetallic nanoparticles with a core shell structure (the more noble metal being in the core). A high dose rate prevents the electron transfer from one metal to the other (because of the fast reduction), therefore with fast and total reduction alloyed clusters are obtained. [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF][START_REF] Abidi | Gold Based Nanoparticles Generated by Radiolytic and Photolytic Methods[END_REF] Figure I-25. Scheme of the influence of the dose rate on the competition between the inter-metal electron transfer and the coalescence processes during the radiolytic reduction, of mixed metal ion solutions. High dose rates favor alloying, whereas low dose rates favor core-shell segregation of the metals in the nanoparticles. [START_REF] Bohren | Absorption and Scattering by a Sphere[END_REF] Some examples of two metals systems are presented in Table 1.

Table 1. Different structures obtained at different dose rates

The dose rate is generally determined with a Fricke dosimeter (see Appendix II).

Catalyst and photocatalysts

Catalysis is, by general definition an acceleration of a reaction that proceeds spontaneously from the viewpoint of thermodynamics by reducing the activation energy.

Photocatalysts are catalysts which are activated by light. Like catalysts, they are not consumed, but they are regenerated after photocatalytic cycles.

Application of photocatalytic materials

Many factors affect the photoreactions and their efficiencies, such as nanoparticle material types, nanoparticle size and morphology, metal loading, pH value, temperature, etc. However, one of the dominant factors is the energy band positions of the materials. For example, the energy band positions of the photocatalysts determine its cut-off absorption wavelength, while those of the redox group relative to those of the photocatalysts determines whether a specific reduction or oxidation reaction is possible or efficient.

The band edge positions of some semiconductors are presented in 

Chapter II

Experimental Procedure

Chapter 2. Experimental Procedures

Materials

Commercial titanium(IV) oxide P25 (TiO2-P25, Evonik, surface area of ca. 50 m 2 g -1 ), composed of a mixture of the crystalline phases: anatase (73-85%), rutile (14-17%) and amorphous titania (0-13%), 103 was used as support material. Silver sulfate (Ag2SO4, Fulka, purity ≥ 99.4%), cupric sulfate (CuSO4, Sigma, purity ≈ 99%) and chloroauric acid (HAuCl4 . 3H2O, Aldrich, ≥99.8%), were used as metal precursors. Tetrakis (hydroxymethyl) phosphonim chloride (THPC) in an 80% aqueous solution was purchased from Sigma Aldrich and used as reducing agent. Sodium hydroxide (NaOH, Prolabo, 97%). The other chemicals used were methanol (CH3OH, ACS reagent, ≥ 99.8%), phenol (C6H5OH, Fulka), 2-propanol (CH3CH(OH)CH3) purchased from Sigma-Aldrich, 99.5%), and acetic acid (CH3COOH, 99.7%) from Wako). We used deionized water (Milli-Q with 18.6 MΩ).

Photocatalyst Preparation

Surface Modification of TiO2-P25 by Chemical Reduction Using THPC Method

The Au/TiO2 photocatalysts, with different Au-NPs loadings (0.5, 1.0, and 2.0 wt%), were prepared according the Duff and Baiker method. [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF]104 This preparation uses a gold salt solution and THPC as a reducing and stabilizing agent. In a beaker containing 45 mL of deionized water, 1.5 mL of a NaOH solution 0.2 M, freshly prepared, was added under vigorous stirring. After 5 minutes, 1 mL of a THPC solution (0.05 M) was added to the mixture, and then 2.5, 5 and 10 mL of HAuCl4 (10 -2 M) for a gold content of 0.5, 1 and 2 wt%, respectively. The color of the solution instantaneously changed from transparent to brown, indicating the reduction from Au III to Au 0 . Afterwards, 1 g of TiO2-P25 was added as support to the mixed solution, which was maintained under vigorous stirring at room temperature during 2 h. The solid was separated by centrifugation (3 times at 4500 rpm for 15 min), and washed thoroughly with deionized water. The supernatants were completely transparent after deposition and centrifugation, indicating that all the Au-NPs were deposited on TiO2-P25. The samples were then dried at 60 °C for 48 h.

After drying, the samples were thermally treated under hydrogen in a volumetric apparatus adapted with vacuum pump and a proper oven for thermal treatment. First, as a previous treatment, the sample was heated under vacuum with a heating rate of 5 °C/min, to remove any remaining THPC residues. When the temperature reached 500 °C, it was maintained for 2 h, afterwards, vacuum with at least 10 -4 torr was produced. Then, 100 torr pressure of H2 was introduced into the sample cell. The samples were exposed to H2 during 30 min for further reduction of the metal cations. Afterward, H2 was removed by using the vacuum pump and then a second dose of H2 was added and maintained again for 30 min. Finally, the samples were cooled down to room temperature, see 

Photocatalyst Preparation: Modification of TiO2-P25 by Radiolysis

We used a panoramic [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] Co gamma source located at the LCP, Orsay, more information about the [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] In position 8, we obtained the maximum dose rate. The radiolytic dose rate is deduced from the slope of the graph (absorption at 304 nm versus time, ε=2204 L mol -1 cm -1 ) shown in it is well known that high energy radiation (γ-rays, X-rays, electrons or ions beams) of water leads to the formation of free radicals such as solvated electrons (e -s) (which are strong reducing species (E 0 (H2O/ e -s = -2.87VNHE)), H • (E 0 (H + /H • ) = -2,3 VNHE and OH • radicals (E 0 (HO • /H2O) = +2,8 VNHE). [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF] Generated hydroxyl radicals OH • (strong oxidant species) are scavenged by addition of 2-propanol (0.1 M), which yields after reactions with OH • and H • to a secondary reducing radical (CH3)2C • OH (E 0 (CH3)2CO/ (CH3)2C•OH)) = -1.8VNHE). [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF] Alcohol radicals and e -s are powerful reducing agents, which are able to reduce metal ions to lower valences and finally to metal atoms. The energy deposition throughout the suspension ensures an homogeneous distribution of the radiolytic radicals and therefore a homogeneous reduction and nucleation leading to formation of nanoparticles homogeneous in size. [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF]100 Surface modification of TiO2 with Cu and Ag: Ag + , and/or Cu 2+ ions and complexes were reduced by radiolysis on TiO2-P25 surface, see Figure II-3. Aqueous solutions (0.1M, 2-propanol, used as scavenger of HO • radicals generated by water radiolysis) [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF] containing one or two metal salts Ag2SO4 and CuSO4 (the total concentration in salt being 1x10 -3 M) were put in contact with TiO2 P25. The surface modification of TiO2-P25 with monometallic nanoparticles was performed with two different metals: copper (Cu), and silver (Ag). Different weight percentages were used for each case, i.e., for silver, samples with 0.5 wt% in metal were prepared, however for copper NPs, the catalysts were prepared with 0.5, 1 and 2 wt% in metal. Ag NPs were synthesized only for comparative purposes (The sample was labeled Ag/P25). The loading of Cu was 0.5 wt%, 1w% and 2 w%. The samples were labeled as P25, Ag/P25, CuOx / P25 where x is the loading in Cu.

The suspensions were first sonicated for 3 minutes, deaerated with nitrogen (under stirring) for 20 min, then irradiated with the [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] Co panoramic gamma source (dose rate = 2.3 kGy h -1 ). The metal ions were reduced by the solvated electrons and the alcohol radicals induced by solvent radiolysis. The applied doses (deduced from calculations) were sufficient to reduce all the metal ions into their zero valency. The modified TiO2-P25 photocatalysts were separated by centrifugation and dried at 60°C for 18 h. The supernatant was completely transparent after centrifugation, indicating that all the metal NPs were deposited on TiO2-P25. [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF]100  Ag@CuO nanoparticles.

For the suspensions containing a mixture of Ag + and Cu 2+ , different molar ratios of Ag:Cu were used, i.e. 1:1, 1:3, and 3:1. Keeping the total nominal metal content at 1 wt%. The resulting modified catalysts were respectively labeled as Ag@CuO1:1/P25, Ag@CuO1:3/P25, and Ag@CuO3:1/P25. The suspensions were first sonicated for 3 minutes, deaerated with nitrogen (under stirring) for 20 min and then irradiated with a [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] Co panoramic gamma source (dose rate = 2.3 kGy h -1 ) for 3.5 h. The modified TiO2-P25 photocatalysts were separated by centrifugation and dried at 60°C for 18 h. The supernatant was completely transparent after centrifugation, indicating that all the Ag and CuO-NPs were deposited on TiO2-P25. [START_REF] Remita | Metal Clusters and Nanomaterials: Contribution of Radiation Chemistry[END_REF]100 Figure II-3. Scheme synthesis by radiolysis method.

Characterization Techniques

X-ray diffraction (XRD) was used to identify the atomic and molecular structure of the modified TiO2. The photocatalysts were characterized with a DX8 Bruker Advance diffractometer using Cu-Kα radiation (λ=1.5406 Å) over the 2θ range of 10-80° in a step mode, with steps of 0.02° and 2 s per step.

Diffuse Reflectance Spectroscopy (DRS) was used to measure the UV-visible spectra of the modified samples, and was recorded with a UV-Vis-NIR spectrophotometer, model Cary 5000 Series from Agilent Technologies, equipped with an integrating sphere for diffuse and total reflection measurements and using a KBr reference sample.

High Resolution Transmission Electron Microscopy (HRTEM)

was used to study the particle size and distribution of the metal nanoparticles supported on TiO2, and to study the different arrangements of the crystallographic planes of the support and the nanoparticles.

For this characterization technique, we used a FEI Tecnai F30 microscope equipped with a tungsten field emission gun operated at 300 keV. The samples were dispersed in 2-propanol under sonication, and then, few drops of the suspension were deposited on a holey carbon copper grid (Quantifoil Micro Tools GmbH, Germany). The particle size and the interplanar distances were measured using Digital Micrograph software.

High Angle Annular Dark Field-Scanning Transmission Electron Microscopy. (HAADF-STEM). The HAADF-STEM images were recorded using Cs corrected JEOL-ARM-200F electron transmission microscope at 200 kV. The HAADF-STEM images were acquired with a camera length of 8 cm and the collection angles of 70-280 mrads were also employed to characterize the morphology of modified TiO2. The samples were dispersed in 2-propanol in an ultrasonic bath for few minutes and then, one drop of the suspension was deposited on a gold coated holey carbon grids (SPI method).

Energy-Dispersive X-ray Spectroscopy (EDS) measurements for line scan profiles and mapping were obtained with a solid state detector from Oxford with an 80 mm 2 window. EDS was used to analyze the structure and composition of the deposited Ag and Cu-based NPs.

X-ray Photoelectron Spectroscopy (XPS) characterization was conducted on a JEOL JPS-9010MC with a hemispherical electron energy analyzer, using Mg Kα radiation. The samples were mounted on carbon films, each carbon film was fully covered with the sample in order to avoid powder release. After overnight degassing in the preparation chamber, the samples were inserted in the analysis chamber with a pressure lower than 10 -7 torr. High resolution scans were taken for five elements, and the number of scans differed depending on each element content in the sample, i.e., 50 scans were taken for Ti and O, 100 scans for C and 300-500 scans for Ag and Cu. This technique was used to analyze the chemical composition of the modified TiO2-P25 and to identify the chemical state of Cu and Ag elements in the samples.

X-ray absorption near edge structure (XANES), Cu K edge XANES measurements were carried out at the SAMBA beamline (SOLEIL synchrotron, Saint-Aubin) using a Si (220) fixedexit double crystal monochromator. Harmonic rejection was done by two Pd coated mirrors at 5.5 mrad grazing incidence. Measurements were done on pellets of samples at room temperature in fluorescence mode using a Ge 35 pixel-array detector. This technique was used in order to corroborate the oxidation states of Cu.

Time Resolved Microwave Conductivity (TRMC), this technique was used to study the dynamics of photogenerated charge-carriers under UV and visible irradiation. TRMC technique uses a pulsed laser source with an optical parametric oscillator (OPO) EKSPLA, NT342B, tunable in the range between 220-2000 nm. The full width at half-maximum (FWHM) of one pulse was 8 ns with repetition frequency of the pulses at 10 Hz, and microwaves generated by a Gunn diode (30 GHz).

More details for the characterization techniques are presented in Appendix VI.

Photocatalytic Tests

Photodegradation of Phenol

The photocatalytic activity of the modified photocatalysts was tested for photooxidation of phenol (C6H5OH), used as model pollutant in water (50 ppm), under UV and visible illumination. The photodegradation was carried out in a 10-mm light path quartz cell reactor containing 3.5 mL of phenol solution and 1 g L -1 of a photocatalyst. Before irradiation, the photocatalyst was dispersed in the solution by sonication for 30 s, and then by magnetic stirring for 10 minutes in the dark to ensure the equilibrium between adsorption and desorption. Then, the solution was irradiated using a xenon lamp (Oriel 300W, see Figure A3) with or without cut-off filter (AM-32603-1, LOT-Oriel) for experiments carried out under visible light (λ > 450 nm) or UV irradiation, respectively. The photocatalytic tests were conducted under oxygen bubbling at a fixed rate flow. Aliquots of 0.5 mL were sampled from the reactor at different time intervals. The powder was separated by centrifugation and then the resultant transparent solution was analyzed by High Performance Liquid Chromatography (HPLC, Agilent 1260 infinity quaternary LC) equipped with a UV-detector set at 260 nm for phenol analysis. The column was an adsorbosphere C18 in reverse phase (5 µm, I = 150 mm, ID = 4.6 mm, Alltech) combined with an All-Guard cartridge system TM (7.5x4.6 mm, Alltech) for elution at 1 mL min -1 flow rate. An isocratic mobile phase consisted of 80% H2O and 20% acetonitrile (ACN). Star software was applied for data analysis. The mechanism of phenol degradation was presented in the Appendix III: Figure A3 Chapter II 52

2-Propanol Degradation

The photocatalytic decomposition of 2-propanol was carried out with 50 mg of a photocatalyst suspended in 5 mL of an aqueous solution of 2-propanol (5% v/v). The photocatalyst was irradiated using a xenon lamp and a cut-off filter (Y48, Asahi Techno Glass) with wavelengths above 450 nm (λ ≥ 450 nm) and under vigorous magnetic stirring, see Figure A5. The vials with aerated liquid suspensions were covered with a septum to avoid any vaporization of acetone. The reactor was immersed into water bath to maintain the reaction temperature at 25 °C. Samples were taken at different irradiation times until 3 h of experiments: Every hour, a volume of the liquid phase was taken and was filtrated using (Whatman Mini-UniPrep, PVDF). Then, 0.2 mL of the filtrated solutions were analyzed using a Shimadzu GC-14B gas chromatograph equipped with a flame ionization detector for follow the acetone generated according to the reaction. [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF] 

2(CH

3 ) 2 CHOH + O 2 → 2(CH 3 ) 2 CO + 2H 2 O (2.1)

Hydrogen Production by Methanol Deshydrogenation

The H2 production from aqueous methanol solution, was performed in a closed Pyrex glass reactor with an argon atmosphere and vigorous stirring. For this, 2 mg of each photocatalyst was suspended in 2 mL of a degassed aqueous solution with 25 v% of methanol, used as a sacrificial agent. As mentioned by Ortega et al., [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF] methanol is interesting because it does not contain carbon-carbon links, thus reduces the risk of the formation of more carbon-based sub-products (the main intermediates generated in the reaction for H2 from methanol are formaldehyde, formic acid, and CO2), and with this the fouling of the photocatalyst. [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF]102 Chapter II 53

Action Spectra for Acetic Acid Degradation

Action spectra express the relative effectiveness of the photocatalytic response that depends strongly of the wavelength radiation (most effective at longer wavelength, while at lower wavelength the chemical response is ineffective). Thereby for each particular wavelength we have a particular response, which depends on the photocatalyst. More details about Action Spectra are given in Appendix IV.

