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I

Introduction

Introduction générale

Dans le domaine de l'industrie, la catalyse est un outil qui permet d'augmenter la vitesse et parfois même la sélectivité d'une réaction chimique, grâce à une entité appelée catalyseur, qui doit être récupérée en fin de réaction. En chimie industrielle, deux grandes familles de la catalyse sont utilisées: la catalyse homogène et la catalyse hétérogène. La première définit que le catalyseur et les réactifs sont dans la même phase physique (gazeuse ou liquide, le plus souvent). Le principal inconvénient de ce type de catalyse est que le catalyseur est difficile à séparer des produits après réaction. C'est pour cela que la catalyse hétérogène est souvent plus efficace et plus utilisée dans l'industrie. Dans de nombreux processus industriels, le système catalytique est composé d'un ensemble de particules métalliques de taille nanométrique supportées sur des matériaux amorphes variés (supports oxydes réductibles ou acido-basiques), avec une haute pression partielle de réactifs (jusqu'à plusieurs centaines de Torr et en dessous d'une atmosphère).

En recherche appliquée, de nombreuses études modèles visent à comprendre comment les systèmes catalytiques fonctionnent dans des conditions réalistes (le plus proche possible des conditions réelles dans l'industrie), et plus spécialement à l'échelle atomique. Cependant, peu de techniques expérimentales permettent de progresser sur cette question. Depuis les travaux de Haruta à la fin des années 1980 qui ont montré que l'or présente une réactivité intéressante à l'échelle de particules nanométriques, l'intérêt scientifique accordé à la catalyse par l'or n'a cessé de croître, notamment pour l'étude de réactions modèles comme l'oxydation du monoxyde de carbone. De plus, ces dernières années, les catalyseurs bimétalliques ouvrent des perspectives intéressantes en termes d'activité et de sélectivité lors de la réaction chimique. Les catalyseurs bimétalliques permettent la réduction possible des coûts de production car elles modulent les propriétés chimiques du système catalytique, mais sont peut-être moins durables (frittage, désactivation).

Introduction générale

De plus, le manque de références expérimentales empêche d'interpréter nombre de mesures de microscopie ou diffraction. En effet, certains éléments restent à être étudiés pour pouvoir comprendre un mécanisme réactionnel a priori simple comme l'oxydation de CO, une réaction clé en catalyse hétérogène. La connaissance sur les intermédiaires réactionnels, où sont adsorbés les réactifs et les produits, quel est le rôle de l'interface particule métallique/support, le rôle du support et de sa réductibilité, le rôle de l'environnement (température, pressions partielles des réactifs, hydratation du support), etc . . . reste limitée.

Dans ce contexte, la modélisation théorique est essentielle pour aborder ces problèmes, particulièrement lorsqu'elle est en comparaison directe avec les mesures expérimentales. En effet, elle apporte un regard complémentaire à l'expérience, permet parfois de proposer une interprétation des mesures expérimentales, et aujourd'hui elle permet même dans certains cas de concevoir de nouveaux systèmes catalytiques encore plus performants. Le dialogue entre théorie et expérience permet d'avancer sur des questions de recherche fondamentale, en particulier.

Ces dernières années, un grand nombre d'études théoriques a été publié sur les propriétés d'adsorption de l'or atomique sur support rutile TiO 2 et des clusters d'or à l'échelle sub-nanométrique en conditions modèles (dans le vide), grâce à des calculs utilisant la théorie de la fonctionnelle de la densité (DFT). Ces systèmes sont complexes à décrire en théorie, car la DFT ne capture pas correctement dans son niveau GGA standard la corrélation électronique dans les niveaux 3d du Ti. Une complexité supplémentaire sajoute, qui due à la polarisation de spin, sa localisation, son amplitude, un grand nombre d'états magnétiques possibles et compétitifs. Pour pallier à cela, une correction semi-empirique de la corrélation électronique manquante peut être ajoutée en utilisant la méthode DFT+U, en l'occurrence.

À l'échelle de l'atome d'or ou de cuivre supporté sur TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] stoechiométrique, réduit ou hydraté, il existe des controverses sur les sites d'adsorption et leur stabilité relative. Il manque également des données thermodynamiques sur l'état d'hydratation du support rutile (effets de température et de pression sur l'hydratation de surface) et son influence sur l'adsorption de l'or et du cuivre. Enfin, la réductibilité du support rutile introduit un nouveau paramètre à prendre en compte : la compétitivité des défauts tels que les lacunes d'oxygène (en surface ou en sous-surface).

À l'échelle nanométrique, une grande diversité de structures a été proposée pour les particules monométalliques d'or et de cuivre dans le vide, et plus spécialement autour d'un nanomètre. Un grand nombre de méthodes de recherche a été employé : heuristique, optimisation globale etc . . . Dans cette grande diversité de résultats, des conclusions très diverses ont été formulées. Concernant les particules bimétalliques AuCu, de nombreuses études théoriques ont été menées, mais dont les conclusions diffèrent en fonction du moteur de calcul employé (semi-empirique ou champ de force). De plus, une vraie question se pose sur le choix du bon descripteur théorique pour comparer la stabilité absolue de ces particules bimétalliques en fonction de leur taille, morphologie et composition chimique. Très peu d'éléments ont été publiés sur les particules supportées (mono-ou bimétalliques), et notamment sur TiO 2 à la taille du nanomètre. Encore moins d'informations sont disponibles pour l'adsorption de CO et l'oxydation de ce réactif.

Aux échelles supérieures (au-delà de 1 nm, et notamment à 2 nm), très peu de données théoriques ont été proposées dans la littérature pour les particules Au, Cu et AuCu dans le vide. De plus, quasiment aucune donnée n'a été publiée pour leur adsorption sur support TiO 2 , et aucune étude n'a été menée sur le mécanisme réactionnel de l'oxydation de CO au niveau DFT.

Le but de ce manuscrit est de répondre aux questions posées par les limites des états de l'art théorique et expérimental, en utilisant des modèles DFT pour les particules, appliqués à des échelles de travail variées (de l'atome à 2 nm). Pour ce faire, nous proposons une étude en trois grandes parties. D'abord, nous abordons la question de la nucléation des particules d'or et de cuivre sur le support rutile (dans des conditions modèles ainsi qu'en conditions proches de l'expérience). Ensuite, nous étudions la croissance et la stabilité des particules mono-et bimétalliques, en partant de l'atome jusqu'à 2 nm. Enfin, la réactivité de ces systèmes catalytiques est exposée en étudiant dans un premier temps l'adsorption du monoxyde de carbone.

Dans un premier temps, nous proposons des calculs DFT+U pour l'adsorption et le diffusion d'atomes d'or et de cuivre sur une surface de rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] (stoechiométrique, réduite et hydratée). Les structures d'adsorption les plus stables et les barrières d'activation de diffusion ont été obtenues en explorant des cartes d'énergie potentielle sur les surfaces nues.

Puis, l'effet du recouvrement en hydroxyles sur le support rutile a été étudié pour chaque structure d'adsorption stable. Sur la base d'un modèle thermodynamique, le processus de nucléation a été prédit en combinant les effets de température et d'hydratation. En particulier, l'interaction des atomes d'or et de cuivre avec les espèces hydroxyles en surface du support oxyde a été étudiée.

Dans un second temps, la croissance des particules d'or, de cuivre et d'or-cuivre a été éxaminée dans des conditions modèles. Nous avons modélisé la croissance des particules monométalliques (de 1 à 38 atomes) en réalisant une recherche systématique sur un grand nombre de configurations basé sur une grille tridimensionnelle de positions initiales. Cette grille correspond aux positions atomiques non-relaxées des structures Au 79 et Cu 79 octaèdres tronqués.

Pour les nanoparticules bimétalliques AuCu, un descripteur a été introduit pour évaluer leur stabilité absolue. Celui-ci repose sur l'élaboration d'un modèle phénoménologique pour le calcul de la référence alliage bulk. Ces particules bimétalliques ont été classées en fonction de leur taille (de 0.8 à 1.8 nm), leur morphologie (octaèdre, tetraèdre tronqué, cuboctaèdre, tetraèdre tronqué) et leur composition chimique (gamme complète des compositions).

Les particules stables ont été déposées sur le support rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], en prenant en compte les sites d'adsorption les plus favorables obtenus dans la première partie du projet.

Finalement, l'adsorption de réactifs sur les systèmes catalytiques est considérée à bas recouvrement (1 CO). L'adsorption du CO est d'abord modélisée en condition modèle pour des nanoparticules dans le vide dans la gamme 0.8 -1.8 nm, puis sur les particules supportées d'or à une échelle de 0.8 nm, à l'interface entre la particule et le support. Les effets de taille (de 0.8 à 1.8 nm), de composition chimique (Au, Cu, AuCu) et de support TiO 2 sont examinés dans une étude préliminaire à la réactivité. En fin de mémoire, sont proposées une conclusion générale et des perspectives à ce travail.

1

State of the Art

In the domains of materials science, and particularly in heterogeneous catalysis, the nucleation and growth of supported metallic nanoparticles are difficult to understand and describe at the atomic scale. In the last decades, numerous studies concerning the physical properties of catalytic systems (metallic nanoparticles deposited on oxide supports, for instance) have been led using different experimental and theoretical approaches, in order to improve their performances and optimize the relative processes. Gold nanoparticles supported on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] [START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Ganduglia-Pirovano | Oxygen vacancies in transition metal and rare earth oxides: Current state of understanding and remaining challenges[END_REF][START_REF] Maeda | Size and density of Au particles deposited on TiO 2 (110)-(1x1) and cross-linked (1x2) surfaces[END_REF] are systems for which experimental literature is abundant, but there are still unsolved questions about the reaction mechanism, for example [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Shibata | Interface structures of gold nanoparticles on TiO 2 (110)[END_REF][START_REF] Kolmakov | Scanning tunneling microscopy of gold clusters on TiO 2 (110): CO oxidation at elevated pressures[END_REF].

During the past 30 years, many methods have been employed for the synthesis and characterization of gold nanoparticles (NPs) on various oxide supports [START_REF] Chusuei | Modeling heterogeneous catalysts: metal clusters on planar oxide supports[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Wilcoxon | Synthesis, structure and properties of metal nanoclusters[END_REF]. Some of those catalytic systems, such as gold on rutile TiO 2 , are highly active for CO oxidation [START_REF] Isabel Xiaoye Green | Spectroscopic observation of dual catalytic sites during oxidation of CO on a Au/TiO 2 catalyst[END_REF][START_REF] Saavedra | The critical role of water at the gold-titania interface in catalytic CO oxidation[END_REF] and can be applied in catalysis, electrochemistry and nanotechnology [START_REF] Liu | Crystal-plane effects on the catalytic properties of Au/TiO 2[END_REF][START_REF] Su | Designer titania-supported AuPd nanoparticles for efficient photocatalytic hydrogen production[END_REF]. Nevertheless, the role of the support on the chemical properties of those NPs is still debatable [START_REF] Delannoy | Reducibility of supported gold (iii) precursors: influence of the metal oxide support and consequences for CO oxidation activity[END_REF]. The nature and the structure of the surface active sites related to their nucleation and growth is still the subject of intense research and discussion [START_REF] Chen | On the origin of the unique properties of supported Au nanoparticles[END_REF][START_REF] Chen | Catalytically active gold on ordered titania supports[END_REF]. In the case of reducible supports, the influence of their hydration and oxidation states is often investigated in the literature [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Lira | Growth of Ag and Au nanoparticles on reduced and oxidized rutile TiO 2 (110) surfaces[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF][START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF][START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF]. However, understanding nanoparticle-support interactions at the atomic scale is challenging [START_REF] Flytzani-Stephanopoulos | Gold atoms stabilized on various supports catalyze the water-gas shift reaction[END_REF][START_REF] Schauermann | Nanoparticles for heterogeneous catalysis: New mechanistic insights[END_REF][START_REF] Findlay | What atomic resolution annular dark field imaging can tell us about gold nanoparticles on TiO 2 (110)[END_REF].

In the following, I will expose the main experimental and theoretical results available in the literature for the nucleation of Au, Cu and AuCu particles on both stoichiometric and reduced rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. Au nanoparticles on rutile titania is one of the most studied model catalytic system. It is also interesting to work with bimetallic nanoparticles to module the reactivity of the catalyst. First, I will to expose the state-of-the-art concerning experimental and theoretical studies on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface. In a second time, I will summarize the theoretical results for gold, copper and gold-copper nanoparticles in vacuum studies. Then, the results related to the interaction between Au and Cu monomers and clusters, and rutile support will be exposed. Finally, the reactivity on these catalysts for CO oxidation will be discussed.

1.1 Rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] Titanium dioxide is a metal oxide which has been widely used and studied in the literature [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. Different allotropic forms exist in the nature: rutile, brookite and anatase. However, only rutile and anatase forms are interesting for the applications of TiO 2 and have been studied in surface science. Anatase titania is an oxide that have been used mostly for photochemistry applications, while rutile has been often used as a support for metallic nanoparticles in heterogeneous catalysis, for instance. In the following, I will describe the structure and electronic properties of rutile TiO 2 bulk and surfaces.

Rutile TiO 2 Bulk

Rutile TiO 2 crystallizes in a tetragonal structure with two different lattice parameters: a = b = 4.584 Å and c = 2.953 Å. [START_REF] Grant | Properties of rutile (titanium dioxide)[END_REF] Its bulk structure is represented in Figure 1.1. In the primitive cell of TiO 2 bulk, there are two Ti atoms and four oxygen atoms. Experimentally, there can be defects in the bulk structure of the rutile TiO 2 bulk, that modifies its physical constants (colour, conductivity, surface structure, . . . ): mostly oxygen vacancies and interstitial Ti 3+ ions. This is explained by the very complex titanium-oxygen phase diagram [START_REF] Diebold | The surface science of titanium dioxide[END_REF], that shows the stability of various crystal structures. Furthermore, rutile is a semi-conductor with a band gap width of 3.05 eV.

Clean Rutile TiO 2 (110)

Experimentally, the most stable termination of rutile TiO 2 is the [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface. This is the one that will be used in the following. The [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] direction in rutile TiO 2 leads to three types of termination, that are represented in Figure 1.2. Two of them (Figure 1.2 (c) and (d)) do not respect the stoichiometry of TiO 2 , and especially the one depicted in Figure 1.2 (d) exhibits terminal oxygen atoms that makes the surface polar. These two latter terminations will not be taken into account in the following. The last termination is called the stoichiometric surface (see Figure 1.2 (b)). It exhibits two-fold coordinated oxygen atoms (O2C) rows upon the surface and Ti5C/O3C plan. Following the [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] direction, one can distinguish a Ti 2 O 4 layer that is composed of three plans: two plans containing one oxygen and a third one in between composed of Ti 2 O 2 (see Figure 1.2 (a)). Looking now at Figure 1.3, where steam tunneling microcopy (STM) image is displayed, one can see distinctly the O2C rows in black on the TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] terrace [START_REF] Schaub | Oxygen vacancies as active sites for water dissociation on rutile TiO 2 (110)[END_REF].

One can distinguish interruptions along the black rows corresponding to oxygen vacancies. These oxygen vacancies occur in rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surfaces and this is due to the annealing, which is needed for microscopy experiments. Theoretical works have demonstrated that the energetic cost for forming an oxygen vacancy on a rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF][START_REF] Morgan | A density functional theory plus u study of oxygen vacancy formation at the (110), (100), (101), and (101) surfaces of rutile TiO 2[END_REF][START_REF] Li | Energetics of charged point defects in rutile TiO 2 by density functional theory[END_REF]] is 3.66 eV. Oxygen vacancies were also shown to act on the band structure of TiO 2 [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF][START_REF] Morgan | A density functional theory plus u study of oxygen vacancy formation at the (110), (100), (101), and (101) surfaces of rutile TiO 2[END_REF][START_REF] Calzado | Effect of on-site coulomb repulsion term u on the band-gap states of the reduced rutile (110) TiO 2 surface[END_REF]. In their study, Li et al. have calculated the formation energy for other defects such as interstitial Ti atoms [START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Li | Energetics of charged point defects in rutile TiO 2 by density functional theory[END_REF] and titanium vacancies [START_REF] Li | Energetics of charged point defects in rutile TiO 2 by density functional theory[END_REF]. Thanks to thermodynamic diagrams, these defects were found to be stable at usual temperature and O 2 pressure. Other defects can occur, such as O adatoms on oxidized TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surfaces or interstitial Ti 3+ . In our work, we have mostly considered single oxygen vacancies in different atomic plans. The investigations including other types of defaults is possible, but it needs more experimental data, such as diffraction information for instance.

In the support surface, Ti and O atoms have lost a part of their electronic density with respect to the bulk (loss of a certain number of chemical Ti-O bonds). This induces the strengthening and shortening of existing surface bonds, particularly following the z axis (normal to the surface plan). This electronic and geometric relaxation et géométrique is called surface relaxation. The relaxation of a stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface has [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface. The image was done at room temperature. This figure was taken from an article of Schaub et al., ref. [START_REF] Schaub | Oxygen vacancies as active sites for water dissociation on rutile TiO 2 (110)[END_REF].

been estimated by ion-scattering spectroscopy. It appears that the height of O2C from the surface is not different from the O-(TiO) distance in the bulk structure. However, the distance between the first two trilayers varies of about 18% [START_REF] Diebold | The surface science of titanium dioxide[END_REF]. Now that TiO 2 bulk and its [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface has been described, it is primordial to introduce an important adsorbate: water.