The photocatalytic degradation of acetic acid was carried out for 30 mg of photocatalyst suspended in 3 mL of an aqueous solution of acetic acid (5% v/v), inside quartz cells with a volume of ca. 12 mL. The cells were sealed with a septum to avoid the leakage of generated CO2. The suspensions were stirred in the dark for 10 min (to attain the adsorption equilibrium). The illumination with a 300-W xenon lamp (Hamamatsu Photonics C2578-02) equipped with a diffraction grating type illuminator (Jasco CRM-FD) allowed the selection of the irradiation wavelength in the range between 350-680 nm, with an interval of 30 nm, see The samples were irradiated for 90 min under stirring. Every 30 min, a 0.2 mL of gas sample was taken with a syringe from the quartz cell and the CO2 generated was analyzed with a gas chromatograph (Shimadzu GC-14B) equipped with a flame ionization detector (FID). The sensitivity of a FID detector was enhanced by converting carbon dioxide into methane in an in-line methanizer (Shimadzu MTN-1). The reaction of acetic acid degradation is the following: 74

CH 3 COOH + 2O 2 → 2CO 2 + 2H 2 O (2.2)
Through the reaction rate and the intensity of the light, it is possible to calculate the apparently quantum efficiency (Φapp) and obtain the action spectrum: The apparent quantum efficiency was calculated as the rate of CO2 evolution from the decomposition of acetic acid versus the flux of incident photons, assuming that four photons were required for the reaction.

ϕ app =
2.4.5. Antifungal Properties of Modified Samples with Ag, CuO and Ag@CuO.

We studied the fungi growth or the inhibition of the growth of the different fungi Aspergillus

Melleus and Penicillium Chrysogenum in the presence of the photocatalysts. This study was carried out by the agar plate method supplemented with a dispersion of 20 g dm -3 of the photocatalysts in 48 g dm -3 of Malt Extract Agar (MEA). The dispersion was first sterilized in an autoclave at 121°C for 15 min. The solution was then deposited in Petri plates and the media will form a gelly. Ten-day old fungal cultures on MEA slants at 25 °C were used for preparation of spore suspensions. 5 µL of sterile spores of fungi suspensions were dispersed in 8.5 g/L of NaCl solution contained in a slant. The slant was then vigorously shaken by a vortex for 3 min. Three drops were inoculated on the Petri plates and incubated at room temperature under natural indoor light (intensity of ca. 120 Wm -2 ) and in the dark. The incubation was carried out for 8 days at 25 °C. The colony diameters were measured after 2, 4, 6, and 8 days of incubation. The daily growth rates (mm/day) were calculated from the linear regression equation:

𝑟 = 𝑎𝑡 + 𝑏 (2.4)
Where ''r'' is colony radius (mm); ''t'' is incubation time (day), ''a'' is daily growth rate, and ''b'' is growth retardation time (lag phase; λ). This activity where analyzed as well as the appearance (color, the droplets) of fungus colonies.

Study of Stability of the Photocatalyst under Visible Light

The stability of the material was studied after cycling. The photocatalytic activity of the asprepared Au0.5%/P25 and CuO0.5%/P25 samples were studied for the photodecomposition of phenol, used as model pollutant in water (50 ppm) in a suspension (1 mg/1 mL). The photodegradation was carried out in Pyrex tube reactor containing 15 mL of the phenol solution and 15 mg of a photocatalyst. Before irradiation, the photocatalyst was dispersed in the solution by sonication, and then the suspension was stirred (magnetic stirring) for 30 min in dark to ensure the equilibrium between adsorption and desorption. Then the solution was

Chapter 3. Surface Modification of TiO 2 -P25 with Au Nanoparticle

Introduction

Gold nanoparticles (Au-NPs) have attracted much attention due to their Localized Surface Plasmon Resonance (LSPR) in the visible (and near infrared for anisotropic nanoparticles), that is, the oscillation of metal free electrons in constructive interference with the electric field of the incident light. These plasmonic properties can be used to induce a photocatalytic activity of the semiconductor material under visible light. [START_REF] Zhang | Plasmonic Photocatalysis[END_REF] Extensive research has been performed with the Au/TiO2 system, because the addition of Au-NPs on the surface of TiO2 brings several benefits to the photocatalyst. First, Au-NPs can enhance the visible light absorption of the TiO2 and this effect has been attributed to the interaction of the LSPR of the Au-NPs and the optical band of the semiconductor. Second, an electric field is created by the LSPR. This electric field may power the generation of more electrons and holes, and heat up the surrounding environment, inducing an increase of the redox reaction rates and the mass transfer, and also a polarization of the nonpolar molecules for better adsorption. Another interesting property is the Schottky junction due to the contact between the Au-NPs and the semiconductor TiO2. This barrier creates an internal electric field close to the metal-semiconductor interface and force the transfer of the electrons-holes in different directions, and so the metal provides a fast lane for charge transfer, retarding the recombination process. [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF] The LSPR and Schottky junction properties are characteristic of the plasmonic photocatalysts and metal nanoparticles, and are, in fact, the main properties responsible of the enhancement of the photoactivity of the Au/TiO2 system. [START_REF] Bian | Au/TiO2 Superstructure-Based Plasmonic Photocatalysts Exhibiting Efficient Charge Separation and Unprecedented Activity[END_REF][START_REF] Zhang | Plasmonic Photocatalysis[END_REF] Therefore, TiO2 has been modified with Au-NPs for several applications such as oxidation of organic molecules, selective oxidation of aromatic alcohols to carbonyl compounds, hydrogen formation from alcohols, and selective reduction of organic compounds. [START_REF] Wang | Nanogold Plasmonic Photocatalysis for Organic Synthesis and Clean Energy Conversion[END_REF] In recent years, the applications of plasmonic photocatalysts have focused on the generation of hydrogen 9 and in wastewater treatment 8 since they provide a promising and environmentally friendly way to perform these processes at low-cost using visible light, or in the best of the cases, leveraging the sunlight.

Gold in bulk is chemically inert and has been regarded to be poorly active as a catalyst until the pioneer work of Haruta et al. who have shown that small gold nanoparticles (diameters bellow 5 nm) were very active for CO oxidation. 105 This discovery has opened the door to the field of catalysis by gold. 106,107,108 The presence of Au is essential, but the support also plays an important effect in the case of TiO2, which presents two principal crystalline forms, i.e., anatase and rutile. And these two forms play an important role: 1. Electron-hole recombination for anatase and rutile particles has been studied and this recombination process, has been found to be higher for rutile than anatase phase. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF][START_REF] Schindler | Charge-Carrier Dynamics in Titania Powders[END_REF]103,109 2. The higher Fermi level of anatase can result in stronger electronic interaction with Au-NPs, which can inhibit the growth and agglomeration of metal nanoparticle. 110 3. The difference in energy band gap of anatase (3.2 eV) and rutile (3.0 eV) 111 that could result in activation of TiO2 at longer wavelengths for rutile. 112 4. The dielectric constant of the support could shift the LSPR of metal nanoparticles toward the red spectral region. [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF]113 For example, it was shown that crystalline composition and surface properties of Au-TiO2 photocatalysts, prepared by photodeposition of gold on fifteen commercial titania, influenced significantly resultant photocatalytic activities in a different manner under UV and visible light irradiation. [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF] Under UV irradiation, the presence of gold results in high enhancement of photocatalytic decomposition of acetic acid for all modified samples. On the other hand, under visible light irradiation, mainly Au-TiO2 samples possessing large crystallites of rutile exhibited the highest level of photocatalytic activity. [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF] It was proposed that polydispersity of gold deposits, i.e., various sizes and shapes (nanoparticles, nanorods) results in broad LSPR and therefore in higher overall photocatalytic activity than that of Au-TiO2 of fine gold NPs with narrow LSPR.

In this chapter, we report an active Au/TiO2 system prepared according the Duff and Baiker method 104 with three different loadings of Au-NPs: 0.5, 1, and 2 wt%, using commercial P25 as TiO2 material. The photocatalytic activity of these plasmonic photocatalysts has been studied for different processes: water treatment with the photooxidation reactions (phenol, 2-propanol and acetic acid oxidations) and the photoreduction for hydrogen generation by PWS process.

Materials Characterization

TEM observations show small gold nanoparticles homogeneously dispersed on TiO2-P25 surface for all the modified titania samples. In all the cases, the Au-NPs are smaller than 5 nm of diameter, with a mean size of around 2-3 nm, and with the increase of Au loading, a slightly larger particle size is observed (see Figure III-1 andTable 3). For the Au/P25 samples, the patterns show also peaks attributed to the Au-diffraction planes (111), ( 200) and ( 220), according the JCPDS No.01-1174. As expected, the intensity of the observed peaks for Au planes is increasing with the amount of gold. core levels present their binding energy (BE) in the Au (84 eV), the same value of the metallic state of Au 0 (84 eV). Other contributions appear at 84.6 and 83.4 eV and correspond to Au 3+ and Au 0 species, respectively. 118 Au signal presents a specific low BE position, which has already been reported in literature. [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Hai | Radiolytic Synthesis of Au-Cu Bimetallic Nanoparticles Supported on TiO2: Application in Photocatalysis[END_REF]119 The optical properties of the modified surface of TiO2-P25 were studied by DRS. In Figure III-5, the spectrum of TiO2-P25 shows an absorption edge at around 400 nm due to the presence of rutile. 112 The photoabsorption properties of Au/P25 materials are higher than that of pure TiO2-P25, since the Au-NPs induce a shift of the absorbance toward the visible light attributed to the interaction between the metal and the semiconductor, i.e., the so-called Schottky barrier 120 and because of the plasmon of gold. The position of the LSPR peak of the Au-NPs at 520 nm for 13-nm gold NPs, in aqueous solution is sensitive to the dielectric constant of the surrounding medium. [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF]113 This shift in the plasmon is due to the interaction between the Au-NPs and the semiconductor TiO2-P25. Indeed, this plasmon band is sensitive to the size, and environment, and can be shifted depending on the stabilizer or the substrate. Because of the coupling between the metal nanoparticles and TiO2 support having a high reflective index, the plasmon band in case of modified titania is usually red-shifted, as already reported for Au/TiO2 (Au NPs < 2 nm size absorb at 410 nm, 121 560-610 nm [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF]115,122 ), Ag/TiO2 [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]123,124 and Au-Cu/TiO2. [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Hai | Radiolytic Synthesis of Au-Cu Bimetallic Nanoparticles Supported on TiO2: Application in Photocatalysis[END_REF] A weak LSPR band from 500 to 650 nm with maximum values at 548, 554 and 560 nm for Au0.5%, Au1% and Au 2% respectively, are observed in The electronic properties of the samples were studied by the TRMC technique at different excitation wavelengths considering both the UV and visible regions. The samples were excited at different wavelengths of 365, 400, 450, 470, 500, 550, and 560 nm. The corresponding laser energies were 1.4, 0.7, 6.1, 5.7, 5.3 and 3.7 At 365 nm, the intensity of the signal Imax for the modified TiO2-P25 is lower than for pure TiO2-P25, especially for the case with lower loadings in gold, i.e., 0.5% and 1%. These results indicate that a lower amount of free electrons is generated (lower Imax value) in the conduction band of the modified semiconductor, and that the life time of photogenerated electrons in the samples is shortened, or the recombination is retarded (the decrease of the signal is less pronounced), than for pure TiO2-P25. On the normalized signals (Figure III-6a inset), one can see that the decay of the signal is faster in case of modified TiO2-P25, which means that the electrons are trapped by the Au-NPs. Metal NPs deposited on TiO2 act as electron scavengers, decreasing the recombination process. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Hai | Radiolytic Synthesis of Au-Cu Bimetallic Nanoparticles Supported on TiO2: Application in Photocatalysis[END_REF] At excitation wavelength of 400 nm (the limit between the UV and the visible regions), for all the photocatalysts, the Imax values are lower than those obtained under excitation at 365 nm as expected. Indeed, since the irradiation energy is lower that the band-gap of anatase, only the rutile phase, which is in minority, is activated. However, the samples containing gold reach a lower Imax values, which represent a lower amount of free electrons in the conduction band of TiO2-P25. Au-NPs deposited in TiO2-P25 work as electron scavengers at this wavelength.

At 450 nm excitation wavelength, the TRMC signals for bare and modified TiO2-P25 are very similar, indicating that the electron dynamics with and without Au-NPs are quite similar.

But, when the samples were irradiated at 470 nm, 500 nm and 550 nm close to the plasmon of gold, a small TRMC signal is observed for the Au-P25 samples, while for bare-P25 no signal is obtained attesting the generation of free electrons in the conduction band of the Aumodified TiO2-P25. This suggests that excess electrons are injected in the conduction band of TiO2-P25 after excitation of the Au nanoparticles at a wavelength very close (or equal) to their LSPR. So that, under visible light, the electrons of the metal NPs are excited, and are then driven towards the conduction band of the TiO2-P25. 

Photocatalysic Tests

Phenol Degradation under UV and Visible Light

The photoactivity of the modified TiO2-P25 samples was evaluated for the degradation of phenol under UV and visible light. 4). It is clear that at low loading of gold, very small Au-NPs (< 5 nm) are obtained on the anatase phase of TiO2-P25 inducing an enhancement of the photocatalytic activity of TiO2-P25 for phenol degradation in water. The corresponding kinetics data for the degradation of phenol under UV and visible light are shown in Table 4. Under UV light phenol decay seems to be exponential and the fit using the calculation in the Appendix V is well-matched with the kinetics of pseudo-first order. Under Visible light decay it seems to be more linear, following the calculation in Appendix V we suggest a pseudo-zero order of reaction. Because this fits better the curves. It has to be noted that the Au0.5%/P25 sample shows a rate constant three times higher than bare TiO2-P25. Surface modification of TiO2-P25 with very small Au nanoparticles < 5 nm and with a low metal loading induced an enhancement of the pseudo first-order rate constant, as is reported by Orlov et al. 106,125 Sonawane and Dongare et al.
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have also shown that TiO2-P25 modification with Au (1%-2% wt) improved the activity by 2.3 times compared with bare TiO2-P25. 126 Tsukamoto et al. also obtained the highest photocatalytic activity for the aerobic oxidation reactions with the small sizes of Au-NPs (dAu < 5nm) and lower loading of Au (2 wt %); the preference location of Au-NPs in this case was at the interface of anatase and rutile. 114 Table 4. Photocatalytic rates constant for phenol degradation using different Au loading under UV irradiation (pseudo first order reaction) and visible light (zero order reaction).

2-Propanol Degradation under Visible Irradiation

These modified TiO2-P25 samples show also a high photocatalytic activity for oxidation of 

Acetic Acid Degradation -Action Spectrum

The photocatalytic activity of Au0.5%/P25 was evaluated for the decomposition of acetic acid under monochromatic irradiations in order to obtain the action spectrum or the quantum yield per unit of incident photons as a function of the wavelength. The decomposition is carried out in the aerated aqueous solution according to the following reaction:

CH 3 COOH + 2O 2 → 2CO 2 + 2H 2 O 2.2
We followed the photocatalytic evolution of CO2, which is the result of the decomposition The action spectrum is compared with the DRS spectra [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF]114,128 for pure TiO2-P25 and modified TiO2-P25 with Au0.5wt%, and an appreciable response is obtained under UV and visible light and confirmed that the LSPR band of Au is very well correlated with the apparent quantum efficiency (Φapp). This correlation indicates that the photoreaction is carried out by a photocatalytic mechanism under UV and visible light.

Photocatalytic Production of Hydrogen (H2)

In the case of PWS process by photocatalysis, electrons in the conduction band reduce hydrogen ions to H2, and holes in the valence band can oxidize oxygen ions to O2: The main drawback of the PWS process by photocatalysis is the low H2 production due to the fast recombination of the charge-carriers. [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF]129,130 For H2 production tests under λ = 400 nm and 470 nm, the addition of Au-NPs activate TiO2-P25 as shown in graphs of Figure III-11, where a considerable higher amount of H2 is produced with Au/P25 samples, compared to the amount produced with bare TiO2-P25. For the tests performed at 400 nm (See Figure III-11a), the activity for H2 production decreases with the Au-loading and the highest photocatalytic activity is obtained with Au0.5%/P25 (17.5 µmol g -1 s -1 or 1.05 mM g -1 h -1 ). Here, as we discussed before, excess of Au-NPs on TiO2-P25 could act as recombination centers of photo-generated charges reducing the photocatalytic activity in H2 production. Under visible irradiation, at 470 nm [Figure III-11b], only a small amount of H2 is obtained (0.23 µmol g -1 s -1 ) with the Au/P25 samples. Similar results have been reported by Joo et al. in the range of 300-600 nm using methanol as a hole scavenger (~4 µmol g -1 s -1 using Au/P25 and around 0.2 µmol g -1 s -1 using Au@SiO2 (Thin)/P25). 130 The maximum of H2 production by methanol dehydrogenation was obtained with 0.5 wt% of Au under 400 nm and 470 nm. Small gold nanoparticles can induce a much higher change of the Fermi level compared to larger particles, and this change is an indication of a larger charge separation and improved reduction potential for the photocatalysts and metal/TiO2 interface. Metals with higher work function than that of TiO2 increase the Schottky barrier effect, which help to lower the electron-hole recombination. The work function of Au is 5.1 eV, which is higher than that of TiO2 (4.2 eV). [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF]131 It has to be noted that the work function of Au NPs slightly decreases with the particle size and is also sensitive to the support, but the charge state of the NPs have higher influence on the work function. 131 As discussed above, TRMC signals show that the presence of Au-NPs induces under UV irradiation a lower amount of electrons in the conduction band, but present also a faster decay. These results can be interpreted as electron scavenging by the Au-NPs. In the case of visible irradiation, TRMC signals suggest that electrons are injected in the conduction band of TiO2-P25 due to LSPR of the Au nanoparticles. But TRMC signal also shows faster recombination of electrons in the conduction band. Indeed, Au-NPs can also act as recombination center, and this effect is probably enhanced with Au loading. This effect can explain why the enhancement of the photocatalytic activity is only observed at lower metal loading for the same size of metal NPs. recombination for anatase and rutile particles has been determined and was found to be higher in the case of rutile. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF][START_REF] Schindler | Charge-Carrier Dynamics in Titania Powders[END_REF]109 This scavenging phenomenon helps to increase the photoactivity due to the formation of the Schottky junction (due to contact of the metal NPs with the semiconductor TiO2). At 400 nm, a small TRMC signal is generated due to the activation of the rutile phase. This signal decreases with the modified samples: The Au-NPs are still working as electrons traps, but the Au-NPs can also catalyze the reaction leading to a better activity of the modified samples for the hydrogen production. Joo et al. 130 reported a different mechanism of charge carriers with metal nanoparticles, under UV irradiation for hydrogen generation (reduction reaction) and showed that Au-NPs catalyze the recombination reaction of H radicals producing hydrogen. This mechanism may be also possible with our photocatalysts for hydrogen production, where the enhancement of the photoactivity with the modified samples is appreciable. But, in the other side, in the case of oxidation of organic compounds under UV light, the photoactivity of the modified materials it is a little bit higher or equal than the pure TiO2-P25. In brief, the Au-NPs could catalyze the reduction reaction, but not the oxidation of organic reactions. In the case of oxidation Au-NPs only play the role of electron traps, retarding the recombination process.

Mechanism Proposed for

As it was reported by Kowalska et al, [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF] The electrons are probably injected from the metal NPs to the CB of TiO2 by electrons transfer or by energy transfer simultaneously, due to excitation of the LSPR of Au-NPs and this corresponds to a higher photocatalytic activity.

Stability Study of Au0.5%/P25 Synthesized by THPC Method

For applications, it is really important to obtain stable photocatalysts. Therefore, we have tested the stability of our modified titania with cycling. The activity of the sample Au0.5%/P25 for the phenol degradation with cycling is presented in Figure III-13. The photoactivity decrease no so fast after several cycles. These results show that the composite Au0.5%/P25 (with small Au-NPs localized on anatase phase) is stable and can be efficiently reused after repeated cycles. In dark, no phenol degradation was detected, and this attests that the Au/TiO2 materials are not catalytically active at least for the first step of oxidation reaction. These results attest that the Au/P25 systems are stable photocatalysts, which can be reused several times without appreciable change in structure, activity or composition.

Conclusions

The Au-NPs synthesized on titania by THPC method are small (around 2 nm) and they are principally located on the anatase phase, the more active phase of TiO2-P25. The asprepared photocatalysts show a high activity under UV and visible light for oxidation of organic pollutants (phenol, 2-propanol and acetic acid oxidation) and for reduction in the process of hydrogen production. The TRMC results show that under UV irradiation, the Au-NPs work as electron pools retarding the recombination process, and that under visible excitation electrons are injected in the conduction band of TiO2-P25. In correlation with the action spectra, the modified samples present higher quantum yield, in the UV and visible range, as it is shown for CO2 production from acetic acid degradation.

Under visible irradiation, the modified photocatalysts absorb incident photons due to the LSPR of Au as it is shown with action spectra and TRMC signals, which demonstrate that under visible light irradiation the modified samples present electrons in the CB of TiO2 after excitation of the Au nanoparticles at a wavelength very close (or equal) to their LSPR. The highest photoactivity is obtained with lower Au loading (Au0.5%/P25). The action spectra prove that the photoactivity is related to the LSPR of Au-NPs, due to the correlation of the quantum efficiency with the absorption spectra. This result proves that the decomposition of acetic acid is driven by a photocatalytic reaction, and that surface modification with Au results in an enhancement of quantum yield under visible light irradiation in the range of the LSPR. THPC method leads to stable plasmonic photocatalysts, which can be reused several times without appreciable loss of activity.

Chapter IV

Surface Modification of TiO 2 -P25 with CuO Nanoclusters

Chapter 4. Surface Modification of TiO 2 -P25 with CuO Nanoclusters

Introduction

TiO2 is the most commonly used photocatalyst and to enhance its photocatalytic activity under UV and visible light, it is often doped (with N, C, S…) or modified with metal nanoparticles (such as, Au, Ag, Cu…) and other semiconductor (SC) (such as ZrO, ZnS, CdS, WO3). The junction with semiconductors with a narrow band gap (NBG-SC) resulted in the so called "multiphase heterojuntion materials", that have resulted in some advantages, such as: i) photoactivity under visible irradiation, ii) better charge carrier separation, 135 iii) lower cost than the metal modification, iv) possibility of co-catalysis of the redox-reactions. 136 The coupling of TiO2 (n-type semiconductor, band gap of 3.0 eV -3 .2 eV) with copper oxide (p-type semiconductor, with a narrow band gap of 1.7 eV) [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF] 

results in a heterojuntion

Type II (optimum band position for efficient charge-carrier separation, from Ch. 1) That could overcome its limitations in terms of visible light absorption and charge carriers recombination, enhancing the photoactivity under UV irradiation but principally under visible irradiation. 137,138 The first described heterojuntion Type II and most investigated photocatalyst multicomponent heretojuntion is the CdS/TiO2 system, reported in 1984 by Serpone et al. [START_REF] Serpone | Semiconductor Photocatalysis -Past, Present, and Future Outlook[END_REF] However, there are few works focused on the modification of TiO2 with Cu-based NPs. 8,75,79, For example, Qiu et al., reported that Cu(II) clusters grafted on the surface of semiconductor with narrow band-gap [(Sr1-yNay) (Ti1-xMox)O3], act as a co-catalyst to efficiently reduce oxygen molecules (multi-electron reduction). 139 Xu and Sun reported significant photoactivity for H2 generation from water/methanol with TiO2 modified with CuO nanoparticles, and this photocatalytic activity is higher even than that of TiO2/Pt, being CuO nanoparticles working as electron scavengers and as co-catalysts in the hydrogen production. 136 CuO/TiO2 are also efficient photocatalysts for wastewater treatment, in the degradation of organic pollutants under visible light. 135 Furthermore, the use of Cu presents some advantages because of its low cost and excellent catalytic and antifungal properties, although nanoparticles of Cu are not stable at nanoscale. 140 Several chemical and physical routes have been used to prepare composites with TiO2 as support. In aqueous solution, the methods of preparation involve the impregnation method, 136 the sol-gel technique, hydrothermal methods, and ionizing radiations (γ-rays, X-rays or electron or ion beams). The radiolytic method presents the advantage of using simple physicochemical conditions such as, atmospheric pressure and room temperature, and the absence of contaminants. The method results in homogeneous reduction and nucleation of metal nanoparticles. [START_REF] Wishart | Recent Trends in Radiation Chemistry[END_REF] In this chapter, we report radiolytic synthesis of CuO nanoclusters (with different loading of Cu: 0.5-2 w%) on TiO2. The photocatalysts were characterized by different techniques and the photocatalytic activity was evaluated for different reactions: oxidation reactions (degradation) of several organic pollutants and for hydrogen production in a water/methanol mixture. The electronic properties of the samples were studied by TRMC technique at different wavelengths considering both UV and visible regions. The excitation wavelengths were 365, 450, 480, 550, 600 and 950 nm, and the corresponding laser energies were 1.4, 6.1, 5.8, 4.5, 2.5, and 2.7 These results indicate that with increasing the CuO loading more electrons are injected in the CB of TiO2. And at the excitation wavelength of 900 nm, the samples showed no signal.

Materials Characterization

These results indicate that, under visible light excitation, electrons are promoted from CuO-nanoclusters to the CB of TiO2-P25. Also, it is worth noting that copper is able to activate the TiO2 photocatalysts in a wider range of wavelengths under visible light irradiation. 

Photocatalytic Tests

The photocatalytic activity of the modified TiO2-P25 samples was evaluated for the degradation of phenol, acetic acid under UV and visible light, 2-propanol degradation, hydrogen production, and antibacterial properties under visible light.

Phenol Degradation under UV and Visible Light

The curves of phenol degradation are shown in This photocatalytic activity can be related to the TRMC signals previously discussed: The CuO/P25 samples showed the highest Imax value (compared to that obtained with bare titania) in a wide range of excitation wavelengths within the visible range, which represents more electrons in the conduction band of the TiO2-P25 semiconductor.

2-Propanol degradation under visible irradiation

The CuO modified TiO2-P25 samples show a high photocatalytic activity for the oxidation of 2-propanol under visible light (λ ≥ 450 nm) (see Figure IV-9). The sample CuO0.5%/P25 presents a slightly higher activity than the other samples with higher CuO loading. In this reaction, only acetone is detected as intermediate. 152 

Acetic Acid Degradation -Action Spectrum

The CuO0.5%/P25 sample, was evaluated in the decomposition of acetic acid. The decomposition of acetic acid under the light irradiation results in the formation of CO2. UV and visible response and a photoactivity of the modified samples. However, this activity decreases rapidly with increasing the excitation wavelength. These results show that the apparent quantum efficiency is much lower under visible light than under UV. Nevertheless, it is noteworthy that from 400 to 470 nm excitation wavelength, the CuO/P25 samples once again produces more CO2 than pure TiO2-P25. This implies that the incident visible light activates the CuO-NPs, thus inducing injection of the electrons in the conduction band of TiO2-P25, as it was also suggested by the TRMC results. Despite only a small amount of H2 is produced by CuOx/P25 samples, this is higher than the amount produced by pure TiO2-P25. The hydrogen generation increases with CuOloading. In case of CuO0.5%/P25, the activity drastically decreases. Under UV light, CuO-NPs works as electron pools retarding the recombination process as supported by TRMC results. The number of charge-carriers decreases because of the relaxation of photogenerated electrons from the CB of TiO2-P25 to the valence band (VB) of CuO, acting in this system as electron traps. The photogenerated holes are only generated in the VB of CuO and accumulate there due to the higher VB position of CuO with respect to that of TiO2. It is known that coupling of TiO2 with other semiconductors of different redox energy levels can lead to more efficient charge-carrier separation process, i.e., an increase in the charge-carriers lifetime and an enhancement of the interfacial charge-transfer efficiency to adsorbed substrate. [START_REF] Ihara | Visible-Light-Active Titanium Oxide Photocatalyst Realized by an Oxygen-Deficient Structure and by Nitrogen Doping[END_REF][START_REF] Orendorff | Shape-Dependent Plasmon-Resonant Gold Nanoparticles[END_REF] Under 

Anti-Fungi Properties

The antifungal properties were investigated with the daily growth of fungi mycelium (Aspergillus Melleus and Penecillium Chrysogenum) in the dark and under visible light, in the media (blank), pure TiO2-P25 and modified with CuO0.5%/P25 NPs. 

Conclusions

In conclusion, small CuO nanoclusters (1-3 nm) In this chapter, we will present the results of surface co-modification of TiO2-P25 with copper and silver on the photocatalytic activity.

Silver NPs are extremely attractive because of their high catalytic activity, widespread optical properties (size-and shape-dependent), antimicrobial properties, and potential applications in biological and chemical sensing based on phenomena of Surface-Enhanced Raman Scattering (SERS), LSPR, and Metal-Enhanced Fluorescence (MEF). [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF] In addition, modification of TiO2 with silver NPs results in enhanced photocatalytic activity under both UV and visible irradiation and improved anti-bacterial properties. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]119,157 However, the use of Cu, in agreement with Irie et al.,140 is more desirable due to its low cost and excellent catalytic and antifungal properties. It has recently been reported that surface modification of TiO2 with bimetallic Ag-Cu nanoparticles leads to enhancement of the photocatalytic activity of TiO2 for CO2 reduction compared to its modification with monometallic NPs. 158 Cu and Ag nanoparticles are known for their antibacterial and antifungal properties. 157,159 In 1985, Matsunaga et al. reported the photocatalytic activity of TiO2 for destruction of Lactobacillus acidophilus, Escherichia coli and Saccharomyces cerevisiae with possible applications in water and air disinfection. 160 Most of the studies on the antimicrobial activity of titanium dioxide were performed with simple microorganisms, such as bacteria and viruses. 155,161,162, TiO2-based photocatalysts could be used for treatment of common contaminants found in office and home environments: The microorganisms represent approximately 70% of the dust, and the main group of organisms present in bioareosol are filamentous fungi. They might be a direct threat to health (e.g. causing allergic reactions and upper respiratory track infections). Therefore, if the fungal contamination is not controlled, the problems connected with indoor environment quality (IEQ) can arise. Thus, TiO2-based photocatalysts (bare TiO2 or modified with NPs such as Cu and Ag, for example) can be used to improve the environmental quality. Irradiation of the photocatalyst under UV (bare TiO2) and/or under visible light (modified TiO2) can generate reactive oxygen species (ROS) which are responsible for the decontamination. 155 In this chapter, we present synthesis of Ag nanoparticles and/or CuO nanoclusters by radiolysis on commercial TiO2-P25. The photocatalytic activity of these plasmonic photocatalysts has been investigated for photooxidation reactions of phenol, 2-propanol, acetic acid, and hydrogen production by PWS process. The antibacterial and antifungal properties of TiO2 modified with CuO and/or Ag were studied for the inhibition of two fungis Aspergillus melleus and Penicillium chrysogenum. TRMC has been used to study chargecarriers dynamics. The aim of this study was to correlate the photocatalytic activity of modified TiO2-P25 with Ag nanoparticles and CuO nanoclusters with AS and TRMC signals obtained at different excitation wavelengths, in order to understand the mechanisms involved in the photocatalytic process under UV and visible light.