Hydrated Rutile TiO 2 (110)

Likewise other metal oxides, it is essential to consider the hydrated rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface. In the literature, many experimental [START_REF] Victor | Chemisorbed phases of H 2 O on TiO 2 and SrTiO 3[END_REF][START_REF] Eriksen | The adsorption of water on SrTiO 3 and TiO 2 : a reappraisal[END_REF][START_REF] Brinkley | A modulated molecular beam study of the extent of H 2 O dissociation on TiO 2 (110)[END_REF][START_REF] Brookes | Imaging water dissociation on TiO 2 (110)[END_REF][START_REF] Mamontov | Suppression of the dynamic transition in surface water at low hydration levels: A study of water on rutile[END_REF] and theoretical [START_REF] Nalewajski | A special issue containing the proceedings of the fourth international symposium on the theoretical approach to catalysis at interfaces charge sensitivity analysis of oxide catalysts: TiO 2 (110) and (100) surface model clusters and H 2 O adsorption[END_REF][START_REF] Goniakowski | The adsorption of H 2 O on TiO 2 and SNO 2 (110) studied by first-principle calculations[END_REF][START_REF] Schaub | Oxygen vacancies as active sites for water dissociation on rutile TiO 2 (110)[END_REF][START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF][START_REF] Erdal | Hydration of rutile TiO 2 : Thermodynamics and effects on n-and p-type electronic conduction[END_REF][START_REF] Miao | Activation of water on the TiO 2 (110) surface: The case of Ti adatoms[END_REF][START_REF] Daniel | Singlesite and monolayer surface hydration energy of anatase and rutile nanoparticles using density functional theory[END_REF] groups have investigated how this support can be hydrated, by studying H 2 O molecular and dissociative adsorptions, imaging the support under various conditions, etc . . . First of all, ultraviolet photoemission spectroscopy (UPS) has been used to study the hydration of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] [START_REF] Victor | Chemisorbed phases of H 2 O on TiO 2 and SrTiO 3[END_REF]. At low water exposure, there is evidence for the dissociative adsorption of water, creating OH radicals at the surface. At higher exposure, water adsorbs molecularly on the surface. High resolution electron energy loss spectroscopy (HREELS) [START_REF] Eriksen | The adsorption of water on SrTiO 3 and TiO 2 : a reappraisal[END_REF] confirms this trend. A temperature programmed desorption (TPD) analysis [START_REF] Brinkley | A modulated molecular beam study of the extent of H 2 O dissociation on TiO 2 (110)[END_REF] has been performed, concluding that under water exposure, a few molecules dissociate on the support and the rest adsorbs as a molecule. A STM analysis [START_REF] Brookes | Imaging water dissociation on TiO 2 (110)[END_REF] have shown that water adsorbs on Ti5C atoms at the TiO 2 surface at 150 K, and dissociates by 290 K to form bridging hydroxyls. This indicates the involvement of bridging oxygen vacancies in the dissociation pathway. A dynamic study using quasielastic neutron-scattering (QENS) [START_REF] Mamontov | Suppression of the dynamic transition in surface water at low hydration levels: A study of water on rutile[END_REF] on hydrated rutile surface has proved that dissociated water is quasi static at low contents (below one monolayer coverage), and that molecules start to diffuse on the surface at higher coverage. Some theoretical works, with semi-empirical charge sensitivity analysis (CSA) in the atoms-in-molecules (AIM) resolution and density functional theory (DFT) [START_REF] Nalewajski | A special issue containing the proceedings of the fourth international symposium on the theoretical approach to catalysis at interfaces charge sensitivity analysis of oxide catalysts: TiO 2 (110) and (100) surface model clusters and H 2 O adsorption[END_REF][START_REF] Goniakowski | The adsorption of H 2 O on TiO 2 and SNO 2 (110) studied by first-principle calculations[END_REF][START_REF] Schaub | Oxygen vacancies as active sites for water dissociation on rutile TiO 2 (110)[END_REF] have predicted that the energy barrier for the dissociation of water on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface is low (∼ 5 kJ.mol -1 ), and that the dissociative adsorption is more stable than the molecular one. DFT calculations [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF][START_REF] Erdal | Hydration of rutile TiO 2 : Thermodynamics and effects on n-and p-type electronic conduction[END_REF][START_REF] Miao | Activation of water on the TiO 2 (110) surface: The case of Ti adatoms[END_REF][START_REF] Daniel | Singlesite and monolayer surface hydration energy of anatase and rutile nanoparticles using density functional theory[END_REF] have been done, concluding that the dissociative hydration is exothermic: about 130 kJ.mol -1 is gained during the hydration process.

Au, Cu and AuCu Nanoparticles

Metallic nanoparticles are widely used in inorganic chemistry, likewise in the domains of photochemistry and catalysis for instance. Since Haruta's work in the late 90s [START_REF] Haruta | Size-and support-dependency in the catalysis of gold[END_REF], gold, that was known as an inert metal, has been proved to be reactive at the nanometric scale or when one considers surface defects. The activity of Au has been connected to the number of step edges or kinks at its surface [START_REF] Lemire | Do quantum size effects control co adsorption on gold nanoparticles[END_REF].

It is also convenient to use bimetallic supported nanoparticles in order to control the reactivity and selectivity of the catalyst. For instance, the main drawback of Au catalysts considering CO oxidation reaction is the low content of oxygen atoms adsorbed in reaction conditions [START_REF] Manzoor | Endohedrally doped gold nanocages: efficient catalysts for O 2 activation and CO oxidation[END_REF]. Furthermore, copper is the coinage metal that has the strongest affinity with oxygen. This is the reason why Au, Cu and AuCu nanoparticles will be considered in the following.

Various thermodynamic approaches have been proposed to evaluate the surface energy density of monometallic nanoparticles such as Cu, Ag, Au, Pt as a function of the nanoparticle diameter. Models using the Tolman's equation which characterizes the size effect of surface tension in nano-droplets show a monotonous increase of the surface energy density with the diameter [START_REF] Ouyang | Surface energy of nanostructural materials with negative curvature and related size effects[END_REF][START_REF] Xiong | Modeling size effects on the surface free energy of metallic nanoparticles and nanocavities[END_REF][START_REF] Aqra | Surface free energy of alkali and transition metal nanoparticles[END_REF]. Conversely, other models using a continuum theory which considers the size effect in nanomaterials suggest opposite conclusions, with a monotonous decrease of the surface energy density with the particle radius [START_REF] Yao | Size effect of the surface energy density of nanoparticles[END_REF], in fair agreement with DFT calculations for Ag nanoclusters [START_REF] Medasani | Theoretical study of the surface energy, stress, and lattice contraction of silver nanoparticles[END_REF]. The accuracy of DFT methodology regarding the prediction of surface energy has been investigated recently in depth in the case of extended Pt and Rh surfaces at all the possible levels of approximation in the Jacob's ladder [START_REF] Schimka | Accurate surface and adsorption energies from many-body perturbation theory[END_REF]. The authors have recalled that Kohn-Sham DFT predicts surfaces to be more stable than they are experimentally. For Pt [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF], most of the LDA, GGA and hyper-GGA functionals, which have been tested, underestimate the value of the surface energy. Even at the highest step of the ladder, corresponding to adiabatic connection fluctuation-dissipation theory in the random phase approximation, 20% of the surface energy is missing with respect to measurements. This study underlines the current difficulty to capture correctly energetics at the most accurate level with the workhorse computational method for describing materials.

Au Nanoparticles

In the last decades, the morphology of Au clusters in vacuum conditions were investigated both by theoretical and experimental studies [START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF][START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Bravo-Pérez | Ab initio study of small gold clusters[END_REF][START_REF] Wilson | Modelling gold clusters with an empirical manybody potential[END_REF][START_REF] Häkkinen | Gold clusters (au N , 2 < n < 10) and their anions[END_REF][START_REF] Furche | The structures of small gold cluster anions as determined by a combination of ion mobility measurements and density functional calculations[END_REF][START_REF] Gilb | Structures of small gold cluster cations ion mobility measurements versus density functional calculations[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Li | Au20: A tetrahedral cluster[END_REF][START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF][START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3 -38 atoms[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Xiao | Structural study of gold clusters[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Yoon | Size-dependent structural evolution and chemical reactivity of gold clusters[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Gruene | Structures of neutral Au 7 , Au 19 , and Au 20 clusters in the gas phase[END_REF][START_REF] Bao | Structure of large gold clusters obtained by global optimization using the minima hopping method[END_REF][START_REF] Lechtken | Structure determination of gold clusters by trapped ion electron diffraction: Au14-au19[END_REF][START_REF] Juarez | Reconstruction of core and surface nanoparticles: The example of pt 55 and au 55[END_REF][START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Durante | Optical properties of au nanoclusters from td-dft calculations[END_REF][START_REF] Jiang | Au 40 : A large tetrahedral magic cluster[END_REF][START_REF] Weissker | Optical properties of pure and core-shell noblemetal nanoclusters from tddft: The influence of the atomic structure[END_REF][START_REF] Wang | Probing the electronic properties and structural evolution of anionic gold clusters in the gas phase[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF][START_REF] Iida | Firstprinciples computational visualization of localized surface plasmon resonance in gold nanoclusters[END_REF][START_REF] Bae | Time-dependent density functional theory studies of optical properties of au nanoparticles: Octahedra, truncated octahedra, and icosahedra[END_REF][START_REF] Li | Magicnumbergoldnanoclusterswithdiameters f rom1to3.5nm : Relativestabilityandcatalyticactivity f orcooxidation[END_REF][START_REF] Gao | Reactivity of gold clusters in the regime of structural fluxionality[END_REF][START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF][START_REF] Mancera | Vibrational anharmonicity of small gold and silver clusters using the vscf method[END_REF]. The first thing that is remarkable is the number of studies concerning Au particles, from small (2 -15 atoms) to large (> 100 atoms) sizes. Second, one can see that the number of theoretical frameworks that have been used is exhaustive: ab initio DFT calculations [START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF][START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Furche | The structures of small gold cluster anions as determined by a combination of ion mobility measurements and density functional calculations[END_REF][START_REF] Gilb | Structures of small gold cluster cations ion mobility measurements versus density functional calculations[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Molina | The activity of the tetrahedral Au 20 cluster: charging and impurity effects[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Xiao | Structural study of gold clusters[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Wells | Gas binding to Au 13 , Au 12 Pd, and Au 11 Pd 2 nanoclusters in the context of catalytic oxidation and reduction reactions[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Lechtken | Structure determination of gold clusters by trapped ion electron diffraction: Au14-au19[END_REF][START_REF] Jiang | Au 40 : A large tetrahedral magic cluster[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF][START_REF] Li | Magicnumbergoldnanoclusterswithdiameters f rom1to3.5nm : Relativestabilityandcatalyticactivity f orcooxidation[END_REF], molecular dynamics simulations [START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Wilson | Modelling gold clusters with an empirical manybody potential[END_REF][START_REF] Häkkinen | Gold clusters (au N , 2 < n < 10) and their anions[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF][START_REF] Yoon | Size-dependent structural evolution and chemical reactivity of gold clusters[END_REF][START_REF] Gruene | Structures of neutral Au 7 , Au 19 , and Au 20 clusters in the gas phase[END_REF][START_REF] Wang | Probing the electronic properties and structural evolution of anionic gold clusters in the gas phase[END_REF][START_REF] Austin | Au 13 : CO adsorbs, nanoparticle responds[END_REF], post Hartree-Fock methods [START_REF] Bravo-Pérez | Ab initio study of small gold clusters[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF], time dependent-DFT calculations [START_REF] Li | Au20: A tetrahedral cluster[END_REF][START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF][START_REF] Weissker | Optical properties of pure and core-shell noblemetal nanoclusters from tddft: The influence of the atomic structure[END_REF][START_REF] Durante | Optical properties of au nanoclusters from td-dft calculations[END_REF][START_REF] Iida | Firstprinciples computational visualization of localized surface plasmon resonance in gold nanoclusters[END_REF][START_REF] Bae | Time-dependent density functional theory studies of optical properties of au nanoparticles: Octahedra, truncated octahedra, and icosahedra[END_REF] have been performed on a little amount of configurations; and global optimization approach (within Monte-Carlo and basin-hopping methods) [START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3 -38 atoms[END_REF][START_REF] Bao | Structure of large gold clusters obtained by global optimization using the minima hopping method[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Juarez | Reconstruction of core and surface nanoparticles: The example of pt 55 and au 55[END_REF][START_REF] Gao | Reactivity of gold clusters in the regime of structural fluxionality[END_REF][START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF][START_REF] Mancera | Vibrational anharmonicity of small gold and silver clusters using the vscf method[END_REF] has been led with both stochastic and heuristic systematic research.

From a theoretical standpoint, the shape of Au small clusters has been investigated. Au particles have been proven to be flat for a little amount of Au, then a 2D-3D transition occurs at a number of 10 -15 Au atoms in the aggregate [START_REF] Bravo-Pérez | Ab initio study of small gold clusters[END_REF][START_REF] Häkkinen | Gold clusters (au N , 2 < n < 10) and their anions[END_REF][START_REF] Furche | The structures of small gold cluster anions as determined by a combination of ion mobility measurements and density functional calculations[END_REF][START_REF] Gilb | Structures of small gold cluster cations ion mobility measurements versus density functional calculations[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Mancera | Vibrational anharmonicity of small gold and silver clusters using the vscf method[END_REF]. DFT calculations and low-level stochastic approaches are in fair agreement in this point. Looking at Figure 1.4, all the competitive structures are depicted for Au clusters from 3 to 13 atoms. Here, one can distinguish the 2D-3D transition between n = 11 and n = 12 atoms. In the experimental side, both photoelectron spectroscopy and trapped- ion electron diffraction measurements are helping in the knowledge of the morphology and the reactivity of particles. A work made by Gruene et al. [START_REF] Gruene | Structures of neutral Au 7 , Au 19 , and Au 20 clusters in the gas phase[END_REF] determined that Au [START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF] and Au 20 clusters have tetrahedral shapes. For higher sizes of clusters, typically around 20 -50 atoms, they have been proven to be tetrahedral [START_REF] Li | Au20: A tetrahedral cluster[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Gruene | Structures of neutral Au 7 , Au 19 , and Au 20 clusters in the gas phase[END_REF][START_REF] Lechtken | Structure determination of gold clusters by trapped ion electron diffraction: Au14-au19[END_REF][START_REF] Jiang | Au 40 : A large tetrahedral magic cluster[END_REF], fcc-packed [START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Wilson | Modelling gold clusters with an empirical manybody potential[END_REF][START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3 -38 atoms[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF], or caged structured [START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Johansson | Au32: A 24-carat golden fullerene[END_REF][START_REF] Gu | Cagelike structures of pure metal atoms[END_REF][START_REF] Wang | Hollow cages versus space-filling structures for mediumsized gold clusters: The spherical aromaticity of the au50 cage[END_REF][START_REF] Gao | Au42: An alternative icosahedral golden fullerene cage[END_REF][START_REF] Bulusu | Evidence of hollow golden cages[END_REF][START_REF] Xing | Structural evolution of au nanoclusters: From planar to cage to tubular motifs[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Johansson | Exploring the stability of golden fullerenes[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Dong | Gold cluster beyond hollow cage: A double shell structure of Au 58[END_REF][START_REF] Wang | Probing the electronic properties and structural evolution of anionic gold clusters in the gas phase[END_REF][START_REF] Ouyang | Global minimization of gold clusters by combining neural network potentials and the basin-hopping method[END_REF]. Stable caged structures Au 58 particles are depicted in Figure 1.5. In addition, as Au-Au bonding is weak, it has been proven that for medium-sized clusters, several isomers are stable [START_REF] Yoon | Size-dependent structural evolution and chemical reactivity of gold clusters[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF]. For larger clusters, fcc-based structures seems to be the consensus [START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF][START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Bao | Structure of large gold clusters obtained by global optimization using the minima hopping method[END_REF][START_REF] Juarez | Reconstruction of core and surface nanoparticles: The example of pt 55 and au 55[END_REF][START_REF] Durante | Optical properties of au nanoclusters from td-dft calculations[END_REF][START_REF] Iida | Firstprinciples computational visualization of localized surface plasmon resonance in gold nanoclusters[END_REF][START_REF] Li | Magicnumbergoldnanoclusterswithdiameters f rom1to3.5nm : Relativestabilityandcatalyticactivity f orcooxidation[END_REF].

A study of Au cluster growth has been done by a Monte Carlo approach, from 3 to 38 atoms [START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3 -38 atoms[END_REF]. The main result of this investigation is that Au small clusters present mostly disordered structures, which have been compared to the ordered ones and found to be more stable. A thermodynamic analysis has also been performed on the growth energetics. Quasi periodical odd-even oscillations of the growth energies have been found when the cluster grows, which is consistent with the electronic pairing.

In conclusion, many theoretical studies concerning Au clusters and nanoparticles were performed in the last decades. However, there are still open questions regarding the growth and sintering of Au aggregates at an ab initio level of calculations. 

Cu Nanoparticles

Concerning Cu aggregates, much works have been done, especially on small (below 1 nm, Refs. [START_REF] Massobrio | Interpretation of photoelectron spectra in Cun clusters including thermal and final-state effects: The case of Cu -7[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Vitaly E Matulis | {DFT} study of electronic structure and geometry of anionic copper clusters[END_REF][START_REF] Jaque | The formation of neutral copper clusters from experimental binding energies and reactivity descriptors[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Galip | Evolution of small copper clusters and dissociative chemisorption of hydrogen[END_REF][START_REF] Shen Li | Ab initio calculations of the photoelectron spectra of transition metal clusters[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Shen Li | Real space pseudopotential calculations for copper clusters[END_REF][START_REF] Sam | Ferromagnetic bonding: High spin copper clusters (n+1Cu n ; n = 2 -14) devoid of electron pairs but possessing strong bonding[END_REF][START_REF] Calaminici | Density functional study of the structure and properties of cu9 and cu9[END_REF][START_REF] Behnam Assadollahzadeh | The low lying isomers of the copper nonamer cluster, cu9[END_REF][START_REF] Vitaly | {DFT} study of electronic structure and geometry of anionic copper clusters (n = 11, 12, 13)[END_REF][START_REF] Guzmán-Ramírez | Dft and gega genetic algorithm optimized structures of cun ν (ν=1,0,2; n=3-13) clusters[END_REF][START_REF] Zeng | Interplay between geometrical and electronic stability of neutral and anionic cu13 clusters: a first-principles study[END_REF][START_REF] Baishya | First-principles absorption spectra of cu n (n = 2˘20) clusters[END_REF][START_REF] Li | Density functional theory study of the structures and electronic properties of copper and sulfur doped copper clusters[END_REF]) and medium (in the range 1 -2 nm, Refs. [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF][START_REF] Yang | First-principles investigations of the polarizability of small-sized and intermediate-sized copper clusters[END_REF][START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF][START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF][START_REF] Itoh | Comprehensive study of sodium, copper, and silver clusters over a wide range of sizes 2 < n < 75[END_REF][START_REF] Yang | Probing the structural evolution of cun, n=9-20, through a comparison of computed electron removal energies and experimental photoelectron spectra[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Weissker | Optical properties of pure and core-shell noblemetal nanoclusters from tddft: The influence of the atomic structure[END_REF][START_REF] Jiang | Icosahedral to double-icosahedral shape transition of copper clusters[END_REF]) clusters sizes. For small particles, the transition between the two-dimensional and the three-dimensional clusters occurs around 5 -6 atoms. Those articles have envidenced that the tendency to planarity of gold clusters, which is much larger than in copper, is strongly favored by relativistic effects [START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF]. In Figure 1.6, are presented the most stable structures for Cu n (n = 3 -11). For bigger Cu n particles, the morphology has been shown to be bilayered (n = 8 -16) [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] or compact with an icosahedral pattern (n = 16 -60) [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF][START_REF] Jaque | The formation of neutral copper clusters from experimental binding energies and reactivity descriptors[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF][START_REF] Vitaly | {DFT} study of electronic structure and geometry of anionic copper clusters (n = 11, 12, 13)[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Zeng | Interplay between geometrical and electronic stability of neutral and anionic cu13 clusters: a first-principles study[END_REF][START_REF] Jiang | Icosahedral to double-icosahedral shape transition of copper clusters[END_REF]. In Figure 1.7 are depicted ground state structures from Cu 17 to Cu 20 , with the icosahedral backbone shaded. At a size of 20 -60 atoms, Cu particles are more compact than Au ones. This is due to the fact that Cu-Cu bonds are stronger than Au-Au ones, that favors the close-packing of copper aggregates.

There is no publication concerning large Cu clusters, i.e. above 100 atoms. Finally, no growth study was done regarding Cu particles. Moreover, the sintering of such an aggregate has not been investigated yet.

AuCu Nanoparticles

In the next section, we are going to discuss about the state-of-the-art in bimetallic AuCu nanoparticles. Gold and copper are two sp 1 metals that crystallize in a face-centered cu- The atoms in the icosahedral 13-atom core are shaded. The symmetry of each cluster is also indicated. This figure was taken from an article of Yang et al., ref. [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. bic (fcc) lattice. Understanding the atomic properties and ordering at the nanoscale is important for controlling the synthesis and use of nanomaterials.

The relationship between the absolute stability of bimetallic nanoparticles and their chemical composition and ordering remains today a prickly question. Bimetallic nanoclusters (usually referred to alloy nanoclusters or nanoalloys), such as AuCu, offer a vast field of applications in various domains ranging from (electro)catalysis to nanoelectronics and from biodiagnostics to optics [START_REF] Ferrando | Nanoalloys: From theory to applications of alloy clusters and nanoparticles[END_REF]. This new type of materials has attracted much attention especially because of the size-dependence of their properties, such as their structure. In fact, understanding their surface structures, composition and segregation properties is important in controling their chemical reactivity, and notably catalytic activity. The relative stability of these nanoclusters is determined by the competition between packing and surface energy effects. Although many efforts have been devoted over the years to the synthesis, the characterization, the functionalization and the theoretical modeling of these systems, little is know today regarding the measurements of the nanoparticle surface energy and its prediction at the density functional theory (DFT) level.

Many factors may influence the mixing, the chemical ordering and the segregation in the structures of nanoalloys, such as the relative strength of the metallic bonds, the atomic sizes, the charge transfers, and also the surface energies of the corresponding pure bulk elements. The experimental determination of surface energy of solids, usually based on the Wulff theorem [START_REF] Bonzel | 3d equilibrium crystal shapes in the new light of {STM} and {AFM}[END_REF][START_REF] Métois | Absolute surface energy determination[END_REF] and different from surface tension [START_REF] Tyson | Surface free energies of solid metals: estimation from liquid surface tension measurements[END_REF][START_REF] Nanda | Surface tension and sintering of free gold nanoparticles[END_REF][START_REF] Ouyang | Surface energy of nanostructural materials with negative curvature and related size effects[END_REF], is a very challenging task. The measurements are even more difficult for nanometric-size particles, especially at high temperatures, due to the limit of imaging techniques and the likely coalescence between nanoparticles. To our knowledge, we find one reference in the literature related to the experimental determination of surface free energy of copper nanoparticles in the temperature range from 750 to 950 K [START_REF] Gozzi | Hightemperature determination of surface free energy of copper nanoparticles[END_REF]. By using a solid electrolyte galvanic cell and electromotive force measurements, the authors have obtained a surface free energy of 1.70 ± 0.03 J.m -2 (i.e. 106 meV.Å -2 ) for Cu nanoparticles of 20 nm, and for the lowest explored temperature of 750 K, in relatively fair agreement with thermodynamic models [START_REF] Jia | Calculation of the surface free energy of fcc copper nanoparticles[END_REF][START_REF] Aqra | Surface free energy of alkali and transition metal nanoparticles[END_REF]. To date, no equivalent information is available in the literature neither for other pure metallic nanoparticles nor for nanoalloys.

The search of competitive nanoalloy structures and compositions can be achieved with global optimization methods [START_REF] Heiles | Global optimization of clusters using electronic structure methods[END_REF]. These powerful techniques encounter nonetheless two basic issues: the complexity of the overall optimization problem with the presence of homotops (exponential rise of (meta)stable isomers with cluster size) and the adequate modeling of interatomic bonding in a computationally efficient way. One possibility is the development of a heuristic approach, usually at the DFT level and for a relatively restricted set of clusters in the fluxional regime. This biased structure search is performed with a set of known starting structures. Such an approach has been employed many times for monometallic Au [START_REF] Häkkinen | Gold clusters (au N , 2 < n < 10) and their anions[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Oviedo | Amorphous structures of cu, ag, and au nanoclusters from first principles calculations[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Longo | Structures of 13-atom clusters of fcc transition metals by ab initio and semiempirical calculations[END_REF][START_REF] Gruene | Structures of neutral Au 7 , Au 19 , and Au 20 clusters in the gas phase[END_REF][START_REF] Chou | Ab initio random structure search for 13-atom clusters of fcc elements[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF] or Cu [START_REF] Balbuena | Density functional theory study of copper clusters[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Jug | Structure and stability of small copper clusters[END_REF][START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF][START_REF] Longo | Structures of 13-atom clusters of fcc transition metals by ab initio and semiempirical calculations[END_REF][START_REF] Shen Li | Real space pseudopotential calculations for copper clusters[END_REF][START_REF] Sam | Ferromagnetic bonding: High spin copper clusters (n+1cun; n = 2-14) devoid of electron pairs but possessing strong bonding[END_REF][START_REF] Calaminici | Density functional study of the structure and properties of cu9 and cu9[END_REF] small clusters (less than 15 atoms). DFT studies of neutral and ionic AuCu nanoalloys have been reported for rather small clusters (less than 20 atoms) [START_REF] Shahab Zorriasatein | Electronic and structural investigations of gold clusters doped with copper: Aun,cu (n=13,19)[END_REF][START_REF] Zhao | A density functional study on cationic auncum+clusters and their monocarbonyls[END_REF][START_REF] Wang | Density functional study of structural and electronic properties of bimetallic copper-gold clusters: comparison with pure and doped gold clusters[END_REF][START_REF] Austin | Understanding the stability and electronic and adsorption properties of subnanometer group xi monometallic and bimetallic catalysts[END_REF][START_REF] Ben-Xia | Density functional study on the structural, electronic, and magnetic properties of 3d transition-metal-doped au5 clusters[END_REF]. In that range, neutral AuCu clusters are mainly 2D [START_REF] Wang | Density functional study of structural and electronic properties of bimetallic copper-gold clusters: comparison with pure and doped gold clusters[END_REF].

Unbiased schemes based on genetic algorithm, basin-hopping or Monte-Carlo have shown a strong predictive power, especially for complex shapes in the fluxional regime and for larger, random and non-crystalline systems [START_REF] Heiles | Global optimization of clusters using electronic structure methods[END_REF]. Those schemes can be combined with two main types of interatomic bonding models: empirical potentials such as Lennard-Jones, Sutton-Chen, GUPTA etc and quantum chemical approaches such as DFT. For monometallic Au and Cu clusters, several examples can be found in the literature depending on the cluster size [START_REF] Wilson | Modelling gold clusters with an empirical manybody potential[END_REF][START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3-38 atoms[END_REF][START_REF] Bao | Structure of large gold clusters obtained by global optimization using the minima hopping method[END_REF][START_REF] Juarez | Reconstruction of core and surface nanoparticles: The example of pt 55 and au 55[END_REF][START_REF] Ouyang | Global minimization of gold clusters by combining neural network potentials and the basin-hopping method[END_REF][START_REF] Gao | Reactivity of gold clusters in the regime of structural fluxionality[END_REF][START_REF] Behnam Assadollahzadeh | The low lying isomers of the copper nonamer cluster, cu9[END_REF][START_REF] Guzmán-Ramírez | Dft and gega genetic algorithm optimized structures of cun ν (ν=1,0,2; n=3-13) clusters[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Jiang | Icosahedral to double-icosahedral shape transition of copper clusters[END_REF]. By coupling basinhopping and GUPTA potential or DFT GGA calculations, (AuCu) 561 and (AuCu) [START_REF] Miao | Activation of water on the TiO 2 (110) surface: The case of Ti adatoms[END_REF] clusters have been investigated [START_REF] Wilson | A theoretical study of atom ordering in copper-gold nanoalloy clusters[END_REF][START_REF] Barcaro | Electronic and structural shell closure in agcu and aucu nanoclusters[END_REF]. For high-symmetry icosahedral and octahedral shapes and large clusters, Au tends to segregate at the surface while Cu moves to the core [START_REF] Wilson | A theoretical study of atom ordering in copper-gold nanoalloy clusters[END_REF]. Complex polyicosahedral morphologies ("pancake"-like) have been suggested for lower sizes [START_REF] Barcaro | Electronic and structural shell closure in agcu and aucu nanoclusters[END_REF].

The optimal structures and compositions of other AuCu nanoalloys have been explored with genetic algorithms also combined with GUPTA potential or DFT GGA [START_REF] Darby | Theoretical study of cuau nanoalloy clusters using a genetic algorithm[END_REF][START_REF] Rossi | Magic polyicosahedral core-shell clusters[END_REF][START_REF] Ferrando | Quantum effects on the structure of pure and binary metallic nanoclusters[END_REF][START_REF] Hsu | Structures of bimetallic clusters[END_REF][START_REF] Domingos | Global optimization analysis of cunaum (n + m = 38) clusters: Complementary ab initio calculations[END_REF][START_REF] Tran | Theoretical study of cu38-naun clusters using a combined empirical potential-density functional approach[END_REF]. (AuCu) [START_REF] Soulé De Bas | Low energy structures of gold nanoclusters in the size range 3 -38 atoms[END_REF] shows an icosahedral packing, the structure of which depends on the overall stoichiometry [START_REF] Darby | Theoretical study of cuau nanoalloy clusters using a genetic algorithm[END_REF]: (CuAu) N and (CuAu 3 ) N clusters to form layered structures whereas (Cu 3 Au) N aggregates show a greater Au-Cu mixing. Polyicosahedral core-shell structures have been determined for (AuCu) [START_REF] Brookes | Imaging water dissociation on TiO 2 (110)[END_REF][START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF][START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF] clusters [START_REF] Rossi | Magic polyicosahedral core-shell clusters[END_REF][START_REF] Ferrando | Quantum effects on the structure of pure and binary metallic nanoclusters[END_REF]. For (AuCu) N clusters (N = 0 -38), an octahedral symmetry has been obtained in the Cu-rich range [START_REF] Hsu | Structures of bimetallic clusters[END_REF]. Other authors suggest that the Cu(core)-Au(shell) ordering is preferential [START_REF] Tran | Theoretical study of cu38-naun clusters using a combined empirical potential-density functional approach[END_REF], while GUPTA potential underestimates the internal stress for Au in the core [START_REF] Domingos | Global optimization analysis of cunaum (n + m = 38) clusters: Complementary ab initio calculations[END_REF].

A theoretical study, using genetic algorithm and ab initio DFT calculations was lead to determine Au n Cu m (n + m = 8) structures, for all the possible stoichiometries [START_REF] Heard | A density functional global optimisation study of neutral 8-atom Cu-Ag and Cu-Au clusters[END_REF]. The authors have cocluded that Au atoms occupy preferentially the external shell of the aggregate, and that the core is rich in copper atoms. In the most stable structures, Au atoms prefers low-coordination sites. This trend has been also confirmed for Au n Cu m (n + m = 38) particles, from DFT calculations [START_REF] Domingos | Global optimization analysis of cunaum (n + m = 38) clusters: Complementary ab initio calculations[END_REF], as depicted in Figure 1.9.

To study a bimetallic nanoparticle, it is relevant to know the characteristics of the associated bulk structure. However, it is complicated to determine structures for nano alloy, that are very different from bimetallic bulks. Size effects can occur, where both alloying or phase-segregation are in competition [START_REF] Shan | Nanoalloy catalysts for electrochemical energy conversion and storage reactions[END_REF]. In addition, the catalytic activity of the ma- terial can be influenced either by the size, composition, morphology and support effect of the particle. By the way, some new synchrotron X-ray facilities, such as extended X-ray absorption fine structure (EXAFS) [START_REF] Frenkel | Applications of extended x-ray absorption fine-structure spectroscopy to studies of bimetallic nanoparticle catalysts[END_REF] and X-ray photoemission spectroscopy (XPS), are helpful to determine the chemical ordering in bimetallic nanoparticles (regular or random alloy, dumbbell or core-shell, see Figure 1.8). Indeed, they give information about the bonding strength of surface atoms and the nearest neighbor metal-metal coordination, which are reliable to the chemical order of the nanoparticle. Those techniques are also helpful to know the metal oxide content, electronic properties and charge transfer phenomena in the studied alloys in terms of local structural configurations.

In a combined theoretical and experimental study, 4-and 10-nm sized AuCu particles were investigated, with a change in chemical composition [START_REF] Guisbiers | Gold-copper nano-alloy, tumbaga, in the era of nano: Phase diagram and segregation[END_REF]. The authors have underlined by ab initio molecular dynamics and X-ray diffraction that in vacuum, Au migrates to the surface shell of the particle to form a core-shell like structure (dodecahedron, truncated octahedron and icosahedron).

An investigation using scattering efficiency simulations determined that Au 0.25 Cu 0.75 particles in the range 40 -50 nm-sized and in vacuum are alloyed (either regular or random), whereas AuAg and AgCu are core-shell structured [START_REF] Bansal | Scattering efficiency and lspr tunability of bimetallic Ag, Au, and Cu nanoparticles[END_REF][START_REF] Bansal | Simulated study of plasmonic coupling in noble bimetallic alloy nanosphere arrays[END_REF]. This result is in contradiction with previous studies. However, the working scale is different, this can be due to the size effect.

Using in situ X-ray absorption fine structure (XAFS) Liu et al. have demonstrated an unidirectional diffusion from the Au shell to the Cu core during the thermal alloying process of ∼ 7 nm sized particles. This diffusion occurs in the temperature range 450 -550 K [START_REF] Liu | Unidirectional thermal diffusion in bimetallic Cu@Au nanoparticles[END_REF]. This means that, during the catalytic process, AuCu nanoparticles are alloyed and not core-shell.

Although these kinds of systems are important in research, there is still a lack of information on their growth and morphology from both theoretical and experimental standpoints [START_REF] Chris | Ab initio random structure searching[END_REF][START_REF] Heiles | Global optimization of clusters using electronic structure methods[END_REF].

1.3 Au Adsorption on Rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] In the domain of heterogeneous catalysis, one of the most studied catalytic system is gold nanoparticles deposited on various supports. Here, we propose to define the state-of-theart for deposited Au particles on rutile TiO 2 (110) support. First, we are going to introduce studies about monomeric Au on this support, then the works that have been done on the gold nanoparticles supported.

Monomeric Au

The publications devoted to the study of Au atom adsorption on stoichiometric and surface reduced non-hydrated surfaces can be classified in three groups. The first group is composed of DFT models performed within the GGA framework with Dacapo and GPAW computational codes [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Martinez | Adsorption properties versus oxidation states of rutile TiO 2 (110)[END_REF] (restricted formalism, no Hubbard term, no spinpolarization). Their results show that the adsorption on the stoichiometric surface (from -0.35 to -0.6 eV, see Table 1.1) is weaker than that on the surface reduced support (from -0.95 to -1.31 eV). Also, the adsorption sites are either on a top position over a Ti5C atom, or a bridge structure over O2C-Ti5C, considering the stoichiometric surface. In the case of the surface reduced TiO 2 support, structural results are still variable. The adsorption sites are considered either on an oxygen vacancy or on a top position over a Ti5C atom. The large variability of the corresponding values and structures makes it difficult to select a particular reference.

In the second group, GGA-PBE and PAW calculations are performed with VASP package by different teams [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Vijay | Adsorption of gold on stoichiometric and reduced rutile TiO 2 (110) surfaces[END_REF][START_REF] Okazaki | Electronic structures of Au on TiO 2 (110) by first-principles calculations[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Chretien | Density functional study of the interaction between small Au clusters, Au n (n = 1 -7) and the rutile TiO 2 surface. i. adsorption on the stoichiometric surface[END_REF][START_REF] Pabisiak | Stability of gold nanostructures on rutile TiO 2 (110) surface[END_REF] (restricted formalism, no Hubbard term, no spin-polarization). Their results are in good agreement for adsorption of Au on the stoichiometric (from -0.45 to -0.60 eV) surface. However, the adsorption structures are quite variable. Bridge positions for Au seem to be favorable. Considering the adsorption on the surface surface reduced support, the results are still variable: from -1.81 to -2.78 eV. Still, the oxygen vacancy is the best found adsorption site for gold atom on surface reduced support.

The third group of values is generated with spin-unrestricted PBE+U and the Quantum Espresso package (Van der Bilt pseudopotentials) [START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF] either VASP programme [START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF]. The related results (from -0.58 to -1.02 eV for the adsorption on the stoichiometric surface and -1.54 to -2.55 eV on the surface reduced one) are in fair agreement with those of the second group. Also, the adsorption structures on the stoichiometric support seem to be favorable in a bridging position, whereas oxygen vacancy is the most stable one in the surface reduced TiO 2 .

Hence the DFT values provided by the last two groups (different methodology, different codes and authors) disagree with those proposed by the first group of articles (same authors, same code). The major point of disagreement concerns the adsorption on the surface reduced bare surface (the maximum deviation being in the range -0.95, -2.54 eV). Besides, a publication by Matthey et al. suggests that the adsorption energy decreases from the bare to the hydrated support (from -0.6 to -0.54 eV, respectively) [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF].