Materials Characterization

Ag + and Cu 2+ ions were reduced on TiO2-P25 by solvated electrons and reducing (CH3)2C • OH radicals induced by radiolysis. The modified TiO2-P25 with Ag and/or Cu presented different colors (see Table 6). show metal nanoparticles located on the TiO2-P25 surface. Since the brightness is approximately proportional to Z 2 (Z being the atomic number), any difference in brightness would reflect the presence of two different elements. Therefore, due to the atomic number difference between Ag (47) and Cu ( 29), the areas with higher brightness within the NPs are attributed to columns of atoms richer in silver, and the areas with lower brightness are attributed to columns richer in copper. As the brightness is not regular, there is segregation between Ag and Cu. The HAADF-STEM images for Ag@CuO1:3/P25 sample (Figure V-2c)

show that Ag-Cu-based NPs have a core-shell structure, where Ag is the core, and the Cu is the shell part. A similar core-shell structure is obtained for the other Ag:Cu molar ratios, i.e, Ag@CuO1:1 and Ag@CuO3:1, as it can be seen in the Figure V-2b and 2c, respectively. In the Ag@CuO3:1/P25 sample, the core composed of Ag covers a larger area of the total particle, compared to that observed in the Ag@CuO1:3/P25 sample. Additionally, an image 
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due to the large difference in the atom size (rAg/rCu = 1.13, where rM is the atomic radius of metal M), and the difference in the cohesive energies between the two metals E coh Ag -E coh Cu = 0.55 eV (the biggest atom (Ag) being the less cohesive). 163 This phase segregation has already been reported for the system Ag-Cu. 158,164,165,166 This surface segregation of silver and copper was also studied by Monte Carlo simulations. 164,166 Previous studies have shown that a system at thermodynamic equilibrium possesses silver as shell around copper core. 167 Our system is out of equilibrium and it is suggested that silver is reduced before copper leading to Agcore-Cushell NPs. It has also been reported that when Cu is oxidized it segregates to the surface of the system. 168 peaks is characteristic of metallic silver. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]169,170 In Figure V-6a, the Ag-modified TiO2-P25 exhibits, at the Ag 3d level, two reproducible peaks (at around 368.3 and 374.5 eV), which are typical of the 3d5/2/3d3/2 spin-orbit splitting of Ag. The Ag 3d5/2 binding energy at peak maximum at 368.3 eV corresponds to the value reported for metallic Ag. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]170,171,172 However, the broadening of the peak width is noticed when compared to that of pure metal for the same recording conditions. This feature is due to additional contributions associated to other Chapter V 107 chemical Ag environment. The small additional peaks at higher binding energy localized at 368.6 eV and 374.6 eV cannot be related to silver oxides (which are known to present a positive shift in the binding energy), [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]171,172,173 and then they may correspond to the interaction of Ag NPs with the TiO2 substrate as it has been previously reported. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF] In the same way, two components Cu 2p3/2 and Cu 2p1/2 are observed for the Cu core peaks. 142,174 In Figure V-6b, the BE positions of Cu 2p3/2 core levels are in the range of 933.4 -933.5 eV. These positions are closer to the positions of CuO (Cu II ), 142,148 rather than Cu 0 , however the satellite peak characteristic of CuO (or Cu II ) is not observed or is very weak, and this behavior is presented in all the samples containing Cu (Fig. 3b-d andS4-1). As it was explained in Ch. 4, the positions of the XPS peaks are sensitive to the cluster size, and especially for very small clusters (size < 3 nm). 144,175 Solvated electrons induced by radiolysis are very strong reducing species able to reduce non-noble metals, which are difficult to reduce by chemical methods. 100,146,147 Silver and copper ions are reduced on TiO2-P25 by solvated electrons and alcohol radicals. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF]146 However, copper clusters are sensitive to oxygen and are most probably very fast oxidized in Chapter V 110 air. Thus, the Agcore-Cushell nanoparticles turn into Ag@CuO in air. The optical properties of the modified TiO2-P25 were studied by DRS. Figure V-9 shows the spectra of bare and modified TiO2-P25. The spectrum of TiO2-P25 shows an absorption edge at around 400 nm due to the presence of rutile. 112 The DRS spectra of the modified samples exhibit a slight shift in absorption to longer wavelengths for all surface-modified photocatalysts. This effect has already been reported for TiO2-based materials modified with Pt-, Pd-, Ag-, and Au-Cu, [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Tahiri Alaoui | Charge-Carrier Lifetimes and Activity of Pd-TiO2 Photocatalysts Obtained by Gamma Radiolysis[END_REF]176 and could be attributed to stabilization of the CB of TiO2-P25 by the interaction with the Ag NPs and CuO nanoclusters. The modified samples absorb in the visible and near infra-red (IR) region, while bare TiO2-P25 does not. Note that absorption with a maximum at 510 nm was obtained with Ag/P25 while a large absorption band with a maximum at 800 nm was observed for CuO/P25. These absorptions result in pink and yellow colors of the modified TiO2-P25 samples. TiO2-P25 co-modified with Ag and CuO absorbs in the visible and near IR. The maximum absorption in the visible region is respectively at 480 nm for Ag@CuO1:3/P25, and 470 nm for Ag@CuO1:1/P25 and Ag@CuO3:1/P25 (see Figure V-9). The absorption in the IR is very broad with a maximum at ca. 800 nm for the two samples rich in CuO (Ag@CuO1:3/P25 and Ag@CuO1:1/P25), while the sample Ag@CuO3:1/P25 shows no maximum absorption in this region. Ag NPs are known to exhibit a LSPR with a maximum around 410 nm in water. It is Chapter V 111 well known that the position of LSPR depends on the environment and the support. 177 Therefore, red-shift of LSPR is usually observed as a result of coupling between the metal nanoparticles and TiO2 support having a high reflective index (the absorption coefficient and refractive index for anatase at a wavelength of 380 nm are 90 cm -1 and 2.19, respectively), as already reported for Au/TiO2, Ag/TiO2 and Au-Cu/TiO2. [START_REF] Linic | Plasmonic-Metal Nanostructures for Efficient Conversion of Solar to Chemical Energy[END_REF][START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF]113 The addition of CuO to TiO2- The electronic properties of the samples were studied by the TRMC technique at different wavelengths considering both UV and visible regions. The excitation wavelengths were 355, 400, 450, 470, 480, 550, 600 and 650 nm and the corresponding laser energy were 1.7, 0.9, 6.7, 6.2, 5.8, 4.5, 2.5, and 1.7 This acceleration of the signal decay, with metal exhibiting capacitive properties, has also been observed for the modification of TiO2-P25 with Ag clusters and NPs, Au-NPs and Au-Cu-NPs. [START_REF] Grabowska | Modification of Titanium(IV) Dioxide with Small Silver Nanoparticles: Application in Photocatalysis[END_REF][START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF]157 This observation is different from previous results in the group with Pt and Pd modified TiO2, where a slowdown of the overall decay was observed. [START_REF] Zhang | Plasmonic Photocatalysis[END_REF][START_REF] Tahiri Alaoui | Charge-Carrier Lifetimes and Activity of Pd-TiO2 Photocatalysts Obtained by Gamma Radiolysis[END_REF]178 Indeed, with metals such as Pt and Pd, the experimental data agree with the model of a simple Schottkytype barrier between TiO2 and metal. An increase in the lifetime of the electrons is observed, due, as expected, to a better separation of charge carriers caused by the barrier. 178 Nonetheless, an important change is observed in the TRMC signals when the samples were irradiated at 400 nm (Figure V-10b), i.e., at the transition between the UV and the visible regions. For TiO2-P25, Ag/P25 and Ag@CuO3:1/P25, the Imax values are lower than those obtained under 355 nm as expected since the irradiation energy is lower than the band-gap of anatase, and thus only the rutile phase, being in the minority, can be activated.

However, the samples containing copper reach a higher Imax value, which represents a higher amount of free electrons in the CB of TiO2-P25. This is consistent with the shift of the band- It has to be noted that, under visible light, for both phenol degradation and CO2 generation, the modification with CuO induces the higher photocatalytic activity. Action spectrum correlates well with absorption spectrum for bare titania, reaching quantum yield of 22.8%, 10.2% and 1.7% for irradiation with 350, 380 and 410 nm, respectively. However, for the modified samples only part of the absorption spectra (below 480 nm) correlates with their photocatalytic activity, reaching a maximum at 470 nm, which confirms that LSPR of Ag NPs and the narrow band gap of CuO are responsible for the photocatalytic activity under visible light irradiation.

CuO/P25 and Ag@CuO/P25 exhibit no photocatalytic activity at λ > 500 nm (negligible quantum efficiency) but present small TRMC signals: We hypothesized that these generated electrons with lower energy are mobile but inactive for degradation of organic compounds or these electrons are reactive but with lower quantum yield. It is important to mention that the DRS of dried Ag-modified samples differ from suspended ones, [START_REF] Bernier | Un Nouvel « or Bleu[END_REF]157 showing a red-shift, due to enhanced scattering, which is highly dependent on the particle size and shape 72 contrasting with Au/TiO2 systems, that shows almost the same DRS. [START_REF] Kowalska | Visible-Light-Induced Photocatalysis through Surface Plasmon Excitation of Gold on Titania Surfaces[END_REF] These combined results by TRMC and AS sheds light on the photocatalytic mechanism:
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Under UV light, the Ag nanoparticles and CuO clusters work as electron pools, retarding the recombination process as it is supported by TRMC results. This scavenging phenomenon helps to increase the photoreactions due to the formation of the Schottky junction when Ag and CuO are in contact with the semiconductor TiO2-P25. It is known that coupling of TiO2 with other semiconductors of different redox energy levels can lead to a more efficient charge-carrier separation process, i.e; an increase in the lifetime of the charge-carriers and an enhancement of the interfacial charge-transfer efficiency to adsorbed substrate. [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF][START_REF] Ihara | Visible-Light-Active Titanium Oxide Photocatalyst Realized by an Oxygen-Deficient Structure and by Nitrogen Doping[END_REF] It is proposed that electrons trapped by CuO would react with adsorbed oxygen or air retarding (or inhibiting) the electron-hole recombination. 149 TRMC signals show that Ag@CuO nanoparticles are more efficient in electron scavenging compared to the Ag NPs and CuO clusters, and this leads to higher photocatalytic activity under UV light.
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Under visible light excitation, TRMC signals and AS show that Ag NPs, due to their surface plasmon resonance and CuO due to its narrow band gap (1.7eV) [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF] induce an activity in the visible. It has to be noted that this energy band-gap value increases with the size of CuO, e.g., Ge et al. had reported that for CuO nanoclusters, the band-gap decreases from 2.6 eV to 1.4 eV when the size increases from 1.1 nm to 2 nm. 154 The CuO clusters are excited under visible light injecting electrons in the CB of TiO2-P25. In case of CuO/P25, more electrons are injected compared to the other modified samples and this corresponds to higher photocatalytic activity under visible light. However, the photocatalytic activity under visible light of TiO2-P25 co-modified Ag@CuO clusters is lower than that of CuO/P25 and Ag/P25. This behavior is probably due to the electron scavenging by Ag, instead of transferring the electrons to the CB of titania. 

Photocatalytic Production of Hydrogen (H2)

These samples were evaluated in the PWS process for the hydrogen generation, at 470 nm under visible irradiation (Figure V-16). In this case, TiO2-P25 and CuO/P25 do not present activity, but the addition of Ag NPs activates TiO2-P25 for H2 production. However, with the increase of amount of CuO and Ag NPs the production of hydrogen increases. The maximum H2 production was obtained with Ag@CuO ratio of 1:1 (0.25 µmol g -1 s -1 ). Metals with higher work function than that of TiO2 increase the Schottky barrier effect, which help to decrease the electron-hole recombination. The work functions of Ag is 4.26 eV and for CuO (5.3 eV) are higher than that of TiO2 (4.2 eV). [START_REF] Ortega Méndez | Production of Hydrogen by Water Photo-Splitting over Commercial and Synthesised Au/TiO2 Catalysts[END_REF]131 It has to be noted that these values are for bulk materials and vary with the size of the NPs and the support. 

Anti-Fungi Properties

The antifungal properties of pure and modified TiO2-P25 were investigated by mycelium (vegetative part of a fungus, consisting of a mass of branching, thread-like filamentous structure of a fungus) growth in the dark and under visible light irradiation. Two fungis were used: Aspergillus Melleus and Penecillium Chrysogenum. The rate of fungal daily growth was evaluated in dark and under visible light, in the media composed of bare and modified (with Ag Ag@CuO and CuO).

Figure V-18

shows the fungal daily growth for Aspergillus Melleus and this daily growth is also observed in a control media (no titania or blank). TiO2-P25 presents an activity only under light irradiation. As we know, TiO2-P25 is a mixture of two crystalline phases anatase and rutile. Its suggested that rutile of TiO2-P25 is mainly responsible for titania activity under visible irradiation, due to its narrower band-gap (1.7 eV), and thus ability of visible light absorption. The highest inhibition for this fungi is obtained with Ag@CuO/P25 with the ratio Chapter V 125 1:3: A synergystic effect with co-modification with Ag and CuO NPs is obtained. With this sample, the growth inhibition is higher in dark.

It should be pointed that the presence of Ag NPs (Ag@CuO3:1/P25 and Ag/P25) accelerated the growth under dark. We observed that the sporulation and mycotoxin generation (as formed droplets) for the sample Ag@CuO1:3 was highly inhibited in dark and under visible exposition as shown in the Figure V-20. One can see clearly the reduction of the number of spores and the decrease of their diameters in air, which is crucial for preventing against the impact of mycotoxins on human health. Mycotoxin production is associated to sporulation, and it has been documented in several articles that mycotoxigenic generate for example Aspergillus. 156 A slight decrease of the sporulation and mycotoxin generation is presented with TiO2-P25.

With titania modified with Ag@CuO1:3, no mycotoxin is detected and highly less sporulation was observed. The sample Ag@CuO1:3/P25 is the one that presents the best growth inhibition for both fungis in dark and under visible light exposition. TiO2-P25 and CuO/P25 show inhibition of droplets of mycotoxin for Penicillium Chrysogenum, but the system Ag@CuO1:3 is the sample that presents the best inhibition of growth of both fungis in dark and under visible exposition.

Conclusions

CuO clusters, Ag and Ag@CuO-NPs were synthesized by radiolysis on the surface of TiO2-P25. HAADF-STEM, XPS and XAS characterizations have shown that, in case of comodification with silver and copper, core-shell nanoparticles composed of silver cores decorated with small CuO clusters were obtained on TiO2-P25. Surface modification with Ag, Ag@CuO and CuO nanoparticles induces an enhancement in the photocatalytic activity of TiO2-P25, under both UV and visible light. Catalytic testing for phenol and acetic acid degradation show that co-modification of TiO2-P25 with CuO and Ag nanoparticles induces a higher photocatalytic activity under UV light compared to single modification with only Ag or CuO clusters, while the contrary is obtained under visible light. Under visible light, CuOmodified titania exhibits higher activity rather than the plasmonic Ag/P25 and Ag@CuO.

TRMC results show that under excitation with UV light, metal Ag NPs, Ag@CuO and CuO clusters act as electron traps decreasing the recombination process, and thus, they present a highly increment in the apparent quantum yield. Under visible excitation, the Ag nanoparticles absorb incident photons due to the LSPR and inject electrons into the CB of TiO2-P25, as it is shown by TRMC measurements. CuO are excited in the visible range because of their band gap, and the electrons are driven from the CB of CuO to the CB of TiO2-P25.

In general, the photocatalytic activity of the samples containing CuO is higher, which induces a photocatalytic activity in a wider spectral range compared to that obtained with modification with silver.

Action spectra prove that decomposition of acetic acid is driven by a photocatalytic reaction, and Ag and CuO modification results in a high enhancement of quantum yield under UV and visible light irradiation. However, only a shorter part of visible absorption (< 500 nm) is responsible for photocatalytic activity. For the oxidation reactions tested in this study under visible light irradiation, surface modification of TiO2-P25 with Ag@CuO clusters leads to samples with lower activity compared to Ag/P25 and CuO/P25.

For the degradation of 2-propanol and for hydrogen production, the photocatalytic activity increases with loading in Ag and CuO. photocatalytic performance, including i) Electronic structure; ii) Surface structure; and iii) Crystal structure.

In our systems there are many things to do to improve their photocatalytic activity, for example we can try to increase the yield in a wide range of the visible light. The main efforts for research groups worldwide working on the subject remain in the general improvement of light absorption, and the extension of light absorption of the semiconductor materials into the visible portion of the solar spectrum.