In summary, although many efforts have been conceded to advance in the description of those systems, there are still controversies regarding the adsorption sites and bonding strength; due to the presence of oxygen vacancies in the support, and to the semi-empirical DFT+U methodology used to describe the strong electronic correlation in these delicate models.

Au Clusters

Nowadays, STM is a forefront experimental technique to characterize the nucleation and growth of those supported NPs. Several studies have been proposed to explore the interface between Au NPs or other metals such as Cu, and rutile TiO 2 (110) surfaces [START_REF] Kolmakov | Scanning tunneling microscopy of gold clusters on TiO 2 (110): CO oxidation at elevated pressures[END_REF][START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Chimentao | Propene epoxidation by nitrous oxide over Au-Cu/TiO 2 alloy catalysts[END_REF][START_REF] Llorca | Propene epoxidation over TiO 2 -supported Au-Cu alloy catalysts prepared from thiol-capped nanoparticles[END_REF][START_REF] Pina | Highly selective oxidation of benzyl alcohol to benzaldehyde catalyzed by bimetallic gold-copper catalyst[END_REF][START_REF] Liu | Au-Cu alloy nanoparticles confined in sba-15 as a highly efficient catalyst for CO oxidation[END_REF][START_REF] Thiago | The effect of copper on the selective carbon monoxide oxidation over alumina supported gold catalysts[END_REF][START_REF] Shibata | Interface structures of gold nanoparticles on TiO 2 (110)[END_REF][START_REF] Liu | Structural changes of Au-Cu bimetallic catalysts in CO oxidation: In situ xrd, epr, xanes, and ft-ir characterizations[END_REF][START_REF] Lira | Growth of Ag and Au nanoparticles on reduced and oxidized rutile TiO 2 (110) surfaces[END_REF][START_REF] Bauer | Catalytic activity and thermal stability of Au-CuO/SiO 2 catalysts for the low temperature oxidation of CO in the presence of propylene and NO[END_REF][START_REF] Kim | Synergistic geometric and electronic effects for electrochemical reduction of carbon dioxide using gold-copper bimetallic nanoparticles[END_REF][START_REF] Hai | Radiolytic synthesis of Au-Cu bimetallic nanoparticles supported on TiO 2 : application in photocatalysis[END_REF][START_REF] Lari | The use of carbon monoxide as a probe molecule in spectroscopic studies for determination of exposed gold sites on TiO 2[END_REF][START_REF] Kaur | Plasmonic coinage metal-TiO 2 hybrid nanocatalysts for highly efficient photocatalytic oxidation under sunlight irradiation[END_REF]. Some authors suggest that Au clusters nucleate preferentially on oxygen vacancies [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Lira | Growth of Ag and Au nanoparticles on reduced and oxidized rutile TiO 2 (110) surfaces[END_REF] on reduced support. Au NPs are also found to be strongly bound to TiO x clusters or stripes that are commonly present on highly reduced surfaces [START_REF] Lira | Growth of Ag and Au nanoparticles on reduced and oxidized rutile TiO 2 (110) surfaces[END_REF]. According to a combined experimental and theoretical analysis, Ref. [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF], a higher density of small clusters is found on reduced or oxidized clean surfaces as compared to the hydrated ones. Now looking to a STM-DFT study, Ref. [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF], it has been shown that a single missing oxygen in the O2C rows can bind in average three gold atoms, and this is favorable for a Au cluster growth on the oxygen vacancies.

Concerning the influence of the support hydration, water could destabilize a gold atom from an oxygen vacancy and induce its relocation above a Ti5C surface atom. This has been observed in particular by STM from 600 to 300 K with Au + cations deposited on a hydroxylated TiO 2 (110)-(1 × 1) surface [START_REF] Tong | Direct visualization of water-induced relocation of Au atoms from oxygen vacancies on a TiO 2 (110) surface[END_REF]. The morphology of the catalytically active Au NPs supported on TiO 2 (110) is rather tridimensional (3D), with an initial quasi two-dimensional growth limited to very small clusters [START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF][START_REF] Akita | Haadf-stem observation of Au nanoparticles on TiO 2[END_REF].

Whereas Au nanoparticles on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] have been widely studied at the atomic scale in the literature with numerous experimental techniques, there is still a need to comprehend and interprete those measurements. In addition, in the case of nanoparticles nucleation and growth kinetics, sparse elements were published but there is still some unsolved questions. Moreover, modeling the deposition of a metallic particle supported on a reducible oxide at the nanoscale (1 -3 nm) appears really challenging up to date. I am now going tu summarize the results in the case of Cu on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. The literature in that case is less abundant than for Au on rutile TiO 2 (110) supports.

Monomeric Cu

Concerning Cu nanoparticles on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], a lot of open questions still exist because of a lack of experimental data. In the last decade, some theoretical studies based on DFT compared to experience were proposed to answer these questions. In Table 1.2, the previous DFT studies regarding the adsorption of a single atom of Cu on various TiO 2 (110) supports are recalled. First, one can see that the list of publications on this system is not large. Thus, it is difficult to compare results. In the case of Cu adsorption on the non-hydrated stoichiometric surface, the previously published values within the GGA framework are surprisingly large (2.75 eV at the PBE+U level [START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF], 2.58 eV at the PBE level [START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF] and 2.39 eV at the PW91 level [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF]). Still, the values of adsorption energetics are in the same range, and the adsorption structure is always on a bridge site upon two oxygen atoms from the row. Regarding now the adsorption of a Cu monomer on the surface reduced TiO 2 (110) support, there is only one reported value: 1.92 eV at the PBE+U level [START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF]. This value seems very low, compared to the adsorption energy of Cu on the stoichiometric support. There is about 0.8 eV of difference between both. This figures out that on a defective surface, Cu is much less strongly adsorbed than on a stoichiometric one, which is counter intuitive. Besides, the adsorption site of Cu on the surface reduced surface is upon an oxygen vacancy.

Cu Clusters

Cu nanoparticles nucleate mainly at defect sites, such as steps or TiO x clusters, in a 3D shape [START_REF] Chen | Self-limiting growth of copper islands on TiO 2 (110)-(1 x 1)[END_REF][START_REF] Diebold | Growth mode of ultrathin copper overlayers on TiO 2 (110)[END_REF][START_REF] Rodriguez | High water-gas shift activity in TiO 2 (110) supported Cu and Au nanoparticles: Role of the oxide and metal particle size[END_REF][START_REF] Zhou | Controlling size distributions of copper islands grown on TiO 2 (110)-(1 x 2)[END_REF][START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF]. A reconstructed (1 × 2) surface, which is composed of a high density of defects, promotes the nucleation of Cu nanoparticles [START_REF] Zhou | Controlling size distributions of copper islands grown on TiO 2 (110)-(1 x 2)[END_REF]. An important charge transfer from the nanoparticle to the substrate has been evidenced by XPS, leading to the reduction of Ti 4+ cations and the oxidation of the adsorbed metal atoms [START_REF] Nakajima | Photoemission study of the modification of the electronic structure of transition-metal overlayers on TiO 2 surfaces -iii. Ni on TiO 2 (101) and Cu on TiO 2 (110)[END_REF]. A surface X-ray diffraction study [START_REF] Charlton | Copper interface induced relaxation of TiO 2 (110)-1 × 1[END_REF] has been led to see the effect of a Cu overlayer on TiO 2 (110) support. It has been shown that the adsorption strength of Cu on the surface induces a huge reconstruction of the topmost layer on the support. Another STM approach has been devoted to the growth of Cu islands on TiO 2 (110) support for Cu coverage in the range 0.03 -1.25 monolayer [START_REF] Chen | Self-limiting growth of copper islands on TiO 2 (110)-(1 x 1)[END_REF]. Thus, the high mobility of Cu atoms on the support at room temperature have been evidenced by the formation of big Cu islands (∼ 8 Å). The Cu particles has been evidenced to grow preferentially on TiO 2 defects, such as step edges or TiO x stripes as shown in Figure 1.10.

However, experimental results concerning copper nanoparticles deposited on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support are really scarce, and there is no theoretical work pointing out the nucleation trends shown experimentally.

Deposited AuCu Nanoparticles

In the following, I will expose AuCu bimetallic nanoparticles deposited on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. Considering the knowledge in AuCu bimetallic nanoparticle in vacuum that we have presented before, we assume that their morphology and chemical composition may change while deposited on a support. In this field, some experimental studies have been done [START_REF] Gondal | Sol-gel synthesis of Au/Cu-TiO 2 nanocomposite and their morphological and optical properties[END_REF][START_REF]Fabrication and characterization of copper oxide (CuO)gold (Au)titania (TiO 2 ) and copper oxide (CuO)gold (Au)indium tin oxide (ITO) nanowire heterostructures[END_REF].

In Ref. [START_REF] Redina | Preparation of bimetallic gold catalysts by redox reaction on oxide-supported metals for green chemistry applications[END_REF], the authors have shown that the way AuCu nanoparticles are prepared varies a lot the morphology and alloying of the cluster. Indeed, the contact area and interactions between the nanoparticle and the support change with the temperature and the preparation procedure. This could be explained by the reduction state of the support, that is not the same depending on the temperature.

A theoretical modeling of AuCu nanoparticle deposited on MgO (001) support has been performed in order to test of the shape depending on the chemical composition of the aggregate [START_REF] Cerbelaud | Theoretical study of AuCu nanoalloys adsorbed on MgO (001)[END_REF].

Transmission electronic microscopy (TEM) images were done displaying AuCu [START_REF] Samuel | Enhanced activity for supported Au clusters: Methanol oxidation on Au/TiO 2 (110)[END_REF].

bimetallic nanoparticles on rutile TiO 2 sample [START_REF] Samuel | Enhanced activity for supported Au clusters: Methanol oxidation on Au/TiO 2 (110)[END_REF], shown in Figure 1.11. The distribution of the nanoparticles on the support is quite regular, as mentioned in Figure 1.11 by black arrows. In addition, their size distribution is narrow and the mean particle size is around 3.8 nm.

1.6 Reactivity on Supported Nanoparticles

Au Reactivity

Some recent experimental methods such as HAADF-STEM, X-ray diffraction (GISAXS, EXAFS, . . . ), and spectroscopy (XPS, UPS, . . . ) allow to get a more precise overview of the nanoparticles size and morphology, and more specifically in conditions of carbon monoxide oxidation reaction. For 2-nm sized gold nanoparticles, two CO oxidation reaction paths are possible. First, the O 2 dissociation occurs on the nanoparticle's terraces as well as the CO oxidation. Second, CO adsorbs at the interface between the gold nanoparticle and the TiO 2 rutile support, and thus the support is a tank of oxygen atoms. Two recent studies are favorable for the second scenario [START_REF] Saint-Lager | Operando atomic structure and active sites of TiO 2 (110)-supported gold nanoparticles during carbon monoxide oxidation[END_REF][START_REF] Randima | Understanding the nucleation and growth of metals on TiO 2 : Co compared to Au, Ni, and Pt[END_REF], where the nanoparticle-support interaction plays a key role. Kolmakov et al., Ref. [START_REF] Kolmakov | Scanning tunneling microscopy of gold clusters on TiO 2 (110): CO oxidation at elevated pressures[END_REF], have performed a STM investigation of Au nanoparticles supported on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. The authors have demonstrated that a huge reorganization occurs in presence of reactants: a slight decrease in Au nanoparticles size and TiO 2 roughening are observed. At 13 -25 clustered atoms, reactants adsorption has been theoretically studied for CO oxidation. First, Au 20 has been found to be resistant to deformation induced by the reactants adsorption [START_REF] Molina | The activity of the tetrahedral Au 20 cluster: charging and impurity effects[END_REF], especially when it is supported by MgO support. Another DFT investigation concerning gas phase Au 15 to Au 24 particles have shown that molecular O 2 adsorption does not change much the morphology of the particle [START_REF] Yoon | Size-dependent structural evolution and chemical reactivity of gold clusters[END_REF]. By the way, the adsorption energetics, that can be compared to the catalytic activity of the nanoparticle, is size-dependant. In another study, CO and O 2 adsorption energies have been calculated, revealing that CO binds quite strongly to Au 13 particle (120 kJ.mol -1 ) whereas the adsorption of O 2 is weak (20 kJ.mol -1 ) [START_REF] Wells | Gas binding to Au 13 , Au 12 Pd, and Au 11 Pd 2 nanoclusters in the context of catalytic oxidation and reduction reactions[END_REF]. Still considering Au 13 particles, the shape effect (icosahedral, octahedral and planar) of the aggregate has been studied [START_REF] Austin | Au 13 : CO adsorbs, nanoparticle responds[END_REF]. Thus, a 2D to 3D transition at high CO coverage has been observed. This contrasts with previous works, which have established that Au particle shape is not sensitive to the adsorbate.

Considering now the methanol oxidation reaction, another work is interesting [START_REF] Samuel | Enhanced activity for supported Au clusters: Methanol oxidation on Au/TiO 2 (110)[END_REF]. Temperature programmed desorption investigations of methanol at 300 K show that both Au and TiO 2 are necessary for methanol to react. This is due to the fact that methanol adsorbs on the TiO 2 support, and that the Au nanoparticle breaks the O-H bon to form formaldehyde.

A combined infrared-kinetic measurement and DFT study, Ref. [START_REF] Isabel Xiaoye Green | Spectroscopic observation of dual catalytic sites during oxidation of CO on a Au/TiO 2 catalyst[END_REF], has shown that CO first binds to the TiO 2 support close to the Au particle. Then, it diffuses towards the perimeter sites of the nanoparticle, to form a CO-O 2 complex at dual Ti-Au sites. This reaction path has an apparent activation energy of 0.16 eV.

Two other infrared spectroscopy and DFT studies have evidenced the role of the TiO 2 surface hydration on the CO oxidation reactivity at room temperature [START_REF] Saavedra | The critical role of water at the gold-titania interface in catalytic CO oxidation[END_REF][START_REF] Mullen | Water's place in Au catalysis[END_REF]. They have indicated that the proton transfer at the metal-support interface facilitates the binding and activation of O 2 through the formation of Au-OOH species.

Following the Sabatier principle, the interaction between the reactant and the catalyst should be balanced. A volcano-shaped plot has been introduced, displaying the catalytic activity as a function of the reactant binding energy. When the adsorption energy is too low, the reactant does not bind to the catalyst. When the binding energy is very stabilizing, the reactant adsorbs too strongly to the particle and this is impossible for it to react. The good balance is around 100 -150 kJ.mol -1 of adsorption strength, the top of the volcano. CO binds to Au nanoparticles with a good range in energy, but O 2 adsorption strength is too low. This is the reason why it is interesting to introduce Cu atoms in the catalyst, that are known to be oxygen magnets.

AuCu Reactivity

In bimetallic nanoparticles, atomic segregation and reorganizations during the reaction path are known to be one of the engines of the reactivity [START_REF] Shan | Nanoalloy catalysts for electrochemical energy conversion and storage reactions[END_REF]. For example, PtNi bimetallic nanoparticles form Pt-skin structure. Thus, the structural analysis of bimetallic nanoparticles is necessary during the reaction process.

For another reaction type, the oxy-functionalization of the α-pinene, Ajaikumar et al. [START_REF] Ajaikumar | Oxidation of α-pinene over gold containing bimetallic nanoparticles supported on reducible TiO 2 by deposition-precipitation method[END_REF] classified Au, Cu and AuCu supported particles on titania as a function of their catalytic activity, following this order: AuCu/TiO 2 > Cu/TiO 2 > Au/TiO 2 . AuCu bimetallic nanoparticles supported on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] have been found to be the most selective catalyst.

XPS results indicated the formation of alloyed bimetallic particles under reaction conditions.

An experimental study combining diffraction, spectroscopy and microscopy techniques have allowed tthe characterization of AuCu during the reaction [START_REF] Licheng | An Au-Cu bimetal catalyst supported on mesoporous TiO 2 with stable catalytic performance in CO oxidation[END_REF]. Their results have shown that the nanoparticles form an alloy. Considering now CO oxidation, it has been found that the catalytic activity of gold was enhanced by copper for alloyed nanoparticles. Another work done by Wang et al. [START_REF] Wang | Catalytic activity of nanostructured Au: Scale effects versus bimetallic/bifunctional effects in low-temperature CO oxidation on nanoporous Au[END_REF] has pointed out the influence of Cu content in Au catalyst surface on both O 2 dissociation and activity. An experimental characterization have shown that Au and Cu are alloyed in the nanoparticles during the CO 2 reduction [START_REF] Neaţu | Gold-copper nanoalloys supported on TiO 2 as photocatalysts for CO 2 reduction by water[END_REF][START_REF] Nana | High-temperature reduction improves the activity of rutile TiO 2 nanowires-supported gold-copper bimetallic Bibliography nanoparticles for cellobiose to gluconic acid conversion[END_REF].

An ideal proportion of Cu in Au catalysts has been proposed for water-gas shift reaction by Bonmati et al. [START_REF] Bonmatí | Hydrogen photoproduction from ethanol-water mixtures over Au-Cu alloy nanoparticles supported on TiO 2[END_REF], comparing the relative activities for tested catalysts. The order follows: Au 0.75 Cu 0.25 /TiO 2 > Au 0.5 Cu 0.5 /TiO 2 ∼ Au/TiO 2 > Au 0.25 Cu 0.75 /TiO 2 » bare TiO 2 . Thus, only a small amount of copper in gold deposited on TiO 2 (110) support promotes its activity.

Limitations of the State-of-the-Art

Although Au, Cu and AuCu supported nanoparticles on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] are widely studied systems in heterogeneous catalysis, there are still limitations that can be sketched out from the literature. In Figure 1.12, one can see the number of publications devoted to Au atom, Au nanoparticle, Cu atom, Cu nanoparticle and AuCu bimetallic nanoparticle deposited on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], sorted by the type of analyses (spectroscopy, microsopy, diffraction or theoretical works). One can remark first that the number of articles concerning Au atom or nanoparticles is much larger than the ones regarding Cu or AuCu. Second, theoretical works are really sparse compared to the experimental ones. Last, it is remarkable that, in spite of its efficiency, bimetallic AuCu supported system is not much studied.

Considering the described state-of-the-art, some limitations can be enumerated. First, the theoretical description of TiO 2 (110) is delicate. The band structure (including the band gap and gap state for the reduced surface) needs a semi-empirical correction of the electronic correlation that will be explained further in Chapter 2. This makes calculations very heavy and delicate to converge. Second, the hydration of the support has not been theoretically described properly. Also, the synergy between the Au or Cu adsorbates and the hydration of the support has not been investigated theoretically.

Concerning the adsorption of atomic Au on TiO 2 (110) support, there is a controversy that has not been solved so far. Furthermore, there are not much structural theoretical studies on the Au nanoparticles deposition on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support in a range 1 -2 nm. These kinds of systems are complicated because of the large number of considered atoms in the calculations. In addition, there is a clear lack of both theoretical and experimental data on the adsorption of atomic Cu and the deposition of Cu particles on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. The alloyed bimetallic AuCu nanoparticles are not well known at the size of 1 -2 nm. To study their reactivity, it is primordial to know their structural arrangement, and their interaction with the support.

Regarding now the reactivity of such a catalytic system, it is helpful to consider first the adsorption of reactants and reactivity on Au and Cu monometallic nanoparticles, and AuCu bimetallic nanoparticles. This will give a good idea of the position of these catalysts in the volcano plot. Not much theoretical studies have been performed on either the reactants adsorption or the reaction pathway for CO oxidation.

In the following, we will to expose first the theoretical methodoligy used to perform our calculations. Second, we will expose the nucleation precursor states for Au and Cu nanoparticles on stoichiometric, surface and sub-surface surface reduced, and hydrated rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports. The growth and morphology of Au, Cu and AuCu nanoparticles will be studied, first in vacuum, second with the rutile support. Finally, the adsorption and reactivity for mono-and bimetallic nanoparticles will be exposed both in vacuum and on the rutile support. 

Methodology

Two classes of methods belong to quantum chemistry. The first one, including Hartree-Fock and post-Hartree-Fock methods, aims to determine the electronic wavefunction to explain different molecular-scale events. The wavefunction theory formalism in its Hartree-Fock formulation brings a calculation of exact electronic exchange without electronic correlation. For metals and oxides, this approach is unsufficient. Post-Hartree-Fock methods, such as Møller-Plesset evaluate the electronic correlation by a perturbative treatment, but they do not work for metals (closed band gap) because the calculated terms are developed in ∆H ij /∆E. When ∆E tends to 0, the term tends to the infinity, though it is not a perturbative development anymore. The second one, called Density Functional Theory (DFT), is based on the electronic density as a variable to study the electronic structure. This method depends in its formalism on the knowledge about electronic exchange-correlation functionals, for which the analytical expressions analytiques are unknown. There exists a ladder to classify the different level of approximations: the Jacob's ladder (going from Hartree functionals without correlation to the Heaven, with exact excange and correlation). At the standard GGA level, for metals and oxides such as Al 2 O 3 , MgO, etc . . . , DFT allows the calculation of a part of the electronic correlation. However, the electronic exchange is not exact. For more complex oxides, or strongly correlated systems, the GGA level is not sufficient: band gap properties are not in agreement with experimental measurements. Meta-GGA approaches do not allow to progress for such systems, but at hyper-GGA level, hybrid functionals such as HSE06 describe better the electronic properties. This been said, a full hyper-GGA study about nanoparticles (in vacuum or deposited) with a reactivity investigation is not conceivable nowadays. The best compromise is to bring to GGA level calculations a semi-empirical correction that allows to have fast results on large size systems: DFT+U. This approach is the one that has been used in the following. DFT+U approach has been implemented for instance in the VASP code.

In this Chapter, we have exposed the basis for DFT method and DFT+U approach. The models of nanoparticles, TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surfaces and the interface between them have Chapter 2. Methodology also been developed. The criteria for accuracy and the parameters for each studied system have been recalled.

Introduction to DFT

Generalities

Density Functional Theory (DFT) uses the total electronic density ρ(r) of a system to determine its energy. Electrons are subject to an external potential V ext (r) generated by the nuclei of the system. One can solve a problem containing N particles and 3N variables in Hartree-Fock and post-Hartree-Fock methods using now only three variables, three direction of the space (x, y and z).

DFT is based on two theorems which were formulated by Hohenberg and Kohn [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF], for which Kohn has been awarded with a Nobel prize in 1998:

• First Theorem: "For any system of interacting particles in an external potential V ext (r), the density is uniquely determined (in other words, the external potential is a unique functional of the density)". This theorem justifies the choice of electronic density as a variable.

• Second Theorem: "A universal functional for the energy E[ρ] can be defined in terms of the density. The exact ground state is the global minimum value of this functional".For each V ext (r), the energy of the system at the ground state is the value that minimizes this functional. The associated density ρ(r) corresponds to the exact density ρ 0 (r) of the ground state.

In other words, the electronic density determines in a unique way the electronic nature of a molecule. The same electronic density cannot be associated to two different molecules or vice versa. The functional for the associated energy E 0 [ρ 0 ] can be decomposed in different terms :

E 0 [ρ 0 ] = T e [ρ 0 ] + E ne [ρ 0 ] + E ee [ρ 0 ] (2.1)
With :

• T e [ρ 0 ] electronic kinetic energy,

• E ne [ρ 0 ] energy associated to the nuclei-electron interaction

• E ee [ρ 0 ] energy associated to the electron-electron interaction Those theorems prove that the electronic density can be used as a variable to calculate a system property, but without showing how to proceed. The Kohn-Sham theory brings a solution by constructing an auxiliary system with particles that are not in interaction, and with the same density than the real system (with interaction). To solve this equation, one can introduce the Kohn-Sham formalism that gives a writing for T s [ρ 0 ] and J, that are T e [ρ 0 ] et E ne [ρ 0 ] in an electron gas without any interaction, respectively.

E KS 0 [ρ 0 ] = T s [ρ 0 ] + E ne [ρ 0 ] + J (2.2)
However, this expression of this functional has two drawbacks. In the one hand, it doesn't take into account that electrons are independent particles which interact, and that their motion is deviated as an other electron approaches, that is called the electronic correlation. On the other hand, Pauli's principle, that includes the possibility for two electrons of opposite spin to exchange, isn't respected. The solution to these two problems is to add to the equation 2.2 an exchange-correlation (XC) term (E XC [ρ 0 ]), that includes the electronic correlation and that respects Pauli's principle. One can write this term following:

E XC [ρ 0 ] = T e [ρ 0 ] -T s [ρ 0 ] + E ee [ρ 0 ] -J (2.3)
At a pure DFT level, there are two approximations of this XC term: the local density approximation (LDA) and the generalized gradient approximation (GGA). An example of more precise functionals would be those that take into account the XC terms from Hartree-Fock, the so-called hybrid functionals. Jacob's ladder classifies the different functionals following the precision of the XC term added.

The first level in this ladder is the LDA, that uses a model of homogeneous electron gas. The XC term is then approximated by a space integral:

E LDA XC [ρ] = ρ(r) XC (ρ(r))dr (2.4)
The GGA approximation is an improvement of the LDA one, that uses as variables the electronic density and its gradient:

E GGA XC [ρ] = ρ(r) XC (ρ(r))dr + F XC [ρ(r), ∇ρ(r)]dr (2.5)
This GGA approximation is the one that will be used for all the calculations in the following.

DFT+U Method

The theoretical description of rutile TiO 2 (110) stoichiometric and surface reduced nonpolar surfaces leads to two main issues [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF]. First, the band gap width is underestimated (1.7 eV with GGA-PBE vs 3.05 eV experimentally). Second, for surface reduced TiO 2 surfaces, i.e. surfaces exhibiting oxygen vacancies, two electrons are released back to the oxide surface per removed oxygen atom. The formation of oxygen vacancies creates an electronic state in the TiO 2 gap, the so-called gap state (lying 2.3 eV above the valence band and 0.7 eV below the conduction band [START_REF] Henrich | Defect surface-states on TiO 2 -2dimensional surface phases[END_REF], hence at 3/4 of the band gap). The usual GGA functionals fail to describe the corresponding electron localization at a metallic center [START_REF] Bengone | Implementation of the projector augmented-wave lda+u method: Application to the electronic structure of NiO[END_REF]. This is explained by the narrow radial extension of Ti 3d orbitals. In titanium oxide, the 3d orbitals do not overlap with the oxygen ones and they are more localized on the titanium atoms. Thus a probative semi-empirical approach, given by the generalized Hubbard model [START_REF] Altland | Condensed matter field theory[END_REF][START_REF] Surján | Second quantized approach to quantum chemistry[END_REF] leads to an effective Hamiltonian to treat the behavior of electrons on metals.

In band structure calculations of solids, approximations given by the Hubbard model leads to an Hamiltonian that greatly improves the description of strongly correlated materials. In the Hubbard model, the electron-electron repulsion is quantified by the Hubbard parameter U. The DFT+U total energy is given as the sum of DFT total energy and a correction term that depends on the orbital occupation number n s :

E DFT+U [ρ, n s ] = E DFT [ρ] + E U [n s ] (2.6)
In the U total electronic energy, the contributions of classical Coulomb J and XC functionals are counted. This is the reason why one has to introduce a double counting term, as follows:

E U [n s ] = E U 0 [n s ] -E dc [n s ] (2.7) 
where E U 0 [n s ] is a term derived accordingly to the HF treatment of electron-electron interaction of electrons within the shell s and E dc [n s ] is a double counting term which represents the electron-electron interaction contribution of the shell s that is already present in the DFT total energy. Various definitions of E dc have been proposed. In the Dudarev's approach [START_REF] Dudarev | Electron-energy-loss spectra and the structural stability of nickel oxide: An lsda+u study[END_REF], the corrected total energy is defined as:

E U = 1 2 (U -J) ∑ σ ∑ s [n σ s (1 -n σ s )] (2.8)
The difference between Coulomb and exchange parameters U and J can be substituted by a single effective Coulomb repulsion parameter U eff which also simplifies as the DFT+U functional as a semi-empirical correction term that depends on a single parameter

E U = 1 2 U eff ∑ σ ∑ s [n σ s (1 -n σ s )] (2.9)
In this study, the Dudarev's approach (PBE+U) has been selected [START_REF] Dudarev | Electron-energy-loss spectra and the structural stability of nickel oxide: An lsda+u study[END_REF] with an optimal value U eff of 4.2 eV, that offers the best compromise between the opening of the band gap (2.16 eV) and the localization of the gap state (at 3/5 of the band gap) [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF].

VASP calculations

Generalities

Calculations have been performed with the Vienna Ab-initio Simulation Package (VASP 5.3, [207, 208, 209, 210]). This program does calculations in periodic boundary conditions, that means that nuclei and electrons are translated in the three directions of the space defined by the vectors of the elementary pattern. Thus, VASP allows the modeling any kind of materials (crystals, surfaces, . . . ) at the atomic scale, as long as the number of valence electrons is not too large (below 10000 electrons) or the volume of the supercell not too wide (below 50 × 50 × 50 Å 3 ).

In such a tridimensional periodic system, the describing wave function has to be a solution of Bloch equation. Such a wavefunction, called Bloch function (plane wave), is written following:

Ψ ik (r) = e ikr u ik (r) (2.

10)

Where:

• u ik (r) is a periodic function

• e ikr the phase, equivalent to the equation of the plane wave

• k the wave vector

In a first approximation, the influence of core electrons on the chemical bonding is neglected. Each chemical element considered in a calculation can be associated to a pseudopotential describing the total potential of its nucleus and its core electrons, and will be represented by its valence electrons. The used pseudo-potentials in the following are augmented wave functions by projector operators (Projector Augmented Wave, PAW [START_REF] Perdew | Accurate and simple analytic representation of the electron-gas correlation-energy[END_REF]) with PBE functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF].

The extension of the basis set of plane waves basis set is defined by the cut-off energy, that describes the limit which is imposed to the number of considered plane waved and their energy. This value is fixed for each calculation containing the rutile support to 400 eV, because of the regular pseudo-potential of atomic oxygen. In the other cases (gas phase Au or Cu nanoparticles), it is fixed to 273 eV.

Kohn-Sham solutions are obtained in the reciprocal space thanks to the Fourier analysis. Hence, this is the interest of working with a plane wave basis set. The supercell in the real space has a representation in the reciprocal space named Brillouin zone. The smallest unit cell reduced by a symmetry operator is called first Brillouin zone in the reciprocal space. In this primitive zone, finding the solutions for Kohn-Sham equations means solve those equations for a certain amount of specila points, called k-points and determined in VASP with Monkhorst-Pack approach [START_REF] Monkhorst | Special points for brillouin-zone integrations[END_REF]. This restricted list of k-points corresponds to the irreducible points considering symmetry properties. The number of k-points in the reciprocal space depends on the supercell in the real space: the larger the supercell is, the fewer k-points are needed. For small size systems (bulk and bare TiO 2 surfaces), one needs a large amount of k-points (or a dense grid) to obtain a numerical convergence of the total electronic energy. Each point produces a certain number of energetic levels (coming from the solvation of Kohn-Sham equations), and the plot of those levles as a function of k values represents a band diagram that shows the energetic dispersion due to the periodic nature of the studied system. The total electronic energy is calculated as an integer on all the energetic levels obtained for each k-point. Huge supercells only need the calculation at a single k-point, called gamma-point. All supercells containing gas phase molecules and nanoparticles in vacuum are systems containing a big vacuum space in order to avoid intra-molecular interactions. They are described as molecular systems, with no natural periodicity and though energy calculations at the gamma-point.

2.3 Models used for TiO 2

Accuracy Tests on the TiO 2 Bulk

The generalized gradient approximation (GGA) has been used with the Perdew-Burke-Ernzerhof exchange-correlation functional (PBE [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]), and the projector augmented-wave method (PAW [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]).

The theoretical description of rutile TiO 2 (110) stoichiometric and surface reduced nonpolar surfaces leads to two main issues [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF]. First, the band gap width is underestimated (1.7 eV with GGA-PBE vs 3.05 eV experimentally). Second, for reduced TiO 2 surfaces, i.e. surfaces exhibiting oxygen vacancies, two electrons are released back to the oxide surface per removed oxygen atom. The formation of oxygen vacancies creates an electronic state in the TiO 2 gap, the so-called gap state (lying 2.3 eV above the valence band and 0.7 eV below the conduction band [START_REF] Henrich | Defect surface-states on TiO 2 -2dimensional surface phases[END_REF], hence at 3/4 of the band gap). The usual GGA functionals fail to describe the corresponding electron localization at a metallic center, by overestimating the delocalization. A probative semi-empirical approach, namely DFT+U, has been proposed to improve this spurious delocalization. An additional term U, corresponding to electron on-site repulsion and based on a Hubbard model is considered to cure the self-interaction error. In this study, the Dudarev's approach (PBE+U) has been selected [START_REF] Dudarev | Electron-energy-loss spectra and the structural stability of nickel oxide: An lsda+u study[END_REF] with an optimal value U eff of 4.2 eV, offering the best compromise between the opening of the band gap (2.16 eV) and the localization of the gap state (at 3/5 of the band gap), as shown previously [START_REF] Morgan | A dft+u description of oxygen vacancies at the TiO 2 rutile (110) surface[END_REF].

TiO 2 rutile bulk has a tetragonal unit cell with a = b = c and α = β = γ = 90 o , see Figure 2.1. Our PBE+U results (with a Monkhorst-Pack [START_REF] Monkhorst | Special points for brillouin-zone integrations[END_REF] k-points mesh of (9 × 9 × 15), corresponding to 120 irreducible points) are in fair agreement with experimental measurements [START_REF] Vinet | A universal equation of state for solids[END_REF] : a theo = 4.615 Å, a exp = 4.593 Å; c theo = 3.001 Å, c exp = 2.958 Å and u theo = 0.304, u exp = 0.305. In a TiO 2 bulk, each Ti atom has a octahedral environment, surrounded by 6 O atoms (see Figure 2.1). In the primitive lattice of TiO 2 , there are two Ti atoms and four O atoms. In bulk calculations, the systematic error on the band gap has been evaluated by changing the extension of the Ti atom valence (3d 3 4s 1 vs 3s 2 3p 6 3d 3 4s 1 ), the pseudopotentials (PAW-PBE vs GW) and the choice of the non-local dispersion corrected functional (vdWDF2 and BEEF-vdW). The value varies from 2.16 eV (PBE+U, 4 valence electrons) to 2.33 eV (PBE+U, 12 valence electrons), to 1.75 eV (BEEF-vdW, 12 valence electrons), to 2.2 eV (vdWDF2, 12 valence electrons) and to 2.35 eV (PBE+U with GW pseudopotentials, 12 valence electrons). The optimal lattice parameters are weakly perturbed by the change of the functional, the valence or the pseudopotentials. According to our tests, the inclusion of dispersion makes worse the prediction of the band gap, whereas GW pseudopotentials agree quantitatively with PAW-PBE pseudopotentials. In addition, the extension of the valence up to 12 electrons offers the best prediction for the band gap. Hence, for all the study, we have chosen PBE+U, PBE-PAW and 12 valence electrons for Ti atoms. The numeric error has been estimated by changing the k-points grids and corresponding number of irreducible points. A convergence on the total electronic energy of ±2.10 -4 eV is ensured by a (9 × 9 × 15) mesh.

Surface models

Extended surfaces are modeled by bi-dimensional periodic layers, involving a finite number of layers. A slab is a finite packing of periodic layers in two directions (x, y). To describe a slab, one must know what surface direction will be modeled. In the following, concerning rutile TiO 2 , the most stable surface is the (110) one.

Various surfaces of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] have been modeled in this work (cf. Figure 2.2). The stoichiometric non-polar termination is presented in Figure 2.2 (a) and (d). It is described by a (2×1) supercell and is terminated by bridging oxygen rows along y. Both surface reduced and sub-surface reduced terminations have been considered with a single oxygen vacancy located in the surface (see Figures 2. The surface reduced and sub-surface reduced surfaces are described by a (3 × 1) supercell (corresponding to a vacancy surface coverage of 1/3 ML). The vacuum space between two equivalent slabs along the z direction is set to 20 Å. In all those surface models, one oxide layer contains 3 atomic planes (following the sequence O-Ti 2 O 2 -O). The associated k-points grids are defined from the bulk rule and thus are chosen as (7 × 7 × 1) and (5 × 7 × 1) for stoichiometric and surface reduced surfaces, respectively. One important characteristic of the surface models is the choice of the thickness of the symmetric slab based on the convergence of the surface energy (systematic error due to the slab thickness). A detailed analysis of surface energy calculations for stoichiometric surface model as a function of the slab thickness shows that absolute convergence is obtained for a 13-layer thick slab (593 mJ.m -2 ). This been said, a compromise is done to make the theoretical study possible by keeping 7-layer thick slab (leading to a systematic error of 70 mJ.m -2 ). For the two models of surface reduced surfaces, the convergence of the surface energy is more difficult, where more than 13-layer thick symmetric slabs are required to reach an equivalent accuracy. This delicate question is rarely mentioned in the literature. For a sake of consistency with stoichiometric surfaces, 7-layer thick slabs represent our converged models. The surface energies for the surface reduced surfaces are 1109 and 1331 mJ.m -2 with a single oxygen vacancy in the surface and sub-surface layer, respectively. As a conclusion, the presence of a vacancy in the sub-surface is possible but much less favorable than in the surface.