Modifications with other metals such as: the junction of AgAu (alloy or core-shell structure) or with another semiconductor, such as Bi2O3 are interesting options to investigate due to their response and stability under visible light. Preliminary results show that these systems are very promising for degradation of pollutants under visible light.

Where I is the output intensity at a specific wavelength, Io is the original intensity at the same wavelength, a is the wavelength and material specific absorptivity, c is the concentration of the analyte, and finally l is the optical path length.

Similarly, the Kubelka-Munk function is a linear relation between the analyte concentration and reflectance from diffuse reflectance spectroscopy.

𝑓(𝑅 ∞ ) = (1 -𝑅 ∞ ) 2 2𝑅 ∞ = 𝑘 𝑠 (A. 22)
Where R∞ is the reflectance after penetration and scattering throughout a non-absorbing matrix of infinite depth, and k = εC, being ε, the molar absorptivity, and C, the concentration.

This relationship only applies to samples diluted in a non-absorbing matrix. 184 Since light cannot penetrate opaque (solid) samples, it is reflected on the surface of the samples. As is shown in the Figure A11, incident light reflected symmetrically with respect to the normal line is called "specular reflection," while incident light scattered in different directions is called "diffuse reflection". With integrating spheres, measurement is performed by placing the sample in front of the incident light window, and concentrating the light reflected from the sample on the detector using a sphere with a barium sulfate-coated inside. The obtained value becomes the reflectance (relative reflectance) with respect to the reflectance of the reference standard white board, which is taken to be 100%.

When light is directed at the sample at an angle of 0°, specular reflected light exits the integrating sphere and is not detected. As a result, only diffuse reflected light is measured. MNPs have the capability to store photoexcited electrons. This thesis presents recent advances in the preparation and environmental application of the surface modification of TiO2-P25 with metal nanoparticles: The Au-NPs were synthesized by chemical method using tetrakis(hydroxymethyl) phosphonium chloride (THPC), and the nanoparticles of Ag, Ag@CuO and CuO-NPs were synthesized by gamma irradiation. Moreover, the effects of various parameters (such as particle size, structure of the nanoparticles and amount of metals) on the photocatalytic activity (phenol, 2propanol and acetic acid oxidation, as well as hydrogen generation) were also studied. The charge carrier dynamics was studied by time resolve microwave conductivity (TRMC).
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Figure I- 1 .

 1 Figure I-1. Population growth in the world and in the special cases of Mexico and France.[START_REF] Bernier | Un Nouvel « or Bleu[END_REF] 

Figure I- 2 .

 2 Figure I-2. Total renewable water resources year 2008. 13

Figure I- 4 .

 4 Figure I-4. CO2 emissions in metric tons per capita in the world and in the specific cases of Mexico andFrance.[START_REF]CO2 emissions (metric tons per capita) | Data | Graph[END_REF] 

Figure I- 5 .

 5 Figure I-5. a) Schematic representation of crystalline structures anatase and rutile of TiO2; b) Differences between rutile and anatase on charge-carriers dynamics under UV irradiation.[START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF] 

Figure I- 6

 6 Figure I-6. a) Typical diagram for the recombination process of the electron-hole pair. b) Solar spectrum that shows the UV region within the solar radiation spectrum, available or used for normal (no modified) TiO2 photocatalysts.

Figure I- 7 . 5 Figure

 75 Figure I-7. Among diverse processes, there is recombination of these charge-carriers, some electrons and holes can escape from recombination and migrate to the surface of the SC, where they can (A) recombine with each other, or (B) the recombination takes place in the core of the SC. Besides these processes, though they seem similar, there is also a recombination that occurs on the surface between the electrons and holes that are generated in-situ, on the surface. But once the system presents electrons and holes on the surface, (C)

Figure I- 8 . 45  9 . 47 Figure I- 9 .

 8459479 Figure I-8. Decrease of the quantum size effects of CdSe.[START_REF] Kamat | Manipulation of Charge Transfer Across Semiconductor Interface. A Criterion That Cannot Be Ignored in Photocatalyst Design[END_REF] 

Figure I- 10 .

 10 Figure I-10. Different types of semiconductor heterojuntions.

Figure I- 11 .

 11 Figure I-11. Schematic representations for different ways of TiO2 modification. a) shows the formation of composite semiconductors, 46 b) doping with metal and non-metal atoms, 50 c) photosensitization with organics and inorganics chromophores,[START_REF] Dai | Photosensitization of Nanocrystalline TiO2 Films by Anthocyanin Dyes[END_REF] and d) metal surface modification.[START_REF] Linsebigler | Photocatalysis on TiOn Surfaces: Principles, Mechanisms, and Selected Results[END_REF] 

  Figure I-12a, where the irradiation source activates the semiconductor, and the electrons are transferred to the metal. The recombination process is then decreased. Moreover, gold or silver, due to the LSPR may also activate TiO2 and other wide band-gap semiconductors towards visible light as shown in Figure I-12b. In this case, the MNPs adsorb visible light photons and electrons can be injected from the MNPs to the conduction band of the semiconductor.

Figure I- 12 .

 12 Figure I-12. Proposed photocatalytic mechanisms under a) UV, and b) visible light excitation for semiconductors modified with metal NPs.

Figure I- 13 .

 13 Figure I-13. Energy diagrams of the plasmonic photocatalytic materials in different states. a) Before contact, n-type semiconductor photocatalyst; b) before contact, p-type semiconductor photocatalyst.[START_REF] Zhang | Plasmonic Photocatalysis[END_REF] 

Figure I- 14 .

 14 Figure I-14. Energy band diagrams of metal and n-type semiconductor contacts. Evac, vacuum energy; Ec, energy of conduction band minimum; Ev, energy of valence band maximum; ϕm, metal work function; ϕs, semiconductor work function; χs, electron affinity of the semiconductor.[START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF] 

  of the incident light, Figure I-15.[START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] 

Figure I- 15 .

 15 Figure I-15.Scheme of the optical response of a spherical particle, the localized surface plasmon resonance (LSPR) of noble metal nanoparticles.[START_REF] Zielińska-Jurek | Progress, Challenge, and Perspective of Bimetallic TiO2-Based Photocatalysts[END_REF] 

Figure

  Figure I-16. a) Diagram of a homogeneous nanosphere irradiated by a plane incident light; b) Conduction electrons oscillating in phase with the external electric field and generating an oscillating dipole, which in turn enhances the local electric field and radiates energy. The radiation in far field is regarded as scattering.[START_REF] Zhang | Plasmonic Photocatalysis[END_REF] 

  spectral range from visible to near infrared, and can then utilize different light sources (sunlight, xenon lamps, LEDs, see Figure I-17a). On the other hand, it is reported that different shapes of metal NPs have an influence on the scattering spectra, like in the case of Ag NPs (see Figure I-17b).[START_REF] Orendorff | Shape-Dependent Plasmon-Resonant Gold Nanoparticles[END_REF][START_REF] Mock | Shape Effects in Plasmon Resonance of Individual Colloidal Silver Nanoparticles[END_REF] 

Figure I- 17

 17 Figure I-17. a) Absorption spectra of gold nanorods of different aspect ratios 71 b) Scattering spectra of single silver nanoparticles of different shapes.[START_REF] Mock | Shape Effects in Plasmon Resonance of Individual Colloidal Silver Nanoparticles[END_REF] 

Figure I- 18 .

 18 Figure I-18. Classification of the plasmonic photocatalytic systems based on the contact form. a) Naked metal nanoparticles. b) Embedment form, c) Encapsulation form, d) Isolation form, e) Shift of the resonant wavelength with the change of embedment of the silver nanosphere (radius 10 nm) into the mica shell.[START_REF] Kelly | The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment[END_REF] 

  charge oscillations of noble metals at the surface take place at optical frequencies, as shown in Figure I-19b, the electron is transferred from noble metal (Ag, Au) by the excitation of their plasmon to the conduction band of titania.[START_REF] Zielińska-Jurek | Progress, Challenge, and Perspective of Bimetallic TiO2-Based Photocatalysts[END_REF] 

Figure I- 19 .

 19 Figure I-19. Schematic illustration of TiO2 modified monometallic NPs mechanism of organic pollutants a) degradation under Vis and b) UV light irradiation.

Figure I- 20 :

 20 (a) alloy or intermetallic structure, which represents homogenous mixture of two metals, (b) heterostructure, which results from independent nucleation and growth of two different metal crystals, (c) core-shell, (d) multishell structure, and depends on the processing parameters, miscibility, and reduction kinetics of metal ions.[START_REF] Zieliska-Jurek | Nanoparticles Preparation Using Microemulsion Systems[END_REF] 

Figure I- 20 .

 20 Figure I-20. Schematic illustration NPs with different structure a) alloy, b) herostructure, c) core-shell, and d) multishell structure.[START_REF] Zielińska-Jurek | Progress, Challenge, and Perspective of Bimetallic TiO2-Based Photocatalysts[END_REF] 

  Figure I-21b.[START_REF] Kowalska | Mono-and Bi-Metallic Plasmonic Photocatalysts for Degradation of Organic Compounds under UV and Visible Light Irradiation[END_REF] 

Figure I- 21 .

 21 Figure I-21. Schematic illustration of TiO2 modified bimetallic NPs with a) allow and b) core-shell structure.

  Figure I-22.

Figure I- 22 .

 22 Figure I-22. Schematic illustration of radiolytic route for the reduction of aqueous Au III .

Figure I- 23 .

 23 Figure I-23. Scheme of metal ion reduction in solution by ionization radiation in the presence of alcohol for scavenging oxidizing HO • . 100

Figure I- 24 .

 24 Figure I-24. Nucleation and growth of clusters generated by radiolytic radicals at a) high and b) low dose rates.

4 Figure I- 26 .

 426 Figure I-26. Energy band positions of common materials in plasmonic photocatalysis, including the conduction and valence bands of the SC, the work functions of the noble metals, and the electrochemical potentials of redox groups.[START_REF] Zhang | Plasmonic Photocatalysis[END_REF] 

Figure I- 27 .

 27 Figure I-27. Schematic of degradation of generation of hydrogen, with a plasmonic photocatalyst.

Figure I- 28 .

 28 Figure I-28. Schematic of degradation of organic compounds using plasmonic photocatalysts under UV and visible light irradiation.

Figure

  

Figure II- 1 .

 1 Figure II-1. Scheme synthesis of Au/TiO2 by THPC method.

  Co gamma source is in Appendix I. To measure the dose rate on the gamma source, a Fricke dosimetry (based on radiation-induced Fe 2+ oxidation, see below Appendix II) was done for different positions of the samples. In our case the highest dose rate is: 4.1 kGy/h. More details about the calculation are presented in Appendix II.  Calculation of Gamma Dose Rate. The reaction involved in the Fricke dosimeter, is the radiation-induced oxidation of ferrous ion to ferric ion (Fe 2+  Fe 3+ ) at low pH, and in the presence of oxygen. The standard dosimeter solution contains 10 -3 M ferrous sulfate or ferrous ammonium sulfate, 10 -3 M NaCl in 0.4 M of H2SO4 (pH 0.46) and is saturated with air. The experimental conditions are presented in Table2. this Fe 2+ solution was prepared and was irradiated in specific positions in beaker of 25 mL at different times. The spectra of the solutions were measured each 2 min of irradiation until 16 min, to obtain the saturation of the solution due to Fe 3+ absorption at 304 nm.

Figure II- 2 :

 2 Figure II-2: In this position the dose rate is 4.1 kGy/h.

Figure II- 2 .

 2 Figure II-2. Calculation of the dose rate at the position 8 in the gamma source.

  photocatalyst was dispersed in the solution by sonication. LEDs (Innotas Elektronik) at wavelengths of 400 and 470 nm were used as irradiation sources, see Figure A6. The amount of hydrogen produced was determined by gas chromatography (GC) on a Bruker Scion GC/MS, with a thermal conductivity detector (column: Mol. Sieve 5 A 75 m x 0.53 mm I.D., oven temp. 70 °C, flow rate 22.5 mL min -1 , detector temperature of 200 °C with argon as carrier gas).

Figure A7 .

 A7 Figure A7. The samples were irradiated with a monochromatic light with a full-width at halfmaximum (FWHM) of 15 nm irrespective of the selected wavelength, and the intensity of irradiation(1.24-3.9x10-8 Einstein s-1), measured by a Hioki 3664 optical power meter was maintained at ca. 3.5 mW.

Figure III- 1 .Table 3 .

 13 Figure III-1. TEM images of a) Au0.5%/P25; b) Au1%/P25; c) Au2%/P25, with the corresponding histograms of size distribution of Au-NPs.

Figure III- 2 .

 2 Figure III-2. HRTEM images of a) Au0.5% /P25; b) Au1%/P25; c) Au2%/P25, localization of Au-NPs on the surface of the TiO2-P25 and d) HRTEM image of Au-NPs with FFT (fast Fourier transform) images for the plane of Au.

Figure III- 3

 3 Figure III-3 shows the XRD patterns of the as-prepared Au/P25 samples: The characteristic diffraction peaks of anatase and rutile phases of TiO2-P25, according the data JCPDS files No 21-1272 and No. 21-1276, respectively, are observed for all the samples. 116

Figure III- 3 .

 3 Figure III-3. XRD patterns of P25 and of the as-synthesized Au/P25 samples.

Figure III- 4 .

 4 Figure III-4. XPS spectra of Au0.5%/P25, binding energy of Au 4f peaks, Ti 2p peaks, O 1s peak and the C 1s peak.

Figure III- 5 ,

 5 Figure III-5, due to the plasmon of small nanoclusters.114,115 These absorptions result in a

Figure III- 5 .

 5 Figure III-5. DRS spectra of Au/P25 samples, where the LSPR of the Au-NPs is observed between marked lines.

  mJ.cm -2 respectively, to study the charge carrier dynamics under UV and visible light irradiation, with a particular attention paid to excitation energy close to the plasmon of gold. The corresponding TRMC signals are shown in Figure III-6. The surface modification with Au-NPs shows a strong influence on the charge-carriers dynamics in TiO2-P25.

Figure III- 6 .

 6 Figure III-6. TRMC signals of pristine and modified TiO2-P25 at different excitation wavelengths: a) 365 nm and 400 nm UV irradiation, b) 450 nm and 470 nm visible irradiation and c) 500 nm and 560 nm (Plasmon excitation).

  The bare and the modified TiO2-P25 with Au-NPs present quite similar activity in the degradation of phenol under UV light (see Figure III-7a), only the sample with the lower amount of Au presents a slightly higher activity. Under visible light, the presence of gold induced an increase in the photocatalytic activity as shown in Figure III-7b: TiO2-P25 achieves a degradation of phenol of 7% after 4 h of exposure to visible light irradiation, while the Au0.5%/P25 sample reaches a degradation of 19% after the same irradiation time. However, the photoactivity of Au-P25 is reduced when the gold loading is increased (see Figure III-7), and the highest degradation rate is obtained with the Au0.5%/P25 sample (see Table

Figure III- 7 .

 7 Figure III-7. Degradation curves of phenol (50 ppm) under a) UV and b) visible light (λ≥450nm) for bare TiO2-P25 and TiO2-P25 modified with Au-NPs with different Au loadings, in the ratio 1gL -1 .

2 -

 2 propanol under visible light (λ ≥ 450 nm). In this reaction, only acetone is detected as product, 127 following the reaction shown in Eq. 2.1. This means that the small Au-NPs with a preferential localization on anatase phase present activity under visible light. The sample Au0.5%/P25 presents again the highest activity, and this activity decreases with the Au loading as is shown in Figure III-8. It is well known that a high amount of metal loading strongly affects the activity of plasmonic photocatalysts.

Figure III- 8 .

 8 Figure III-8. 2-propanol oxidation (5 v%) under visible irradiation (λ ≥ 450nm) on TiO2-P25 and modified TiO2-P25 in a ratio 10 gL -1 .