Models used for nanoparticles

In the following, gold, copper and gold-copper nanoparticles will be considered. For all these morphologies, the number of hexagonal [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF], triangular [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] and squared (100) facet is recalled.

Nanoparticles in vacuum

Calculations considering a Au, Cu or Au-Cu nanoparticle have been led using GGA-PBE functional. For all calculations, the spin-polarization has been allowed to relax, and the geometry has been fully optimized. The considered k-points grid is (1 × 1 × 1) as it concerns gas phase calculations. For all calculations, the considered supercell is 30 × 30 × 30 Å 3 . Using this supercell, even the biggest nanoparticles have more than 1.5 nm of vacuum between them, in order to avoid spurious interactions between two nanoparticles. All the shapes of the NPs are based on the fcc packing of the corresponding bulk crystal. The [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] fcc facet is the most stable one for Au and Cu surfaces. Hence, in the nanoparticle we considered, this [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] facet is present. Moreover, in some nanoparticles, the (100) facet is also considered. For gas phase nanoparticles, the morphologieswhich are considered are the truncated octahedron (to), truncated tetrahedron (tt), octahedron (o) and cuboctahedron (c). In Table 2.1, the different shapes and sizes of the selected nanoparticles are exposed with the number of different types of facets.

For all morphologies and sizes, different chemical compositions are taken into account. The chemical composition is noted x, and it refers to the fractional part of Au in the nanoparticle (from 0 to 1, when there is no Au and when there is no Cu in the nanoparticle, respectively).

To change the chemical composition of one given morphology of nanoparticle, different cases were analyzed: the pure Au and pure Cu, Au 3 Cu, AuCu and AuCu 3 regularalloyed (which can lead to different nanoparticles depending on the places of Au or Cu rows in the nanoparticle), core-shell (with a core of pure Au and a shell of pure Cu and vice versa), and skin-heart nanoparticles. The skin-heart nanoparticles are based on the principle of core-shell nanoparticles with either the core (heart) or the shell (skin) of regular-alloyed (Au 3 Cu, AuCu and AuCu 3 ) and the skin or the heart of pure Au or Cu.

To distinguish the nanoparticles between them, a systematic notation is used following: Geometry(Nb of atoms) composition of the shell(skin) composition of the core(heart) .

For example, a core-shell bimetallic nanoparticle with 201 atoms, a shape of truncated octahedron and with a core of pure Cu and a shell of pure Au will be noted as to(201) Au Cu .

Supported nanoparticles

Considering now the supported nanoparticles, the calculation were lead using GGA-PBE functional and a k-points mesh of (1 × 1 × 1). The deposition of a nanoparticle on rutile has been done on the stoichiometric TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. The supercelles that have been used for deposition are twice bigger in x and y directions than the deposited nanoparticle. For instance, when we want to deposit a nanoparticle of 0.8 nm diameter, the considered TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supercell is more than 1.6 nm wide in both x and y directions (1.81 nm following x and 1.97 nm following y axis). Due to the size of the supercell (extremely large basis set of plane waves) and the total number of valence electrons, the corresponding calculations are too expensive to explore a large number of configurations for the deposited cluster and for adsorption properties of carbon monoxide. A first way to reduce the CPU time is the consideration of three oxide layers instead of four for smaller supercells. A second way is to consider only restricted calculations (no spin polarization during the geometry optimizations). This latter point is less critical for stoichiometric support than for reduced surfaces. This is the reason why the system has been reduced again to consider the reactant adsorption analysis on the deposited to [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticle. This analysis have been lead on nanoparticles that have been deposited on a cluster of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. This cluster, presented in Figure 2.3, is much smaller than the previously considered TiO 2 slab. It has only two layers, with one layer fixed and one allowed to relax. In order to compensate the electronic deficiency of terminal oxygen atoms of the support and the presence of dangling bonds, only those oxygen atoms have been hydroxylated with hydrogen atoms. Other oxygen atoms with a more classical electronic environment have been kept intact. This has been our choice to avoid as much as possible the polarity of the cluster (highly metastable system) and to minimize the degree of reduction of the oxide cluster. The size of this cluster is 12 Å following x and 16 Å following y axis. To get rid of cluster-cluster interactions, the considered supercell is 23 × 23 × 23 Å 3 . This lets around 7 -8 Å of vacuum between two clusters in x and y directions.

For this kind of calculations, to make it faster, the U parameter on Ti atoms and the spin polarization are not taken into account. The considered k-points mesh is (1 × 1 × 1), as it is a gas phase calculation.

This intermediate model, really approximate, is considered as a starting tool to explore a large number of adsorption structures for CO reactant. The corresponding analysis will be preliminary and of course it will have to be checked and validated by transfering the obtained relaxed structures in the periodic model with the large supercell for the oxide support. Complementary calculations with DFT+U and spin polarization effets will also have to be evaluated in the end, at least for the most stable adsorption form of CO at the interface between the Au cluster and TiO 2 support Nucleation on a Model Rutile TiO 2 (110) surface

Introduction

As previously exposed in Chapter 1, there are controversies regarding the adsorption site and strength of a gold atom on the rutile TiO 2 (110) surface. Also, the interaction between the support and copper atom has not been studied yet. Almost no theoretical work has been devoted so far to the study of diffusion kinetics of Au and Cu on the rutile TiO 2 (110) support. Since adsorption and diffusion processes are elementary mechanisms on the early stage of a nanoparticle nucleation, we have in the following a more complete theoretical investigation of these phenomena.

In this Chapter, we have studied the adsorption and diffusion of a single Au or Cu atom on either stoichiometric, surface reduced and sub-surface reduced rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support, in model conditions (no hydration of the support, no thermodynamic approach of Gibbs free energy). This choice has allowed us to compare our results to the ones from the theoretical state-of-the-art. First, we have exposed the methodology used in theoretical simulations for the potential energy maps and diffusion plots. Then, we have presented the DFT results we obtained and finally we have discussed our results.

Methodology

Potential Energy Maps

The supercells used to built the Potential Energy Maps (PEMs) of Au and Cu adsorption on various TiO 2 surfaces are those defined previously in Chapter 2. The adsorption has been modeled on specific points of regular grids covering the TiO 2 surfaces. The point densities are 2 points.Å -2 and 0.8 points.Å -2 for pristine and reduced surfaces, respectively. For each specific point, all the degrees of freedom of the uppermost TiO 2 layers and the z coordinate of the adsorbed metal have been allowed to relax during the geometry optimizations, whereas x and y adsorbate coordinates have been frozen. The total spin polarization is also relaxed throughout the PEMs.

The adsorption energy (∆E ads ) of the metal M (Au or Cu atom) on the various TiO 2 surfaces is defined as follows:

∆E ads = E(M/TiO 2 (ξ)) -E(M GP ) -E(TiO 2 (ξ)) (3.1)
Where E(M/TiO 2 (ξ)) is the total electronic energy of the adsorbed system, E(M GP ) being the total electronic energy of the gas phase metal M reference and E(TiO 2 (ξ)) being the one of the bare support surface. ξ refers to the three different TiO 2 surfaces : 0 for pristine (Sto), 1 for surface reduced (Red) and sub-surface reduced (sRed). The areas of these supercells are A = 39.2 Å 2 for stoichiometric surfaces and A = 58.8 Å 2 for surface reduced and sub-surface reduced slabs.

For each metal and each particular surface, a PEM is built by an interpolation over the series of adsorption energies calculated for each point of the exploration grid. Afterwards, the geometry of each point of the grid is fully relaxed, in order to determine all the stationary points in the map (local minima, local maxima and saddle-points). The difference of energy between the fully relaxed geometries and constrained structures coming from the PEMs allows the estimation of the systematic error related to the use of those maps (∼ ±0.01 eV).

Diffusion Kinetics

Once the most stable adsorption structure is found, the closest point is defined on the grid and the diffusion activation barriers of Au and Cu atoms toward the next stable position are calculated in each case by considering their diffusion either through the bridging oxygen rows (named "perpendicular diffusion", along x axis) or along those oxygen rows (named "parallel diffusion", along y axis). These effective barriers have been evaluated by the energy difference between the highest saddle-point and the global minimum along those two directions. The corresponding diffusion coefficients of each metal M have been calculated as follows [START_REF] Van Santen | Chemical Kinetics and Catalysis[END_REF]:

D * = - ∆E diff act k B t * (3.2) D * = ln 4h.d k B TA ; t * = 1 T (3.3)
Where d is the diffusion coefficient constant (cm 2 .s -1 ), D * being the Neperian logarithm reduced variable of d, t * being the reduced variable of temperature T (K) , A being the area of the unit cell and ∆E diff act being the diffusion activation barrier along x or y direction, evaluated from the PEMs.

Adsorption Properties

As exposed previously, the nature of TiO 2 surface during the nucleation and the growth of Au and Cu nanoparticles is rather complex. Various different surface states coexist: stoichiometric and reduced areas, where Au and Cu can adsorb, diffuse and nucleate nanoparticles. In addition more complex defects such as steps and titanium oxide clusters may play also an important role in this nucleation. At a first glance, one would like to include all those components in a unique DFT model. Unfortunately, such an approach cannot be developed in a reasonable time, due to the complexity of the corresponding system. In the following, we thus propose to investigate the nucleation of the nanoparticles by examining the adsorption and diffusion of Au and Cu on various states of TiO 2 surfaces. In order to decouple the role of each surface state, those systems have been considered separately. Diffusion kinetics calculated at the working temperature will determine the most likely nucleation sites. At this stage, the influence of the reducibility of the support will be studied by the presence of surface and sub-surface oxygen vacancies.

An overview of the adsorption properties is obtained by calculating complete PEMs for Au and Cu atoms on pristine, surface and sub-surface reduced TiO 2 supports. The method used to generate those maps is addressed in the section 3.2.1. The definition of all the considered top and bridge positions between the surface oxygen and titanium atoms is presented in Figures 3.1-3.3,3.6. The PEMs contain various stationary points corresponding to specific x and y constrained positions of Au and Cu atoms. All those geometries have then been completely optimized and the related results have been reported in Tables 3.1 and 3.3. These optimal structures are either local minimum (m) or N-order saddlepoint (s). After the full geometry optimization, some of these constrained structures labeled (u) in Table 3.1 and 3.3 are unstable in reality. The optimized geometries of the most stable adsorption positions for Au and Cu atoms on these two surfaces have been depicted in Figures 3.4 and 3.5.

Au on Pristine and Reduced TiO 2 (110) Surfaces

Adsorption Properties

In the case of Au adsorption on the pristine TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support, there exist one minimum and 4 saddle-points (see Figure 3. 1 (a-b)). After the full geometry optimization, the stable structure is a non-symmetric bridge position between a surface Ti atom (Ti5C) and a surface bridging atom (O2C) (see Figure 3.4 (a-b)) with an adsorption energy of -40 kJ.mol -1 or -46 kJ.mol -1 , at the PBE or PBE+U level, respectively (cf. Table 3.1). Since, from a general point of view, the GGA+U results are consistent with the GGA ones, qualitatively (optimal positions) and quantitatively (adsorption strength), only the DFT+U analysis will be considered in the following discussions. For Au adsorption on the surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], there exist one minimum (m) and 4 saddle-points (s) (cf. Figure 3 (cf. Figure 3.5 (a-b)). The adsorption strength is five times larger on the surface reduced support than on the pristine termination. For the adsorption on the last surface state (sub-surface reduced support, see Figure 3.3 (a)), one minimum (m) is also obtained with an adsorption energy of -125 kJ.mol -1 . This structure corresponds to a top Ti5C site, at the closest position to the sub-surface oxygen vacancy (cf. Figure 3.5 (e-f)). Likewise the two previous support states, four saddle-points are determined on the PEM. The structure determined on the sub-surface reduced support is different from the two other surface states (stoichiometric and surface reduced). Moreover, its adsorption energy is more moderate than the one on surface reduced support with an intermediate value.

Magnetic Properties

Regarding the magnetic properties, the gold atom (doublet state) loses its spin polarization once chemisorbed on stoichiometric, surface reduced and sub-surface reduced supports (cf. Table 3.2). The total spin polarization of the adsorption state on the stoichiometric surface is zero (diamagnetic state). Hence, the adsorption process has not modified the spin properties of the stoichiometric clean support (diamagnetic state, as well). After adsorption on the surface reduced support, the best adsorption state exhibits a total magnetic moment of 1 µ B (ferromagnetic state) localized on a Ti 3+ sub-surface atom (second layer). The strong chemisorption of Au (-213 kJ.mol -1 ) on this surface reduced support partially quenches the spin polarization, since the clean system has two reduced sub-surface Ti atoms (Ti 3+ ) and a total spin polarization of 2µ B . The moderate adsorption on the subsurface reduced support (-125 kJ.mol -1 ) does not change this picture (a ferromagnetic state with a total spin polarization of 1µ B localized on a Ti 3+ sub-surface atom; the spin polarization being partially quenched with respect to the bare sub-surface reduced support). The presence of excess electrons on subsurface Ti sites is compatible with previous theoretical works [START_REF] Chrétien | Electronic structure of partially reduced rutile TiO 2 (110) surface: Where are the unpaired electrons located?[END_REF] and resonant photo-electron diffraction measurements [START_REF] Krüger | Intrinsic nature of the excess electron distribution at the TiO 2 (110) surface[END_REF] for clean surfaces.

M 0 2 2 0 1 1 1 1 3 Au or Cu - - - 0 0 0 0 0 0 Ti (1 st ) 0 0 1 0 0 0 0 0 1 + 1 Ti (2 nd ) 0 1 + 1 1 0 1 1 1 1 1 Ti (3 rd ) 0 0 0 0 0 0 0 0 0 Ti (4 th ) 0 0 0 0 0 0 0 0 0

Cu on Pristine and Reduced TiO 2 (110) Surfaces

Adsorption Properties

The adsorption properties of Cu on both pristine and reduced TiO 2 (110) supports have been examined in a similar way as Au. The corresponding PEMs have been presented in Figures 3.6, 3.2 (b) and 3.3 (b), for stoichiometric, surface reduced and sub-surface reduced supports, respectively. From a qualitative point of view, the PEM of adsorbed Cu on the pristine support is very similar to the equivalent one for Au (identical number of stationary points, one minimum (m) and 4 saddle-points (s), as recalled in Table 3.1). This being said, after the full geometry optimization, the most stable adsorption structure for Cu is different from Au (bridge O2C-O2C, cf. Figure 3.4 (c-d)). From a quantitative standpoint, the adsorption strength is approximately three times larger for Cu (-149 kJ.mol -1 ) than Au (-46 kJ.mol -1 ), as recalled in Table 3.3. As expected, the Cu-O bond length (1.9 Å) is much shorter than the Au-O distance (2.3 Å), hence reflecting the difference of stability and electronegativity variation between Cu, Au and O atoms. Concerning now the adsorption of Cu on the surface reduced support, the number of stationary points in the PEM is again equivalent to the chemisorption of Au, with a subtle difference regarding the number local minima (2 minima for Cu versus 1 for Au). Likewise the case of Au, when comparing stoichiometric and surface reduced supports, the best adsorption position for Cu is different (top vacancy with an adsorption energy of -161 kJ.mol -1 , cf. Figure 3.5 (c-d)). The bridge O2C-O2C structure is a metastable local minimum on the PEM with an adsorption energy of -135 kJ.mol -1 . Contrary to the analysis developed for Au (-167 kJ.mol -1 ), the increase of adsorption strength between stoichiometric and surface reduced supports is much weaker for Cu (-12 kJ.mol -1 ). Regarding now the adsorption on the sub-surface reduced support, the only similarity with Au is the identical number of stationary points. However, the minimum is different in terms of structure (bridge O2C-O2C, cf. Figure 3.5 (g-h)) and adsorption energy (-179 kJ.mol -1 ), since this time, the adsorption strength has increased compared to surface reduced support. This is in line with the larger geometric relaxation registered in the surface layers of the support (see Figure 3.5 (h) compared to Figure 2.2). Although the Cu-O optimal bonds are rather long (2.7 Å), the adsorption of Cu promotes a concomitant lift of the symmetry of the sub-surface reduced support and an increase of the net spin polarization (see here after) which appear both stabilizing.

) Br Ti5C-O2C -112 (s) -102 (s) (u) (u) Br O2C-O2C -163 (m) -149 (m) -135 (m) -179 (m) Br O3C-O3C -63 (s) -36 (s * x ) -39 (s) -56 (s * x ) Top Vacancy - - -161 (m) -120 (s)

Magnetic Properties

Concerning the magnetic properties, the copper atom (doublet state) loses its spin polarization upon adsorption whatever the surface oxide state, likewise Au adsorption (cf. Table 3.2). The total spin polarization of the adsorption state on the stoichiometric surface is 1µ B (ferromagnetic state), localized on a Ti 3+ sub-surface atom (second layer). This results differs from Au on stoichiometric surface. The adsorption of Cu on surface reduced support leads to similar spin polarization properties as Au on the same surface. In contrast, the adsorption on the sub-surface reduced support increases the total spin polarization (a ferromagnetic state of 3µ B localized both on two Ti 3+ surface atoms and on one Ti 3+ sub-surface atom). As shown in Table 3.2, the net spin has increased in the surface layer of the support where the geometric distortion has been promoted by Cu adsorption. 

Diffusion Kinetics

Among the key elementary steps related to the nucleation and the growth of Au and Cu nanoparticles on rutile TiO 2 (110), we examine in the following section the diffusion properties of Au and Cu atoms on the corresponding pristine and surface reduced support. The PEMs provide the required information in terms of saddle-points adsorption structures and energies, and diffusion activation barriers (cf. Table 3.4). To quantify diffusion kinetics, the calculation of the activation barriers has been carried out on the basis of the PEMs. Those estimated activation barriers (differences of energies between constrained saddle-point and global minima, along the x and y directions) are converged in the range 0 -4 kJ.mol -1 (the numeric error being determined by comparison with values resulting from completely relaxed saddle-point and global minimum structures). This justifies the quality of the PEMs regarding diffusion kinetics.

Au Diffusion

In the case of Au adsorption on the stoichiometric surface, the diffusion is easy whatever the direction (similar activation barriers in the range 22 -25 kJ.mol -1 , cf. Table 3.4). Therefore large diffusion coefficients have been calculated in the range 300 -500 K (a typical range of working temperature [START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF][START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF]), as shown in Figure 3.7. The nature of the saddle-points (s *

x ) and (s * y ) is different along x and y direction (top O2C and bridge O3C-O3C, respectively). Regarding Au on surface and sub-surface reduced TiO 2 , the diffusion becomes globally either more difficult (34 -108 kJ.mol -1 on the sub-surface reduced support) or impossible (95 -214 kJ.mol -1 on the surface reduced support), hence decreasing significantly the diffusion coefficients by several orders of magnitude in the range 300 -500 K. In the case of the presence of a single-oxygen vacancy in the surface layer, the smallest activation barrier occurs for the diffusion along x (95 kJ.mol -1 , (s *

x )). The comparison between the three terminations (stoichiometric, surface reduced and subsurface reduced supports) shows a monotonous increase of the diffusion barrier along x and a maximum along y for the support exhibiting surface oxygen vacancies.

Cu Diffusion

For the diffusion of Cu on the stoichiometric surface, the diffusion is more difficult than for Au on the stoichiometric support, whatever the direction since the activation barriers are in the range 55 -117 kJ.mol -1 . A direct consequence is the significant decrease (several orders of magnitude) of the corresponding diffusion coefficient in the range 300 -500 K, as depicted in Figure 3.7. The diffusion of Cu along the y axis is much easier (the saddlepoint (s * y ) being top O2C) than along x (bridge O3C-O3C for (s * x )). Regarding now the diffusion on the surface reduced and sub-surface reduced supports, there are qualitative and quantitative discrepancies with respect to Au. The presence of single-oxygen vacancy induces globally a more moderate variation of the diffusion barriers and opposite trends regarding the evolution of the activation energies with respect to the nature of the support terminations. Along x, the diffusion barriers are in the same order (117, 97 and 128 kJ.mol -1 ), while there is a progressive increase along y (from 55 to 73 kJ.mol -1 ). In the case of the surface reduced support, the change of diffusion between the two directions is less important. This analysis is reflected on the variation of the diffusion coefficients. [START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF] 8.8 -Table 3.4 -Activation energy barriers (∆E diff act ) of diffusion (kJ.mol -1 ) for Au and Cu atoms on the stoichiometric, surface reduced and sub-surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports at reference zero temperature. The diffusion along x (y) axis is defined in Figures 3.1-3.3,3.6. These barriers have been extracted from the corresponding PEMs, by connecting the most stable adsorption structures (see Tables 3.1 and3

.3 for the definitions of those saddle-points s *

x and s * y ).

As a preliminary conclusion, the diffusion of Au atom is easy in the range 300 -500 K whatever the direction on stoichiometric TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] and it becomes more difficult on surface reduced titania (from 25 to 95 kJ.mol -1 ) and sometimes impossible (214 kJ.mol -1 ). In contrast, the diffusion of Cu atom shows more moderate variations between pristine and reduced surfaces (from 55 to 73 kJ.mol -1 ). Hence, the presence of single-oxygen vacancy in the surface of the support strongly slows down the diffusion of Au whereas the diffusion of Cu is much less perturbed (notably along y axis, in both cases). )) are plotted against the inverse of temperature t * (K -1 ). For a sake of simplicity, the associated reverse x axis (temperature, K) is also presented. The diffusion of each metal M (red for Au, blue for Cu) along x (y) axis is depicted with full (dotted) lines, and noted M x (M y).

Discussion

Adsorption Properties

Before examining the possibilities for the nucleation sites for Au and Cu on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], let us compare our PBE+U calculations with previous experimental and theoretical works, both for adsorption energetics and diffusion barriers. In Table 3.5, our most stable adsorption structures for Au and Cu on stoichiometric and surface reduced TiO 2 (110) are reported with previous theoretical and experimental investigations [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF][START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Vijay | Adsorption of gold on stoichiometric and reduced rutile TiO 2 (110) surfaces[END_REF][START_REF] Chretien | Density functional study of the interaction between small Au clusters, Au n (n = 1 -7) and the rutile TiO 2 surface. i. adsorption on the stoichiometric surface[END_REF][START_REF] Okazaki | Electronic structures of Au on TiO 2 (110) by first-principles calculations[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Pabisiak | Stability of gold nanostructures on rutile TiO 2 (110) surface[END_REF][START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF][START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF][START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF].

For Au adsorption on stoichiometric TiO 2 (110), our stable structure bridge O2C-Ti5C presents an adsorption energy of 0.48 eV at the unrestricted PBE+U level, which is in fair agreement with the measurements (0.52 eV [START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF]). Throughout the years, various GGA functionals have been employed in the theoretical studies, first PW91 [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF][START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Vijay | Adsorption of gold on stoichiometric and reduced rutile TiO 2 (110) surfaces[END_REF][START_REF] Chretien | Density functional study of the interaction between small Au clusters, Au n (n = 1 -7) and the rutile TiO 2 surface. i. adsorption on the stoichiometric surface[END_REF], then PBE [START_REF] Okazaki | Electronic structures of Au on TiO 2 (110) by first-principles calculations[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Pabisiak | Stability of gold nanostructures on rutile TiO 2 (110) surface[END_REF], RPBE [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF] and more recently, in the context of the DFT+U methodology implemented in the VASP code, the PBE+U functional with several values of U [START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF][START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF].

Our result for the adsorption structure of Au on stoichiometric TiO 2 (110) agrees with the majority of the previous studies [START_REF] Vijay | Adsorption of gold on stoichiometric and reduced rutile TiO 2 (110) surfaces[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Chretien | Density functional study of the interaction between small Au clusters, Au n (n = 1 -7) and the rutile TiO 2 surface. i. adsorption on the stoichiometric surface[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF][START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF], for both position (bridge O2C-Ti5C) and energy (0.35-0.58 eV for a similar coverage of 0.5 ML), independently from the choice of the functional or methodology. Other highly symmetric structures (bridge Ti5C-Ti5C [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF], bridge O2C-O2C [START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF], top Ti5C [START_REF] Okazaki | Electronic structures of Au on TiO 2 (110) by first-principles calculations[END_REF] and top-O2C [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF]) belonging to a wider range of adsorption energies (0.103-1.02 eV) have been proposed in the literature as stable forms, although they correspond to saddle-points in our PEMs. For the adsorption of Au on the reduced support, the comparison can be done only for single oxygen vacancies present in the surface (no available data in the literature for the adsorption of Au on sub-surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]). There is a global consensus on the best adsorption form (top position on the vacancy), whereas our adsorption energy of 2.21 eV belongs to a very broad range of previously published values (1.14 -2.78 eV) [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Vijay | Adsorption of gold on stoichiometric and reduced rutile TiO 2 (110) surfaces[END_REF][START_REF] Okazaki | Electronic structures of Au on TiO 2 (110) by first-principles calculations[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Chretien | Density functional study of the interaction between small Au clusters, Au n (n = 1 -7) and the rutile TiO 2 surface. i. adsorption on the stoichiometric surface[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Pabisiak | Stability of gold nanostructures on rutile TiO 2 (110) surface[END_REF][START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF][START_REF] Goldman | Gold cluster diffusion kinetics on stoichiometric and reduced surfaces of rutile TiO 2 (110)[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF]. Our result is in a narrow agreement with Iddir et al.'s value [START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF]. In the case of Cu, elements of comparison are available only for the adsorption on stoichiometric TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Here again, our stable structure bridge O2C-O2C agrees with the previous works [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF], although our adsorption energy (1.54 eV) is more moderate than the reported values (2.39 -2.75 eV for a coverage of 0.5 ML). Unfortunately, there is no available measurement for Cu heat of adsorption on this support.

Diffusion Kinetics

Regarding diffusion barriers, our calculated values at the unrestricted PBE+U level are compared to previous theoretical and experimental results [START_REF] Pillay | Growth and structure of small gold particles on rutile TiO 2 (110)[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF][START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF] in Table 3.4. For Au on the stoichiometric support (22 -25 kJ.mol -1 ), the agreement is once again fair with Iddir et al.'s study [START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF] (16 -19 kJ.mol -1 ). Those activation barriers are slightly larger than the one evaluated from the measurements (8.8 kJ.mol -1 [START_REF] Parker | Island growth kinetics during the vapor deposition of gold onto TiO 2 (110)[END_REF][START_REF] Campbell | The effect of sizedependent nanoparticle energetics on catalyst sintering[END_REF]).

Other authors have proposed a range of larger and anisotropic barriers [START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF] (15 -55 kJ.mol -1 ). The comparison for Au on the reduced support can be done only for surface reduced TiO 2 with previously published theoretical works at the PBE level [START_REF] Pillay | Growth and structure of small gold particles on rutile TiO 2 (110)[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF].

Although different in extent (58 -178 kJ.mol -1 in Ref. [START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF]), the anisotropy registered for our diffusion barriers (95 -214 kJ.mol -1 ) is consistent with the authors' findings. For Cu on TiO 2 (110), we can compare our results with previous theoretical investigations [START_REF] Pillay | Growth and structure of small gold particles on rutile TiO 2 (110)[END_REF][START_REF] Pillay | Nucleation and growth of 1b metal clusters on rutile TiO 2 (110): Atomic level understanding from first principles studies[END_REF][START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF] only for the stoichiometric support. Our range of diffusion barriers (55 -117 kJ.mol -1 ) is compatible with those studies, in terms of anisotropy and extent (62 -140 kJ.mol -1 ).

The comparative analysis of our adsorption and diffusion properties of Au and Cu on the various terminations of rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] shows interesting discrepancies between the two metals (cf. Tables 3.1,3.3,3.4 andFigure 3.7). The adsorption strength and structure of Au on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] strongly depend on the nature of the surface state, with an adsorption energy rather weak on the stoichiometric surface (-46 kJ.mol -1 ) and really strong on the surface reduced support (-213 kJ.mol -1 ). The metastability of the sub-surface oxygen vacancy does not promote the adsorption of Au on this surface state, since the chemisorption remains moderate (-125 kJ.mol -1 ) and lower than on surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Hence, the presence of defects on the support such as surface and sub-surface oxygen vacancies tends to stabilize significantly the Au atom. Diffusion kinetics support this analysis (cf. Figure 3.7). On the clean stoichiometric surface, Au atom can diffuse very easily along the surface bridging oxygen rows (y axis) or perpendicularly, whereas diffusion is rather difficult on the reduced support, even at 500 K (one exception along the surface oxygen rows of the sub-surface reduced support). According to this analysis, defects such as oxygen vacancies should promote the nucleation of Au nanoparticles, at least in the early stage. This conclusion is compatible with several experimental investigations [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Lira | Growth of Ag and Au nanoparticles on reduced and oxidized rutile TiO 2 (110) surfaces[END_REF]. For Cu, the situation is different. Both the adsorption strength and structure is weakly perturbed by the change of the surface state and the presence of oxygen vacancies. These defects increase the adsorption energy rather moderately (from -149 to -179 kJ.mol -1 ), while the bridge O2C-O2C position is the competitive form. Interestingly, the adsorption strength is larger on the sub-surface reduced support (-179 kJ.mol -1 ) than on the surface reduced state (-161 kJ.mol -1 ). This shows thus that the presence of mestable sub-surface oxygen vacancies may be promoted by Cu adsorption. So the nucleation sites of Cu nanoparticles can be multiple on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] with a preference for defects, although the role of the reducibility of the support is less marked than for Au nucleation. This analysis is entirely supported by diffusion kinetics and is consistent with measurements [START_REF] Zhou | Controlling size distributions of copper islands grown on TiO 2 (110)-(1 x 2)[END_REF][START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF]. In fact, the Cu atom can diffuse with more difficulty than the Au one, especially on the stoichiometric support, hence slowing down the nucleation kinetics.

Conclusion

In this part, we have studied the adsorption properties and diffusion kinetics of Au and Cu atoms on three different surface states of rutile TiO 2 (110) (stoichiometric, surface reduced and sub-surface reduced support) from a DFT+U unrestricted approach, in model conditions (with no hydration of the support, for instance). A systematic and detailed analysis of these properties has been reported by exploring and plotting potential energy maps with geometric constraints. The various possible adsorption forms and diffusion saddle-points have been extracted from these plots and refined with complete geometry optimizations. The magnetic properties upon adsorption have been carefully examined and addressed. The diffusion activation barriers have been evaluated from these potential energy maps along the main directions of the support surface. The corresponding diffusion rates have been calculated on the basis of transition-state theory and the diffusion diagrams have been plotted as a function of temperature.

Interesting discrepancies have been registered between the two metals. Au adsorption structure and energetics strongly depend on the reducibility of the support whereas Cu chemisorption is much less sensitive to this property. For instance, the most stable structure of Au on the stoichiometric surface is first different from those on the reduced support, and second it exhibits a much weaker adsorption energy. In contrast, the best adsorption form of Cu is almost the same (bridge position above terminal oxygen rows of the support) whatever the surface state. In addition, Cu adsorption energy is weakly perturbed by the reducibility of the support. So far, Au is best chemisorbed on the surface reduced support on top of the oxygen vacancy, while Cu adsorption is the strongest one on the sub-surface reduced system.

Concerning magnetic properties, Au chemisorption tends to quench partially the total net spin polarization of the TiO 2 (110) reduced support wherever the location of the single oxygen vacancy. In contrast, Cu adsorption induces an increase of the total spin polarization, except for the surface reduced system. In the majority of the optimal structures, the excess electrons are located in the sub-surface Ti atoms, leading to Ti 3+ species, in agreement with the state of the art. In the case of Cu adsorption on the sub-surface reduced support, the excess electron is however located on the support surface.

From a general standpoint, diffusion properties are also different between Au and Cu on the various surface states of rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Au atom diffuses easily in all the directions on the stoichiometric support, whereas Cu, first diffuses with more difficulty and preferentially along the terminal bridging oxygens rows of the support. On the reduced surfaces, Au diffusion is really slown down, except along the direction of the oxygen rows for the case of the sub-surface reduced support. For Cu on the reduced systems, diffusion kinetics are globally similar to the one on the stoichiometric surface (moderate diffusion). This occurs essentially along the terminal bridging oxygen rows.

From those analyses of adsorption thermodynamics and diffusion kinetics, a scenario has been sketched out regarding the possible nucleation sites for Au and Cu nanoparticles on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. In the early stage of this process, Au nucleation appears to be sensitive to the reducibility of the support (presence of defects such as single oxygen vacancies), whereas Cu nucleation seems to be less promoted by those defects. This work opens interesting perspectives for the understanding of the early-stage nucleation sites for Au and Cu nanoparticles on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. This paves the way to the theoretical study of more complex support defects, such as steps, titanium oxide clusters, hydroxylated domains or other subsurface defects. Moreover, this systematic study of potential energy maps for metal monomers shows the possibility of exploring similar properties for multimers on this support, as first elementary steps of nanoparticle growth. Finally, these results are key elements for starting the investigation of Au and Cu nanocluster deposit on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF].

Nucleation on a Realistic Rutile TiO 2 (110) surface: Surface Hydration Study

Introduction

In both theoretical and experimental state-of-the art, the influence of the hydration of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface on Au and Cu nanoparticle nucleation has not been much studied yet. Furthermore, the hydration of the support have been mostly investigated experimentally.

In this Chapter, we have proposed to explore at the atomic scale the influence of the reducibility of the support and its hydration on the nucleation and adsorption properties of Au and Cu nanoparticles on rutile TiO 2 (110) surfaces, coupling STM measurements and DFT calculations. STM images and relative interpretations have been performed by our collaborators from the Institut des NanoSciences de Paris, Axel Wilson and Geoffroy Prévot, during A. Wilson's PhD thesis. Following an original standpoint, we have observed directly the synthesis of a group of nanoparticles to determine the nature of their nucleation sites using STM. Those measurements have been compared to a DFT-based thermodynamic analysis of the coadsorption properties of the different adsorbed species (Au, Cu and OH), under realistic conditions of temperature and pressure.

Methodology

STM Experiments

STM experiments were carried out under ultrahigh vacuum (UHV, base pressure < 10 -10 mbar) on an Omicron system composed of a preparation chamber and an analysis chamber. Reduced TiO 2 (110) samples (from MaTecK GmbH) have been cleaned in the preparation chamber by approximately 20 cycles of Ar sputtering (P Ar = 7.10 -5 mbar, 20 minutes, E = 1 keV) and annealing under UHV (10 minutes, 1000 K). Samples were then transferred in the analysis chamber comprising two metal sources (Omicron EFM3 evaporators, Au and Cu from Alfa Aesar) oriented toward the STM (Omicron VT XA STM). STM images have been acquired at room temperature and drift corrected according to the procedure described in the supporting information of Ref. [START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF].

Surface Models For Adsorption

Regarding adsorption properties of Au and Cu on TiO 2 (110) surfaces, non-symmetric slabs composed of 4 layers or 12 atomic planes (equivalent to 7-layer thick symmetric slab) are built up. These adsorptions are considered both on stoichiometric and surface reduced TiO 2 surfaces with associated supercells of (2 × 1), (3 × 1) and corresponding coverage θ M of 1/4 ML, 1/6 ML, respectively. In the geometry optimizations, the bottommost oxide layer is frozen to the bulk-like optimal structure, while the 3 uppermost layers are allowed to relax completely.

The hydration of the support with or without one coadsorbed metallic atom is considered by adsorbing dissociatively several water molecules (H + OH). The dissociation can occur either on the TiO 2 support or on the metallic adsorbate (if present), leading in this latter case to a grafted hydroxylated organometallic complex. The hydration coverage θ M hyd depends on the presence of the metal M. In all the cases (with or without the metal, stoichiometric or surface reduced surfaces), it is varied in the range 0 -1 ML. In presence of Au or Cu, the saturation corresponds to 4 and 5 dissociatively adsorbed water molecules, for the stoichiometric and surface reduced surfaces, respectively. Without the metallic coadsorbate, the saturation is reached by adsorbing dissociatively 2 and 3 water molecules, for the stoichiometric and surface reduced surfaces, respectively.