  Figure III-9. a) Photocatalytic evolution of CO2 resulting from the decomposition of acetic acid (5 v%) using TiO2-P25 and modified TiO2-P25 with Au0.5wt%, in a ratio 10 gL -1 b) Action spectrum for the decomposition of acetic acid with Au0.5%/P25 and pure TiO2-P25 samples.

Figure III- 10 .

 10 Figure III-10. Comparison between DRS spectra and the action spectrum of a) TiO2-P25 and modified TiO2-P25 with Au0.5wt% and b) LSPR correlation, of visible absorption with the Φapp of Au0.5%/P25.

  Furthermore, this activity does not depend on the Au loading (Figure III-11b).

Figure III- 11 .

 11 Figure III-11. Production of H2 by methanol dehydrogenation (25 v%) under a) visible light (λ = 400 nm) and b) visible light (λ = 470 nm) for pure TiO2-P25 and TiO2-P25 modified with Au-NPs at different loading, in a ratio of 1 gL -1 .

  Figure III-12a and Figure III-12b show the photoinduced mechanisms proposed for TiO2-P25 modified with Au-NPs, under UV and visible light irradiation respectively. Under UV light excitation, gold nanoparticles on anatase phase work as electron pools retarding the recombination process as supported by the TRMC results. The rate of electron-hole

  the mechanisms involved in TiO2 modified with noble metal NPs under visible irradiation are not really elucidated. Here, the action spectra show that the photocatalytic activity under visible light is directly correlated to the LSPR and TRMC signals show that Au-NPs inject electrons in the conduction band of the semiconductor due to their surface plasmon resonance inducing an activity in the visible. It has to be noted that Carretti et al. and Priebe et al. have recently detected by EPR, excess electrons in the CB of titania by excitation of plasmonic Au/TiO2 under visible light. Direct proof for electron transfer has recently been reported by Caretti et al. by EPR experimentsunder UV and visible excitation of Au/TiO2 photocatalyst.132 The existence of both trapped electrons (Ti +3 ) and holes (O -) were observed under UV excitation, but only trapped electrons under visible excitation were observed confirming that electron transfer was the main mechanism of plasmonic titania activation. Similar EPR results were obtained byPriebe et al., i.e., transfer of electrons from Au NPs and their trapping by Ti +4 lattice or surface oxygen vacancies.133 

Figure III- 12 .

 12 Figure III-12. Proposed mechanism for modified TiO2 with Au-NPs a) UV and b) visible irradiation by electron and energy transfer.

  However, this test cannot exclude that Au-NPs are not acting as catalysts in the other oxidation steps. (see Figure III-13).

Figure III- 13 .

 13 Figure III-13. Recycling of Au0.5%/P25, photocatalytic phenol degradation (50 ppm) after five cycles under visible light irradiation during 8h irradiation.

Figure III- 14

 14 Figure III-14. a) Binding energy of Au 4f peaks, of Au0.5%/P25, and Au0.5%/P25 after 5 cycles of phenol degradation, b) Histogram of Au-NPs after 5 photocatalytic cycles, c) HRTEM images showing the localization of the Au-NPs on the surface of TiO2-P25 after cycling, d) STEM-BF images of Au0.5%/P25 particles before and after catalytic cycles; and e) STEM-BF image of Au0.5%/P25 particles after 5 cycles.

  TEM observations show small Cu-based nanoclusters (around 1-3 nm) homogenously dispersed on the surface of the TiO2-P25, as it is shown in Figure IV-1.

Figure IV- 1 .

 1 Figure IV-1. TEM images of a) CuO0.5%/P25 with b) the corresponding histogram of the size distribution of CuO nanoclusters.

Figure IV- 2 .

 2 Figure IV-2. HAADF-STEM of BF-STEM images of, CuO0.5%/P25 with FFT (fast Fourier transform) images for the planes of CuO.

Figure IV- 3 81 andFigure IV- 4 .Table 5 .

 38145 Figure IV-3. a) STEM images for the samples and b) Energy dispersive X-ray spectroscopy line scan across external and corresponding STEM images for the samples of CuO0.5%/P25 (CuO signal is in red and blue).

Figure IV- 5 .Figure IV- 6 .

 56 Figure IV-5. Cu K-edge XAS spectra for CuO0.5%/P25.

  photocatalysts are activated, i.e., free electrons are injected in the CB of TiO2-P25, as is shown by the sharp increase of TRMC signal reaching Imax values. However, the decay of the signals is faster for the modified samples. In case of titania, the TRMC signals are mainly related to the electron mobility. The decrease of the TRMC signals is probably caused by efficient electron scavenging by the CuO-nanoclusters deposited on TiO2-P25, thus

Figure IV- 7 .

 7 Figure IV-7. TRMC signals at a) 365, b) 450, c) 480, d) 550, e) 600 and f) 900 nm of TiO2-P25 and modified TiO2-P25 with CuO-nanoclusters.

Figure IV- 8 .

 8 photocatalytic activity, as is shown in Figure IV-8b for phenol degradation. The modification with the smaller amount of CuO (0.5% in Cu) leads to a slightly higher enhancement in the photocatalytic activity compared to the modification with 0.1% and 2% of CuO-nanoclusters. Surface modification with copper oxide induces a modification of the absorption properties of the TiO2-P25 and particularly an enhancement of the absorption in the visible range creating an activity under visible light.

Figure IV- 8 .

 8 Figure IV-8. Degradation curves of phenol (50 ppm) under a) UV and b) visible light λ > 450 nm for pure and modified TiO2-P25 with different loadings of CuO-nanoclusters, in a ratio 1gL -1 .

Figure IV- 9 .

 9 Figure IV-9. 2-propanol (5 v%) degradation under visible irradiation (λ ≥ 450nm) of TiO2-P25 and TiO2-P25 modified with different loadings of CuO-nanoclusters, in a ratio 10 gL -1 .

  Figure IV-10a, presents the photoactivity under UV at λ = 350 nm, and visible light at λ = 470 nm. The CuO-modified samples are more active in the production of CO2 compared to bare TiO2-P25. These results confirm that surface modification with the CuO-nanoclusters improves significantly the activity of the semiconductor TiO2-P25 under UV and visible range. In Figure IV-10b, the action spectrum shows for the photodecomposition of acetic acid, an appreciable

Figure

  Figure IV-10c and d show the action spectra compared to the absorption spectra obtained by DRS. The action spectra indicates that the photoreaction is carried out by a photocatalytic mechanism. 153 The action spectra correlates well with absorption spectrum for bare titania, (Figure IV-10c) reaching a quantum yieldof 22.8, 10.2 and 1.7% for irradiation at 350, 380and 410 nm, respectively. However, for the modified samples with CuO-nanoclusters Figure IV-10d only a part of the absorption spectra matches with the AS (below 500 nm). We can infer that the absorption at wavelengths longer than 500 nm does not drive a photocatalytic activity, and that the small TRMC signals observed at λ > 500 nm for Cu0.5%/P25 are probably due to the mobile, but inactive generated electrons with lower energy that cannot drive degradation of organic compounds, or these electrons are reactive but with lower quantum yield. It is possible that electron excitation with lower energy results in their injection from CuO nanoclusters to deep traps (localized in band-gap of TiO2) of energy much lower than the CB of titania, and thus reduction of oxygen molecules is not possible.

Figure

  Figure IV-10. a) Photocatalytic evolution of CO2 resulting from the decomposition of acetic acid (5 v%), at 350 nm, and 470 nm of P25 and CuO0.5%/P25, in a ratio 10 gL -1 and b) Action Spectra for the acetic acid

Figure IV- 11 .

 11 Figure IV-11. Photochemical H2 generated by methanol dehydrogenation (25 v%) with bare and CuOmodified TiO2-P25 in a ratio of 1 gL -1 .

4. 3 . 5 .

 35 Mechanism Proposed of Charge-Carriers Dynamics under UV and Visible Light These TRMC and AS results shed light on the photocatalytic mechanisms, for TiO2-P25 modified with CuO-nanoclusters under UV and visible light irradiation, and the schemes for these mechanisms are shown in Figure IV-12a and Figure IV-12b, respectively.

  photogenerated electrons of CuO-nanoclusters [due to the narrow band-gap of CuO (about 1.7 eV) 47 ] are transferred in the CB of the semiconductor TiO2, thus due to slightly separation of the CBs of CuO and TiO2 , reducing then the recombination process, and inducing an activity in the visible region. This corresponds to a higher photocatalytic activity under visible light of P25 modified with CuO-NPs. It has to be noted that this energy band-gap value increases with the size of CuO, and Ge et al. had reported that for CuO nanoclusters, the band-gap decreases from 2.6 eV to 1.4 eV when the size increases from 1.1 nm to 2 nm. 154 Under visible irradiation (Figure IV-12b), due to the position and the value of the energy band-gap of CuO, visible light photo-generates electrons from CuO, and these electrons are injected into the CB of TiO2-P25.

Figure IV- 12 .

 12 Figure IV-12. Mechanisms proposed for TiO2-P25 modified with CuO-nanoclusters under a) UV and b) visible light.

4. 3 . 6 .

 36 Figure IV-13e). This CuO leaching explains the loss of the Cu 2p XPS signal and the decrease in the photocatalytic activity.

Figure

  Figure IV-13. a) Recycling of CuO0.5%/P25, photocatalytic phenol degradation (50ppm) after three cycles under visible light irradiation during 8h, b) Binding energy of Cu 2p peaks, of CuO0.5%/TiO2, and CuO0.5%/TiO2 after 3 cycles of degradation of phenol, c) STEM images of CuO0.5%/P25 and d) and e) STEM image after 3 cycles.

Figure IV- 14

 14 Figure IV-14 shows the fungal daily growth for Aspergillus Melleus in a control media (no titania), the same growth is observed under dark and visible light. TiO2-P25 presents an

Figure IV- 14 .

 14 Figure IV-14. Antibacterial daily radius growth under visible (vis) and dark for the fungi Aspergillus Melleus.

Figure IV- 15 .

 15 Figure IV-15. Photograph of mycelium growth of Aspergillus Melleus fungi after 8 days incubation of a) blank (no titania), b) P25, c) CuO0.5%/P25 under visible light and in dark. In the left a picture: at scale of the fungi growth, in the right picture: the extension of a mycelium.

Figure IV- 16 .

 16 Figure IV-16. Photograph of 8-day growth of Aspergillus Melleus in dark and under irradiation. a) Under media b) TiO2-P25 and c) CuO0.5%/P25.

Figure IV- 17 .

 17 Figure IV-17. Antibacterial daily radius growth under visible (vis) and dark for the fungi Penicillium Chrysogenum.

Figure IV- 18 .

 18 Figure IV-18. Photograph of mycelium growth of Penicillium Chrysogenum fungi after 8 days incubation of a) blank (no titania) b) P25 c) CuO0.5%/P25 under visible light and dark. In the left: a picture at scale of the fungi growth, in the right, the extension of a mycelium.

Figure IV- 19 .

 19 Figure IV-19. Pictures of 8-day growth of Penicillium Chrysogenum in dark and under irradiation. a) Under media, b) TiO2-P25, and c) CuO0.5%/P25.

  were synthesized by radiolysis on the surface of TiO2-P25. This surface modification leads to an enhancement in the photocatalytic activity of TiO2-P25, under both UV and visible light. TRMC signals and action spectra show that under UV light excitation, CuO clusters act as electron traps decreasing the recombination process, and thus increasing the apparent quantum yield, while under visible excitation, they absorb incident photons due to the narrow band gap of CuO. Under visible light excitation, electrons are injected from CuO into the conduction band of TiO2. The action spectra clearly prove that decomposition of acetic acid is driven by photocatalytic reaction.The modification with CuO nanoclusters results in a high enhancement of the quantum yield under UV and visible light irradiations. However, only a short part of visible absorption (< 500 nm) is responsible for photocatalytic activity. The CuO loading affects the electron transfer

For

  all the modified titania samples, TEM observations show metal nanoparticles homogeneously dispersed on TiO2-P25 surface (see Figure V-1-1). For CuO/P25 and Ag/P25 samples, small nanoparticles of around 1-2 nm were observed on the surface of TiO2-P25 (Figure V-1-2a and Figure V-1-2e). For the titania co-modified with both elements, larger nanoparticles (5-12 nm) were formed on the TiO2-P25 surface (see Figure V-1-2b-d).

Figure V- 1 . 1 .

 11 Figure V-1. 1. A Low magnification of Ag@CuO1:1 nanoparticles deposited on TiO2-P25. 2. HRTEM images of modified TiO2-P25 with metal nanoparticles a) CuO/P25, b) Ag@CuO1:3/P25, c) Ag@CuO1:1/P25, d) Ag@CuO3:1/P25, and e) Ag/P25.

Figure V- 2 .

 2 Figure V-2. HAADF-STEM (left) and BF-STEM (right) of a) Cu/P25, b) Ag/P25, and Ag@CuO systems; c) Ag@CuO1:3/P25, d) Ag@CuO1:1/P25, and e) Ag@CuO3:1/P25.

Figure V- 4 .

 4 Figure V-4. Energy dispersive X-ray spectroscopy line scan across external and corresponding STEM images for the samples a) CuO/P25, b) Ag@CuO1:3/P25, c) Ag@CuO1:1/P25, d) Ag@CuO3:1/P25 and e) Ag/P25. f) (left) EDS line scan across a nanoparticle of Ag@CuO1:1/P25, g) EDS analysis h) The profile was taken along the green line, (right) the blue graph corresponds to Cu-L and the red one to Ag-L signal.

Figure V- 5 .

 5 Figure V-5. XPS spectra of TiO2-P25 modified with Ag, Ag@CuO ratios and CuO.

Figure V- 6 .Table 7 .

 67 Figure V-6. XPS spectra for a) Ag 3d and b) Cu 2p of the modified with Ag/P25, Ag@CuO/P25, CuO/P25 samples.

Figure V- 7 .

 7 Figure V-7. CuK-edge XAS spectra for CuO/P25 and the co-modification of Ag@CuO1:1/P25.

  Figure V-8a shows an aberration corrected HAADF-STEM image of Ag@CuO(1:1)/P25 sample allowing to distinguish two different elements, i.e., Ag and Cu, based on the brightness of the image. Accordingly, as well as results from XPS and XAS results, a representative scheme of this core-shell structure on the TiO2-P25 surface is depicted in Figure V-8b.

Figure V- 8

 8 Figure V-8. a) Representative aberration corrected STEM-HAADF image for an Ag@CuO1:1 particle supported on TiO2-P25, showing Ag-NPs covered with an ensemble of CuO clusters, and b) A schematic morphology of the modified TiO2-P25 with Ag-CuO nanoparticles.

  P25 extends clearly the absorption to visible light. The absorption band in the near IR is observed in the case of Cu loading, and this is attributed to 2𝐸 𝑔 → 2𝑇 2𝑔 inter-band transitions in the Cu II clusters deposited on different phases and sites of TiO2 and with strong interaction with the support. 148

Figure V- 9 .

 9 Figure V-9. UV-Vis diffuse reflectance spectra of pure TiO2-P25 and modified TiO2-P25 with Ag, CuO and Ag@CuO at different molar ratios showing the regions of the plasmon band of Ag and the absorption band of CuO.

  photocatalysts are activated, i.e., free electrons are induced in the CB of TiO2-P25, as shown

  Figure V-10g and h) only small signals for the samples with larger amount of copper, i.e., Ag@CuO1:3/P25 and CuO/P25 were detected.

Figure V- 10 .

 10 Figure V-10. TRMC signals obtained after excitation at355, 400, 450, 470, 480, 550, 600 and 650 nm of TiO2-P25 bare and modified systems with, Ag, Ag@CuO and CuO.

Figure V- 11 .Table 8 .

 118 Figure V-11. Degradation curves of phenol (50 ppm) under a) UV and b) visible light (λ > 450 nm), for bare and modified (with, Ag, Ag@CuO and CuO) TiO2-P25, in the ratio 1gL -1 .

Figure V- 12 .

 12 Figure V-12. Photocatalytic evolution of CO2 resulting from the decomposition of acetic acid (5 v%) under irradiation with a) 350 nm, and b) 470 nm of pure system TiO2-P25 and modified systems with, Ag, Ag@CuO and CuO, in a ratio 10 gL -1 .

Figure V- 13 .

 13 Figure V-13. Action spectra for the acetic acid decomposition on bare and modified TiO2-P25 (with Ag, Ag@CuO different ratios and CuO).

  shown in Figure V-11b and Figure V-12b. In the case of CuO/P25, CuO is in direct contact with TiO2-P25, and a high amount of electrons are directly injected from CuO into the CB of TiO2-P25 as is shown by the TRMC signals under excitation with the visible light. However, in the case of TiO2-P25 modified with Ag@CuO, the CuO shell is deposited on Ag nanoparticles. Under visible light excitation, the electrons cannot be directly injected from CuO into the CB of TiO2-P25, due to the interaction of the Agcore@CuOshell structure. This is consistent with the TRMC signals under visible excitation, which are lower for Ag@CuO/P25 than for CuO/P25 (Figure V-10b-h), affecting the photoactivity as is shown in most of the tested reactions, where the activity of Ag@CuO/P25 samples is lower than that of Ag/P25 and CuO/P25. The AS was compared to the absorption spectra obtained by DRS (Figure V-14) and they indicate that the photoreaction is carried out by a photocatalytic mechanism. 153

Figure V- 14 .

 14 Figure V-14. Comparison between the action spectrum and the DRS spectrum for the used samples: a) pure TiO2-P25; b) CuO/P25, c) Ag@CuO1:3/P25, d) Ag@CuO1:1/P25, e) Ag@CuO3:1/P25, and f) Ag/P25.

5. 3 . 3 . 2 -

 332 Propanol Degradation under Visible Irradiation The samples, were analyzed in the degradation of 2-propanol under visible light with λ ≥ 450 nm. The results are shown in Figure V-15, where it can be seen that a higher amount of copper induces a decrease of the photoactivity.

Figure V- 15 .

 15 Figure V-15. Oxidation of 2-propanol (5 v%) under visible light irradiation with pure and modified TiO2-P25 with silver (Ag) and copper oxide (CuO) in a ratio 10 gL -1 .

Figure V - 5 . 3 . 5 .Figure V- 17 .

 V53517 Figure V-16. Photochemical H2 generated by methanol dehydrogenation (25 v%) with pure TiO2-P25 and surface modified TiO2-P25 with Ag and/or CuO, irradiated with a LED at 470 nm, in a ratio of 1 gL -1 .

Figure V- 18 .

 18 Figure V-18. Antibacterial daily radius growth under visible (vis) and dark for the fungi Aspergillus Melleus.

Figure V- 19 .

 19 Figure V-19. Photographs of mycelium growth of Aspergillus Melleus fungi after 8 days incubation of a) blank (no titania), b) P25, and c) AgCu1:3/P25 under visible light and in dark. The left picture: a picture at scale of the fungi growth, and the right picture: the extension of a mycelium.

Figure V- 22 .Figure V- 23 .

 2223 Figure V-22. Photographs of mycelium growth of Penicillium Chrysogenum fungi after 8 days incubation of a) blank (no titania), b) P25, and c) AgCu1:3/P25 under visible light and in dark. In the left: a picture at scale of the fungi growth, in the right picture the extension of a mycelium.

Figure A11 .

 A11 Figure A11. Measurement of diffuse reflection including specular reflection using an integrating sphere.185 

Figure

  Figure A16. a) Schematic illustration of an X-ray absorption spectrum, showing the structured absorption eV of the edge XANES and for several hundred to >1,000 eV above the edge EXAFS. b) Expansion of the XANES region showing different features within the XANES region.

Figure A17 .

 A17 Figure A17. Soleil Synchrotron radiation used for the XAS experiments.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Semiconducteurs Modifiés en Surface par des Nanoparticles Metalliques: Photocatalyseurs avec une Grande Activité sous Lumière Solaire

  

	La photocatalyse plasmonique a connu un intérêt considérable ces dernières années car
	les photocatalyseurs peuvent être actifs sous lumière visible. Des nanostructures formées de
	TiO2 P25 modifié en surface par des nanoparticules de Au, Ag, Ag@CuO et CuO ont la
	capacité d'absorber la lumière visible dans un large domaine de longueurs d'onde. Le TiO2-Le dioxyde de titane TiO2 est un semi-conducteur employé pour différentes P25 modifié par des nanoparticules métalliques (Cu, Au ou Ag) absorbent la lumière visible applications, notamment en photovoltaïque, pour des surfaces auto-nettoyantes et pour la grâce à la résonance de plasmon de surface localisée (LSPR) des métaux. Dans le cas dépollution de l'air et de l'eau. Le TiO2 est actuellement très étudié pour ses propriétés d'une hétérojonction de semiconducteurs (telle que CuO/TiO2), la lumière visible est photocatalytiques. Il présente en effet plusieurs avantages: absorbée grâce à l'énergie du gap plus faible du second semi-conducteur (CuO). La

c'est un bon photocatalyseur ; -il est stable à l'air et à la lumière ; -sa synthèse est facile ; -il est peu onéreux. En présence de O2 et H2O, les porteurs de charge photogénérés dans le TiO2 (quand ils échappent à la recombinaison) forment les radicaux libres OH  et HO2  qui sont des espèces très oxydantes susceptibles des dégrader la plupart des polluants organiques, et souvent de les décomposer totalement jusqu'à former du CO2 et de l'H2O (minéralisation totale). En plus des fortes recombinaisons électron-trou dans le TiO2, celui-ci présente un autre inconvénient pour des applications en photocatalyse : il absorbe seulement les UV, soit une très faible partie du spectre solaire. Il est donc important d'augmenter son absorption dans le visible ainsi que le rendement quantique de conversion de la lumière solaire. La photocatalyse est un domaine d'étude en plein expansion car elle implique une variété d'applications industrielles potentielles allant de la production d'hydrogène à partir de la dissociation de l'eau à la dépollution de l'eau et de l'air. Parmi les semi-conducteurs, le TiO2 est le plus étudié. Diverses méthodes sont développées pour améliorer la photoactivité du TiO2 sous lumière UV et visible. Une stratégie prometteuse pour augmenter l'efficacité photocatalytique du TiO2 est de le modifier par des nanoparticules métalliques. La radiolyse est une méthode de choix pour synthétiser des clusters et nanoparticules métalliques de tailles, de formes et de structures contrôlées. Les nanoparticules métalliques peuvent être XXII induites par radiolyse (source gamma et accélérateur d'électrons ELYSE au LCP, Orsay) directement sur le support. modification par des nanoparticules métalliques induit une plus grande activité photocatalytique sous lumière visible par rapport au TiO2-P25 pur. Ceci s'explique par un transfert d'électrons des nanoparticules métalliques vers la bande de conduction du P25. De plus sous lumière UV, les nanoparticules métalliques peuvent capter les électrons photogénérés, ce qui inhibe les processus de recombinaison et permet de stocker ces électrons photo-excités. Cette thèse présente une synthèse des récentes avancées dans la préparation de TiO2-P25 modifiés en surface par des nanoparticules métalliques et ses applications environnementales. Des nanoparticules d'or ont été synthétisées par une méthode chimique à partir de chlorure de tetrakis(hydroxymethyl) phosphonium (THPC), des nanoparticules de Ag, Ag@CuO et CuO ont été synthétisées sur TiO2-P25 par radiolyse. L'effet de nombreux paramètres (comme la taille et la structure des particules ou la quantité de métal déposé) sur l'activité photocatalytique (oxydation du phénol, du 2-propanol et de l'acide acétique et la génération d'hydrogène) a été étudié. La dynamique de porteurs de charge a également été étudiée par conductivité micro-ondes résolue en temps (TRMC).

1.1.2. The Air Pollution, and Hydrogen as a New Energy Source

  

	Carbon dioxide (CO2) makes up the largest share of the greenhouse gases contributing to
	global warming and climate change. Converting all other greenhouse gases (methane (CH4),
	nitrous oxide (N2O), hydro-fluorocarbons (HFCs), per-fluorocarbons (PFCs), sulphur
	hexafluoride (SF6)) to CO2 equivalents makes it possible to compare them and to determine
	their individual and total contributions to the global warming. The Kyoto Protocol, an
	environmental agreement adopted in 1997 by many of the parties to the United Nations
	Framework Convention on Climate Change (UNFCCC) and the United Nations conference
	(COP21) are working towards curbing CO2 emissions globally. 18

Table 2 .

 2 Experimental conditions for the Fricke dosimeter.

Table 6 .

 6 Characteristics of the modified photocatalysts CuO, Ag and Ag@CuO samples
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Chapter I irradiated using a xenon lamp (Oriel 300 W) with a cut-off filter (AM-32603-1, LOT-Oriel) for experiments carried out under visible light (λ > 450 nm). The photocatalytic tests were conducted under oxygen bubbling at a fixed rate flow. Aliquots of 1 mL were sampled from the reactor at the point of absorption and after 8 h of irradiation. The powder was separated by centrifugation and dried at 60 °C, overnight. The collected sample was weighted and reused at the same ratio 1 mg/1 mL, then the resultant transparent supernatant (obtained after centrifugation) in each case was analyzed by HPLC.

Chapter III

Surface Modification of TiO 2 -P25

with Au Nanoparticles decreasing the photoactivity for oxidation processes, but in the case of a reduction process, the photoactivity increases with CuO loading. These nanomaterials can also find applications in CO2 reduction.

The heterojunction with CuO and titania does not enhances the antifungal properties of titania, the sample CuO/P25 always presents lower activity than pure TiO2-P25 under dark and under visible irradiation, which means higher sporulation and it does not avoid the mycotoxin formation for both Aspergillus Melleus and Penicillium Chrysogenum fungus. Under UV irradiation, (Figure V-11a) the Ag-CuO modified titania and Ag@CuO1:1/P25, Ag@CuO3:1/P25, Ag@CuO1:3/P25 achieve complete degradation of phenol after 15

Chapter V

minutes. The kinetic data can be fitted with a pseudo first-order reaction and the estimated reaction rates are shown in Table 8. Under UV excitation, the oxidation is due to HO • and O2 •- radicals, but under visible light the oxidation is mainly due to O2 •-radicals. We considered zero order for visible light and pseudo first order for UV light excitation which fits better the curves following the calculation in Appendix V, but it does not have a physical meaning as the mechanism is much more complex.

The higher photocatalytic activity is obtained with the sample Ag@CuO1:1/P25 with a reaction rate of around 5.0×10 -3 s -1 , which is approximately 2 times higher than that of bare TiO2-P25 (2.5×10 -3 s -1 ). This increase in the photocatalytic activity is attributable to the reduction of the recombination process of the charge-carriers due to the electron scavenging by Ag NPs and to the reduction of Cu II into Cu I . 149 Surface modification with CuO nanoclusters induces a higher increase in the photocatalytic activity under visible light compared to the modification with plasmonic Ag and Ag@CuO NPs. The highest production of CO2 is again obtained with CuO/P25. Indeed, it has to be noted that CuO/P25 presents a higher TRMC signal at 470 nm compared to Ag@CuO1:3/P25, Ag@CuO1:1/P25 and Ag@CuO3:1/P25, and this indicates that more electrons are generated in the CB of CuO modified TiO2-P25. In Figure V-21 the fungal daily growth for Penicillium Chrysogenum is shown. The growth is higher in dark than under visible light in a control media (without titania), and the pure and the modified samples accelerated the growth of the fungi under visible irradiation. As discussed in Ch. 4, the anatase phase can stimulate the fungal growth because of its superhydrophilic properties. Under dark, all the modified samples show an inhibition in the growth, with the exception of CuO-NPs, and a synergystic effect is obtained with comodification with silver and copper oxide: The Ag@CuO/P25 sample with the ratio1:3 presents the higher inhibition for this fungi growth. 
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In the case of co-modification with Ag and CuO, the increase in H2 production is mainly due to the increasing amount of Ag and CuO, and also that Ag NPs retarding the recombination process and thus increasing the activity.

The antifungal properties of titania modified with copper oxide and silver were studied. The highest antifungal properties were obtained with the sample Ag@CuO1:3/P25 under dark and visible light exposition. A synergy effect for anti-fungal properties was obtained with comodification of titania with Ag and CuO for both Aspergillus Melleus and Penicillium Chrysogenum fungis.

Chapter VI

General Conclusions and Perspectives

Chapter 6. General Conclusions and Perspectives

The surface modification of TiO2 with one or two metal-based nanoparticles, with small sizes (d < 5 nm), has an important effect on the semiconductor properties, changing its photocatalytic activity. TiO2 surface modification with noble metal nanoparticles such as Ag and Au (so called plasmonic photocatalysts) has attracted a lot of interest. The most important features of these noble metal and semiconductor composites are the induction by light excitation of electrons into the CB induced by the LSPR, and the metal-semiconductor junction (Schottky barrier), providing different and new properties to TiO2. Firstly, the modified TiO2-P25 can be activated under visible light, because of the LSPR of Ag and Au and electrons can be injected in the conduction band of TiO2-P25, either by electron transfer or by energy transfer. Secondly, the presence of Au or Ag improves the absorption, and the local electric field is enhanced. The third feature, is the formation of the Schottky junction, formed when the noble metal nanoparticles have direct contact with the semiconductor. This Schottky junction enhances the charge transfer and also enhances considerably the separation of the photo-excited electrons and holes that facilitates the electron transfer or decreases the electron-hole recombination. All these modifications lead to increase of the quantum yield, and therefore the photoactivity will be improved under UV and visible light.

Very small and homogenous nanoparticles were synthesized on titania by radiolysis or by the THPC method. proving that electrons can be trapped by CuO nanoclusters. Furthermore, AS show that the modified sample present higher quantum yield than bare TiO2-P25 under UV and visible region. This evidences that the addition of a semiconductor with a narrow band gap such as CuO (Type II assembly), leads to enhancement of the electron transfer and activation of the SC under visible light, and under UV irradiation leads to a decrease of the recombination process.

The coupling with two metal-based NPs with a core-shell structure, such as Ag@CuO/P25, increases the photoactivity under UV irradiation because of the Ag and CuO properties to trap the electrons photogenerated from TiO2 and CuO. On the other hand, we observed that under visible irradiation in the systems of AgCuO/P25, the photogenerated electrons from CuO are trapped by Ag NPs avoiding a direct transfer of electrons to TiO2. These electrons probably recombine very fast with the large numbers of holes located on the numerous CuO clusters, decreasing thus the quantum yield.

We can firmly state as general conclusion that the plasmonic photocatalysts (Ag, Au and Ag@CuO) and the herterojuntion with nanoclusters of CuO, activate TiO2 under visible light, which was one of our objectives, and that these modified photocatalysts can be used in degradation of organic pollutants and in generation of hydrogen as a new energy source.

Besides these applications, these photocatalysts display antifungal properties, a synergy effect for anti-fungal properties was obtained with the co-modification Ag@CuO(1:3) on titania for both Aspergillus Melleus and Penicillium Chrysogenum fungis, under dark and visible light exposition.

These materials could also be used for other applications such as CO2 reduction, water oxidation etc.

There are still major issues that need to be addressed before photocatalysis can become a viable, efficient and widely accepted process, especially for industrial applications. Still important and practical problems remain such as long term stability and reliable characterization of the photocatalysts performance through standardized reactor geometries and test protocols. Additionally, fundamental properties of photocatalyst materials still need deep understanding and improvement, such as materials design parameters that affect

Appendices Appendix I: Panoramic Gamma Ray Source

The γ-irradiation source used, is a panoramic cobalt ( 60 Co) source, located in the Laboratoire de Chimie Physique (LCP) at Université Paris-Sud, Orsay. This is a stores panoramic [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] Co source in cylindrical bars in a lead container which withdrawals by is remotely controlled from the control room. When the gamma ray source is working, the cobalt bars will rise from a deep well (vertically placed in the column, (see Figure A1). The samples are put on the platform, and the dose rate depends on the distance of the sample to the column. When the irradiation is completed (the irradiation time can be fixed), the cobalt bars sank down to the deep well filled with deionized water.

The radiation chamber is enclosed by thick walls and a radial protective sliding lead door.

Samples of different volumes from a few microliters to several liters can be irradiated. 

Appendix II: Determination of the Radiolytic Yield

The reduction yield is the number of reduced species (metal atoms multiplied the by the valence of the precursor in our case) formed per absorbed dose, 𝐺 𝑒 𝑎𝑞 -= 0.28 𝜇𝑚𝑜𝑙𝐽 -1 , 𝐺 𝐻 = 0.057 𝜇𝑚𝑜𝑙𝐽 -1 , 𝐺 𝐻𝑂 . = 0.29 𝜇𝑚𝑜𝑙𝐽 -1 .

Thus, for a solution containing low metal salt concentrations, the maximum reduction yield for an aqueous containing oxidant radical scavengers like 2-propano l is:

Therefore, in the case of a metallic salt solution with a concentration (C0) and oxidation state (Z), the minimum dose (Dmin) for the complete reduction can be presented as follow:

The absorbance of plasmonic metal nanoparticles increases with the dose of irradiation before reaching a plateau when all the metal ions are reduced. According to Beer-Lambert law: A = εlc, the concentration (C) of ions reduced by a dose of irradiation (D) can be deduced from the absorbance (A).

The plateau (Amax) towards which the curve bends at high dose is due to the total reduction of the metal ions to atoms (Figure A2. ). Supposing that the final concentration of the metal atoms is equal to the initial concentration (C0) of the metal ions, the molar extinction coefficient can be deduced from the Amax:

Assuming the molar extinction coefficient (ε in L mol -1 cm -1 ) of the metal at a certain wavelength is a constant whatever the aggregation state and the size (what is in fact not really exact), we can deduce the radiolytic reduction yield (linear part of the curve A = f(D), 

Fricke Dosimetry

The dosimetry of Fricke is used to measure the absorbed dose for another low-LET beam quality the accuracy of the absorbed dose measurement is limited by the uncertainty in the value of G(Fe 3+ ). The value of G(Fe 3+ ) is around 20 and 30 MeV) for [START_REF] Alexander | Plasmonics: Fundamentals and Applications[END_REF] Co gamma-rays. 

Appendix III: Photocatalytic Reactors

The 

Appendix IV: Action Spectra (AS)

The chemical response, depends strongly on the irradiation wavelength, and is most effective at longer wavelength, while at lower wavelengths is ineffective. Thereby at each particular wavelength we have a particular response and the function expressing the relative effectiveness is the action spectra, which is the chemical response at different fixed wavelengths. When a narrow beam of white light is directed at a diffraction grating along its axis, instead of a monochromatic bright fringe (which means light of a single wavelength, λ (or a single frequency, ν)), a set of colored spectra are observed on both sides of the central white band as is shown in Figure A7 .

The term "action spectrum" is used to describe a plot of the intensity of some phenomena (for example, the rate of photosynthesis, or the rate of evolution of a chemicals compounds such as CO2) produced by a monochromatic light as function of the irradiation wavelength.

Specificifically, we followed the CO2 production by the degradation of acetic acid. The analysis of the apparently quantum efficiency was carried out as follows: Where Ep is the energy per photon, h is the Planck's constant, c is the light speed NA is the Avogadro's number, E' is the energy per mol, and the photon flux Ψ. The action spectrum is carried out by following one reaction. The ratio between the reaction rate and Ψ is the quantum efficiency of the sample.

The action spectra analysis was carried out using a diffraction grating type illuminator (Jasco CRM-FD), equipped with a 300 W Xenon lamp (Hamamatsu Photonics C2578-02), allowing the selection of the irradiation wavelength in the range between 350-680 nm, with a step of 30 nm. These experiments were carried out in Hokkaido University in Japan, (collaboration with Prof. Bunsho Ohtani and Dr. Ewa Kowalska, in the framework of Concert Japan ERANET project).

Appendix V: Kinetic in Heterogeneous Photocatalysis

Chemical kinetics addresses important issues in heterogeneous photocatalysis. Generally, it deals with the experimental determination and analysis of the quantity of a substance (usually concentration) as a function of time. In other words, chemical kinetics (concerned with either disappearance or appearance of chemical substances) is concerned with reaction rate and throughput. The rate of reaction is measured based on the property that is easiest to measure such as: colour, concentration or weight. 182 Consider the photocatalytic transformation of a molecule A:

The rate of disappearance of A can be given by differential rate equation known as the differential rate law. A general differential rate law is given below.

Where k is the rate constant and the power n is the order. A reaction is zero, first, second or third order depending on the value of n (0, 1, 2 or 3 respectively) the commonest decay models that are observed in photocatalysis studies are the zero and the first order rate. A reaction can be considered as a zero order reaction when it does not depend on the concentration of any reactant and in the case of first order kinetic when the rate of the reaction is only limited by one reactant.

However, various photocatalytic processes have been described by different kinetic models such as pseudo zero order (when the reactant is in excess, the catalyst surface gets wholly covered all through and the disappearance of the reactant becomes negligibly dependent on concentration) and pseudo first order (in a two reactant, one of the reactants concentration remains more or less unchanged). Indeed, the term "pseudo" is used to prefix the order of reaction. 182 The decay zero and first order models are show in the 

Figure A8. Calculation of zero and first order of reaction, for each fit, the zero order show the disappearance of the reactant [A] versus time, and for the first order it shows the decay the Ln [A] versus time.

For an example in the phenol degradation with the bare and the modified TiO2-P25 with different loading of Au-NPs, the corresponding kinetics fit is shown in the Figure A9.
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Figure A9. Kinetic fit for phenol degradation using different Au loading on P25 under UV first order of the reaction and under visible zero order of the reaction.

It is clear that is not the real order of the reaction, because the fit is not well matched. However, were used zero and first order of the reaction just for have a comparison of the reaction rates.

Appendix VI: Characterization Techniques

Several characterization techniques for modified TiO2 can be used such as X-ray Diffraction (XRD), Diffuse Reflectance Spectroscopy (DRS), High Resolution Transmission Electron Microscopy (HRTEM), Scanning Transmission Electronic Microscopy (STEM), X-ray Photon Electron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Time Resolved Microwaves Conductivity (TRMC).

X-ray Diffraction (XRD)

The XRD is the technique per excellence for studying solid state materials that present crystalline phases. It is a non-destructive technique that allows the qualitative and quantitative analysis of the samples and determining the crystal structure and crystallite size. So, it allows the characterization of crystals, providing information on the crystal symmetry and lattice parameters. The X-ray diffraction occurs when the impinging beam of monochromatic X-rays on a crystalline material, the coherent scattering of the beam occurs, with constructive interference between parallel planes, so that the difference of paths traveled by two rays is n times the wavelength of the beam, the so called Bragg's Law (Figure A10). 
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Where:

𝛌: Wavelength of the incident beam.

dhkl: Space between planes, depending on the unit cell parameters and the Miller indices.

Ɵ: Angle between the incident beam and the plane on which the diffraction occurs.

Therefore, the diffraction in a polycrystalline material will occur only for certain reflections of the incident beam, called Bragg reflections.

The device consists of an X-ray emitter tube which emits radiation at a particular wavelength. In the same plane there is the X-ray detector, which moves with a constant angular velocity describing a semicircle around the point where the sample to be characterized is placed. It also rotates with half speed the detector, so that the angle between the detector and the sample plane is the same as that the formed by the source and the sample plane. As will be varying the angle between the incident beam and the sample to the value for which the Bragg equation is satisfied, constructive interference phenomena occurs and the maximum intensity detector registers these maxima or constructive interferences.

Thus we obtain a diffractogram: a diagram of the intensity of diffracted X-rays ɵ as a function of angle, which is characteristic of each material and from whose analysis we can obtain a wealth of information. 183 The DRX setups were used in this thesis work using a DX8 Bruker Advance diffractometer at the National Laboratory Nanoscience and Nanotechnology research (LINAN), at Instituto Potosino de Investigación Científica y Tecnológica IPICYT, A.C. in collaboration with M.C.

Beatríz Labrada.

Diffuse Reflectance Spectroscopy (DRS)

Solid materials present five reactions to illuminate with a source light, which can be qualified and quantified by spectroscopies: scattering, transmission, reflectance, diffraction and absorption. Transmission spectroscopy is based on the relationship known as the Beer's Law, defined as a quantitative interpretation as to how photons are attenuated in relation to an intervening medium. When used in transmission spectroscopy, Beer's Law is stated as
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The experimental DRS setup used in this thesis work was from the Laboratoire de Chimie Physique in the Université Paris-Sud in collaboration with Dr. Christophe Humbert.

High Resolution Transmission Electron Microscopy (HRTEM)

TEM has been one of the most used tools for nanomaterials characterization. Electronic microscopies are based on the interaction of an electron beam to the sample. If there is an incident beam of electrons focused on a given material (Figure A12), there will be part of these electrons which will be adsorbed or transmitted by the material, but others will result in production of various signals that provide relevant information about the microstructure and composition of the one specific zone of the sample. The use of the transmitted electrons results in the so-called transmission electron microscopy (TEM). TEM consists of an emission source, which may be a tungsten filament, or a lanthanum hexaboride (LaB6) source. By connecting this gun to a high voltage source (typically ~100-300 kV), and given sufficient current, the gun will begin to emit electrons either by thermionic or field electron emission into the vacuum.

There are several mechanisms of image formation in a TEM. The basic one is related to a projected mass thickness contrast (Figure A13a). The image is a map of the projected mass 153 thickness of the sample. This contrast mechanism can be better understood if we recall a simple expression for absorption of radiation (Beer's Law)

I0 is the original intensity, ρ is the sample density, t is the thickness of the sample and µ/ ρ is the mass absorption coefficient. This type of contrast mechanism is dominant in amorphous samples.

Another basic mechanism for image formation is the diffraction contrast. Contrast can be generated between those regions that deflect the beam and those regions that do not (Figure A13b). Which is mainly relevant in crystalline samples. Diffraction contrast image is a map of those regions in the sample that are participating in diffraction processes. The most basic description of the condition for diffraction is Bragg's Law. In this expression λ is the wavelength, dhkl is the distance between the crystal planes (hkl) and θ is the Bragg's angle Eq A.16.

Diffraction contrast forms the basis for at least two different imaging modes: bright and dark field. The diffraction mode allows us to observe the electron diffraction as a diffraction pattern.

The shape of the diffraction pattern can initially determine whether the observed area is amorphous, polycrystalline or crystalline.

Bright Field is, where the TEM image is formed with those regions of the sample that are not being diffracted away from the optical axis; In the bright field mode, the incident electron 154 beam can be deflected by collisions across the sample. The probability of a collision increases with the atomic number Z of the constituents of the sample and the sample thickness, so the areas are darker while areas with lower Z atoms and/or reduced thickness appear bright. This method is widely used to observe metal structures for metal atoms with a high atomic number, and provide excellent contrast against the bright background.

Dark Field is where the TEM image is a map of the those regions of the sample that are diffracting the electron beam away from the optical axis of the microscope such that they pass through an aperture inserted in the back focal plane of the objective lens, called the objective aperture. 186 The TEM setups were used in this thesis work using a FEI Tecnai F30 microscope equipped with a tungsten field emission gun operated at 300 keV in LINAN laboratory in the Instituto Potosino de Investigación Científica y Tecnológica IPICyT in collaboration with Dr.

Nicolás Calletano and Dr. Héctor Silva.

Scanning Transmission Electronic Microscopy (STEM)

In the Scanning Transmission Electron Microscope (STEM) mode (Figure A14 In our experiments, the X-ray photons were generated from the K-line of magnesium (1253.6 eV). The electrons ejected by these photons come regardless of the valence shell or layer of heart and are recorded as a function of their energy by the detector. The results are presented as a spectrum consisting of peaks according to their energy. The integration of the peaks can be traced back to the composition, since the area under the peaks is proportional to the amount of the element in question to the surface of the sample (up to 5 nm, and sometimes more due to the porosity of the material). As the peak shape and binding energies are sensitive to oxidation phenomena and chemical state of the transmitter atom, XPS also provides information on the chemical bonding by applying peaks deconvolution (using a software CasaXPS, among many others). 187,188 157

These experiments were conducted on a JEOL JPS-9010MC with a hemispherical electron energy analyzer, using Mg-Kα radiation. The samples were mounted on carbon films, each carbon film was fully covered with the sample in order to avoid powder release. In colaboration with Dr. Anais Lehoux, Dr. Ewa Kowalska and Prof. Bunsho Ohtani from Institute for Catalysis, Hokkaido University, Sapporo, Japan. At IPICYT, we used the XPS instrument VersaProbe II 5000 from Physical Electronics, and in colaboración with Dr.

Mariela Bravo Sánchez from the the LINAN at the Advanced Materials Department, IPICYT, San Luis Potosi, SLP, México.

X-ray Absorption Spectroscopy (XAS)

X-ray are ionizing radiations and thus, by definition, have sufficient energy to eject a core electron from an atom. Each electronic core shell has a distinct binding energy, and thus absorption is function of energy. The spectrum presents the so-called absorption edge, with each edge represents a different core-electron shell: that is for n=1, L-edge, for n=2, M-edge,

etc. An absorption edge by itself value correspond to an elemental identification. X-ray absorption could be used to measure XAS spectra. In addition to X-ray fluorescence, the properties of materials that have been applied the technique include photoconductivity, optical luminescence, and electron yield, although only the latter is widely used. Electron yield detection of XAS is particularly important for studies of surfaces. Since the penetration depth of an electron through matter is quite small, electron yield can be used to make XAS measurements surface sensitive.

A typical XANES spectrum is shown in Figure A16. There are several weak transitions below the edge (pre-edge transitions) together with structured absorption on the high energy side of the edge. Some XANES spectra show intense narrow transitions on the rising edge (these can be much more intense than the transition at the edge). These are often referred to as "white lines" in reference to the fact that when films are used to record an X-ray absorption spectra, an intense transition would absorb all the incident X-rays, thus preventing the film The principle of this technique was described in previous papers. [START_REF] Hai | Modification of TiO2 by Bimetallic Au-Cu Nanoparticles for Wastewater Treatment[END_REF][START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF][START_REF] Tahiri Alaoui | Charge-Carrier Lifetimes and Activity of Pd-TiO2 Photocatalysts Obtained by Gamma Radiolysis[END_REF]190 In brief, TRMC consists in the measurement of the microwave power reflected by a semi-conductor sample Where Δni (t) is the number of excess charge-carriers i at time t and 𝜇i is the mobility of charge carrier i. The sensitivity factor A is independent of time, but depends on the microwave frequency and on the conductivity of the sample.

Considering that the trapped species have a small mobility which can be neglected, Δni is reduced to mobile electrons in the conduction band and holes in the valence band. In the specific case of TiO2, the TRMC signal can be attributed to electrons because their mobility is much larger than that of the holes.
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The main data provided by TRMC are given by the maximum value of the signal (Imax), which reflects the number of the excess charge-carriers created by the pulse, weighted by the mobility of the charge-carriers and by the influence of charge-carrier decay processes during the excitation, and the decay of the signal I(t), which is due to the decrease of the excess electrons controlled by recombination and trapping. [START_REF] Colbeau-Justin | Structural Influence on Charge-Carrier Lifetimes in TiO2 Powders Studied by Microwave Absorption[END_REF]191 The understanding of the whole decay is not obvious because various processes are taking place simultaneously. Detailed explanations and interpretations on the decay in TRMC measurements have been published previously. [START_REF] Tahiri Alaoui | Charge-Carrier Lifetimes and Activity of Pd-TiO2 Photocatalysts Obtained by Gamma Radiolysis[END_REF] TRMC experimental setup used in this thesis work is part of the scientific infrastructure at 
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