In all the DFT models of clean TiO 2 surfaces and of adsorbed systems, VASP is allowed to relax the spin-polarization simultaneously with the geometry optimizations. For converged results, the spin-polarization is essentially held by the Ti atoms of the surface layers (never on the Au or Cu atoms). Tests imposing the spin-polarization to small integer values (ranging from 0 to 3) are performed on the optimized structures to check whether the direct minimization had led to the most stable magnetic state. By following such a procedure, we have never registered a more stable spin-polarized state as the one obtained by VASP.

The effects of dispersion (van der Waals forces) have also been evaluated on the basis of Grimme's zero damping DFT-D3(0) semi-empirical model. The calculated changes on energetics and optimal structures are globally weak and the conclusions drawn from PBE+U are not modified.

Adsorption and Hydration Energetics

In order to evaluate the adsorption strength for the metallic atoms and water on the various supports, we have introduced several definitions of the adsorption, hydration and coadsorption energies, reported in Table 4.1. First, the adsorption energy of a metallic atom has been calculated as follows:

E M/TiO 2 ads = E M/TiO 2 -E TiO 2 -E M (4.1)
Where E M/TiO 2 is the total electronic energy of the adsorbed metallic atom on the stoichiometric or surface reduced TiO 2 , E TiO 2 the total electronic energy of the corresponding TiO 2 slab and E M the total electronic energy of a metallic atom in vacuum. The total hydration energy of the TiO 2 surfaces reads:

E nH 2 O/TiO 2 hyd = E nH 2 O/TiO 2 -E TiO 2 -nE H 2 O (4.2)
Where E nH 2 O/TiO 2 is the total electronic energy of n dissociatively coadsorbed water molecules on the stoichiometric or surface reduced TiO 2 and E H 2 O the total electronic energy of a water molecule in vacuum. The coadsorption energy of n water molecules and a metallic atom is calculated as follows:

E M,nH 2 O/TiO 2 coads = E M,nH 2 O/TiO 2 -E TiO 2 -nE H 2 O -E M (4.3)
Where E M,nH 2 O/TiO 2 is the total electronic energy of n dissociatively water molecule coadsorbed with a metallic atom on the stoichiometric or surface reduced TiO 2 . The two following equations evaluate the adsorption energy of a metallic atom on a hydrated TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface (E

M/(nH 2 O/TiO 2 ) ads
) and the hydration energy of a TiO 2 (110) surface precovered by a metallic atom (E

nH 2 O/(M/TiO 2 ) hyd ): E M/(nH 2 O/TiO 2 ) ads = E M,nH 2 O/TiO 2 -E nH 2 O/TiO 2 -E M (4.4) E nH 2 O/(M/TiO 2 ) hyd = E M,nH 2 O/TiO 2 -E M/TiO 2 -nE H 2 O (4.5)
The energetic balance between the coadsorption energy and the adsorption of the metal and the hydration energy defines the interaction energy between all those coadsorbates (dissociated water molecules and metallic atom):

E M-nH 2 O int = E M,nH 2 O/TiO 2 coads -E nH 2 O/TiO 2 hyd -E M/TiO 2 ads (4.6)
In Table 4. 

Gibbs Free Energy Calculations

In order to determine the most stable coadsorption phase

(OH + H) N H 2 O + M (coads) /TiO 2 (ξ)
between metal M and water (OH + H), in the experimental conditions (as a function of temperature T and the presence of a single surface vacancy ξ), we have evaluated the Gibbs free coadsorption energy related to the following chemical equation:

N H 2 O H 2 O (gas) + M (gas) + TiO 2 (Sto) → (OH + H) N H 2 O + M (coads) /TiO 2 (ξ) + ξ 2 O 2(gas) (4.7)
The Gibbs free energy of reactive coadsorption (∆G rcoads ) per unit cell area A is defined by the following equation, where the gas phase (mixture of H 2 O and O 2 ) plays the role of a reservoir in equilibrium with the coadsorbed phase:

∆G rcoads =   ∆E rcoads -k B T ln   P O 2 k B T Z 0 trs,O 2 Z rot,O 2 -ξ 2 P H 2 O k B T Z 0 trs,H 2 O Z rot,H 2 O N H 2 O     /A (4.8)
Where ∆E rcoads is the reactive coadsorption energy obtained by the difference between the total electronic energy of the coadsorbed system and those of the clean stoichiometric TiO 2 surface and gas phase references (including the total electronic energy of the metallic atom in vacuum). Z 0 trs,O 2 and Z 0 trs,H 2 O are the 3D translational partition functions for the gas phase water and oxygen references. In this formulation, Z 0 means that it depends only on the temperature. Z rot,O 2 and Z rot,H 2 O are the rotational partition functions of the gas phase molecules. The vibrational entropy contribution is neglected here as a first approximation. In fact, we have evaluated them previously for other oxide [START_REF] Hugo Petitjean | How surface hydroxyls enhance MgO reactivity in basic catalysis: The case of methylbutynol conversion[END_REF] or metal [START_REF] Vigné | Highly selective hydrogenation of butadiene on Pt/Sn alloy elucidated by first-principles calculations[END_REF] catalysts and they don't change the conclusions coming from total electronic energies, in a range of low temperatures (0 -400 K). P O 2 and P H 2 O are the partial pressure of the gas phases.

STM Measurements

Au Nucleation on hydrated TiO 2 (110)

The experimental results obtained for the nucleation of Au and Cu nanoparticles on a partially hydrated (with hydroxyl species) and reduced (with oxygen vacancies) TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface are addressed in this section. Figure 4.1 (a) shows a high resolution image of the surface before Au evaporation. A large number of articles have been devoted to the interpretation of the features observed by STM [START_REF] Diebold | Intrinsic defects on a TiO 2 (110) (1x1) surface and their reaction with oxygen: a scanning tunneling microscopy study[END_REF][START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Wendt | Oxygen vacancies on TiO 2 (110) and their interaction with H 2 O and O 2 : A combined high-resolution stm and dft study[END_REF][START_REF] Zhang | Imaging water dissociation on TiO 2 (110): Evidence for inequivalent geminate oh groups[END_REF][START_REF] Teobaldi | Modelling {STM} images of TiO 2 (110) from first-principles: Defects, water adsorption and dissociation products[END_REF][START_REF] Cui | Identifying hydroxyls on the TiO 2 (110)-1x1 surface with scanning tunneling microscopy[END_REF]. It is now admitted that dark rows correspond to oxygen bridging rows, whereas bright spots observed on these rows correspond either to oxygen vacancies or adsorbed hydroxyls. Their contrast depend on the STM tip and on the tunneling conditions [START_REF] Diebold | Intrinsic defects on a TiO 2 (110) (1x1) surface and their reaction with oxygen: a scanning tunneling microscopy study[END_REF][START_REF] Cui | Identifying hydroxyls on the TiO 2 (110)-1x1 surface with scanning tunneling microscopy[END_REF]. In the present case, it is possible to distinguish oxygen vacancies from hydroxyls from height profiles perpendicular to the oxygen rows. A comparison of such profiles is recalled and shown in Figure 4.2.

In agreement with previous observations [START_REF] Wendt | Oxygen vacancies on TiO 2 (110) and their interaction with H 2 O and O 2 : A combined high-resolution stm and dft study[END_REF][START_REF] Zhang | Imaging water dissociation on TiO 2 (110): Evidence for inequivalent geminate oh groups[END_REF][START_REF] Teobaldi | Modelling {STM} images of TiO 2 (110) from first-principles: Defects, water adsorption and dissociation products[END_REF][START_REF] Cui | Identifying hydroxyls on the TiO 2 (110)-1x1 surface with scanning tunneling microscopy[END_REF], oxygen vacancies are imaged at nearly the same height as Ti rows, i.e. 0.04 nm (orange dotted line in the figure) while hydroxyls have a higher height, ranging from 0.08 to 0.1 nm (blue continuous line). We always observe the presence of hydroxyls groups. H 2 O probably adsorbs during the cooling procedure after annealing or during the sample transfer to the STM. H 2 O is known to easily dissociate at oxygen vacancies [START_REF] Schaub | Oxygen vacancies as active sites for water dissociation on rutile TiO 2 (110)[END_REF], the amount of water dissociation being limited by the density of oxygen vacancies present on the clean surface. In our experiments, the low residual water pressure is not enough to saturate all the oxygen vacancies, hence some of them remain visible. We have first followed by STM the evolution of the surface during Au evaporation. [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface before and after the evaporation of a small amount of Au (< 0.01 ML). For both images, the tip condition allows the visualization of oxygen vacancies (O v ) and hydroxyl surface species (OH) simultaneously. Besides, some TiO x stripes and clusters are observed. They are commonly observed on highly reduced TiO 2 (110) surfaces. [START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Tong | The nucleation sites of Ag clusters grown by vapor deposition on a TiO 2 (110)-1x1 surface[END_REF][START_REF] Park | Nanoclusters of TiO 2 wetted with gold[END_REF] A large number of OH groups are visible, covering around 20% of the surface area. Figure 4.3 (a) has been extracted from a sequence of images acquired over 30 minutes in the same area of the sample, before Au evaporation. A careful comparison of the images shows that the mobility of OH groups is rather small: during the time needed for the acquisition of two successive images (5 minutes), less than 1% of OH have jumped from one site to the next one along the [001] direction of TiO 2 . In particular, we observe that O v can be covered by OH groups. During the whole acquisition (30 min), no movement of O v , which cover around 5% of the surface area, is registered.

From the subtraction performed between the STM images corresponding to Figures . The smallest nanoparticles (such as A, B, E or F) have an apparent height of 0.25 nm above the bridging oxygen rows, which is much higher than the apparent height of hydroxyls (0.08 -0.1 nm). They presumably contain only a few Au atoms. The largest nanoparticle has a height of 0.77 nm and may thus contain up to 50 atoms, assuming that it has an hemispherical shape and the same density as bulk Au.

A second observation can be made from According to several experimental and theoretical studies, the adsorption strength of Au atoms is much stronger on a reduced surface than on a stoichiometric one [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF]. The authors suggest concomitant preferential adsorption of Au atoms and nucleation of Au clusters on oxygen vacancies. The complex vacancy-Au islands diffuse above a critical size, while capturing several vacancies from the substrate. Those conclusions arise from the decrease of oxygen vacancies observed with STM, after Au evaporation. However, as indicated in a footnote of Ref. [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF], the experiments performed at 300 K in Ref. [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF] were probably done on a fully hydrated surface, so the variation observed could in fact correspond to a lowering of the density of OH groups. In these studies, different areas are scanned before and after Au evaporation. For a surface showing an important density of adsorbed OH, we follow exactly the same area and we do not observe similar phenomena. Vacancies not covered with Au remain visible and stable. On the contrary, a small decrease of the density of OH groups is visible after Au evaporation, but not as important as in Ref. [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF].

There are two possible explanations to the fact that all O v are not covered by Au atoms or nanoparticles: either no Au atom has reached a vacancy site, or the adsorption energy of Au atoms is not large enough to trap them. We first discuss the assumption that O v sites are not visited by diffusing Au atoms. In the frame of a diffusion-nucleation description of the nanoparticle growth, we have estimated that the associated probability is nearly zero. Nucleation and growth processes are usually interpreted in the frame of surface diffusion of individual atoms that form clusters with other atoms and grow above a critical size. For room temperature growth of Au/TiO 2 (110), we assume that the clusters are stable and immobile, since we do not observe by STM any diffusion of these clusters. For a homogeneous crystal surface, the diffusing atoms perform a random walk by jumping between consecutive adsorption sites. The number of distinct visited sites is N d πt ln(t) , t being the number of effected jumps, and d 2t π , the travelled distance [START_REF] Dvoretzky | Some problems on random walk in space[END_REF]. The ratio between N d and the number of sites in a disk of radius d is thus α = π ln(πd 2 /2) . For atoms that reach clusters after diffusion, a lower estimate of the area πd 2 is the inverse of the island density. From Figure 1 (b) of the article, we obtain πd 2 200 unit cells, thus α = 0.7. This indicates that for clusters of 4 atoms, the probability that a surface adsorption site has not been visited by any of the 4 constituents atoms before reaching the nucleation centre is nearly zero (< 0.3 4 ). In our case, it is possible that the energetic landscape has a volcano shape, with a high diffusion barrier between regular sites and O v . If this is not the case, we must assume that either single Au atoms or small Au clusters are not strongly trapped by oxygen vacancies in the case of the partially hydrated surfaces. A rough estimation of the trapping energy in an oxygen vacancy can be made by comparing the probability of nucleation of Au nanoparticles on oxygen vacancies with respect to other sites. In In a second experiment, the nucleation sites of the nanoparticles are identified on a highly reduced surface composed of long TiO x stripes (see Figure 4.4). In this case, the OH groups cover around 10% of the clean surface unit cells and are gathered in domains separated by small areas of reduced TiO 2 . Approximately 0.03 ML of Au is deposited on the surface which roughly corresponds to three times the amount deposited on the surface presented in Figures 4.1 and 4.3. The corresponding experiment shows that a vast majority of nanoparticles grows on the reduced TiO 2 surface free from OH groups and on TiO x stripes. The quasi absence of nanoparticle nucleation over OH areas causes the diffusion toward the reduced TiO 2 surface of Au atoms deposited on this region during growth. Note that the OH domains remain visible after deposition. Hence, the probability to find an Au atom at the periphery of hydroxyl regions during growth is larger than that on the rest of the surface.

Cu Nucleation on hydrated TiO 2 (110)

A nearly similar experiment has been performed for the nucleation of Cu nanoparticles. In that case, the STM tip is moved a few micrometers above the surface during evaporation in order to avoid shadowing effects. Figure 4.5 presents the comparison of the same exposed area, before and after Cu evaporation. In that case, the density of hydroxyl groups is of the order of 10%. Note that due to a chemical change of the tip end between the two images, the appearance of O v and OH groups has changed.

For a similar metal coverage (0.02 ML), the cluster density after Cu evaporation is substantially lower. In an area of the same size as in Figure 4. 

DFT Calculations

As exposed previously, the nature of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface during the nucleation and growth of Au and Cu nanoparticles is rather complex. Various surface states coexist: non-hydrated stoichiometric and reduced areas, hydroxylated domains, and defects such as steps and titanium oxide clusters. Including all those components in a unique DFT model aiming to describe the nanoparticle nucleation is currently out of reach. In the following, we investigate this question without examining the nanoparticle growth. The various support states have been described separately.

Au Nucleation on hydrated TiO 2 (110)

In a first step, gold and copper atoms are adsorbed on non-hydrated stoichiometric and reduced TiO 2 (110) surface models (see Figures 2.2 and 4.4 for views of those clean surfaces and the structures for Au and Cu adsorption, respectively). In the case of reduced systems, single oxygen vacancies are considered at the support surface. In a second step, the most stable adsorption structures of these metal atoms are explored for the hydrated stoichiometric and reduced TiO 2 surfaces, at the experimental conditions of temperature and pressure. With this theoretical analysis, we evaluate the role of surface hydration on the relative adsorption properties of Au and Cu on the various TiO 2 surfaces under study. On non-hydrated titania surfaces, the presence of a single-oxygen vacancy largely stabilizes Au atoms, while Cu atoms are less perturbed (the details about energetics are exposed in Table 4.1, as well as a discussion concerning the comparison of our DFT+U results with the theoretical literature). This result is examined here in the case of a hydrated support using a thermodynamic model. The first examined system is the hydrated Au/TiO 2 system, for both stoichiometric and surface reduced surfaces. The coadsorption structures between Au and hydroxyl species on the hydrated support are generated from the most stable adsorption structures of Au on the various non-hydrated terminations. The extent of surface hydration rate varies in the range 0 -1 ML, achieved by coadsorbing dissociatively from 0 to 4 and from 0 to 5 water molecules, on the Au/stoichiometric and on the Au/reduced TiO 2 surfaces, respectively. All the geometries of those hydrated systems are fully optimized within the DFT+U method and spin-unrestricted formalism, and the adsorption energetics are exposed in Table 4.1. In addition, the thermodynamic analysis, which is based on the calculation of coadsorption Gibbs free energy ∆G coads plotted as a function of temperature, is exposed in Figure 4.6. In each case, the reference system (horizontal black line at 0 meV.Å -2 ) is the stoichiometric TiO 2 (110) clean surface. The full lines depict the stability of the coadsorption phases between the metal atom and the hydroxyl species on the support. The colored areas describe the stability range of each coadsorption phase. From this analysis, the most likely hydrated surface structures are determined and the corresponding optimal geometries are exposed in Figure 4.7, for stoichiometric and surface reduced supports, respectively.
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In absence of metal, the dissociative adsorption of one water molecule on the stoichiometric TiO 2 surface is exothermic (-69 kJ.mol -1 , see Table 4.1 for energetics). The exothermic dissociation of a second water molecule leads to a gain of -83 kJ.mol -1 , and a total hydration energy of -152 kJ.mol -1 . The corresponding surface hydration energy (0.64 J.m -2 ) agrees well with a previous theoretical study of immersed rutile TiO 2 nanoparticles (0.68 J.m -2 for 2nm-sized nanoparticle) [START_REF] Daniel | Singlesite and monolayer surface hydration energy of anatase and rutile nanoparticles using density functional theory[END_REF]. The presence of Au on the support tends to stabilize strongly the dissociative adsorption of water at low hydration rate (from -91 to -217 kJ.mol -1 for 1 and 2 coadsorbed water molecules, respectively). In contrast, at high hydration rate (3 or 4 water molecules), this stabilizing effect does not occur anymore. This justifies the absence of those values in Table 4.1. According to Figure 4.6, at a temperature of 300 K (STM conditions), the most stable coadsorption phase is composed of Au and two dissociated water molecules on the stoichiometric support (cf. Figures 4.7 (a) and (b)). The optimal position of the Au atom is strongly modified by hydration: Au has diffused from a bridge Ti5C-O2C position to a near top Ti5C site and is now monohydroxylated (see Figure 4.7 (b)). This significant change of adsorption structure for Au is associated to a strong stabilization since its adsorption energy becomes much larger (-108 kJ.mol -1 vs -42 kJ.mol -1 on the non-hydrated stoichiometric support). The interaction energy of the most stable coadsorption system is stabilizing (-66 kJ.mol -1 ), hence explaining the positive synergy between Au and water, at this coverage.

Regarding Au adsorption on reduced TiO 2 (110) surface, the hydration of the support slightly lowers the adsorption energy of the metal (from -213 on the non-hydrated surface to -208 and -205 kJ.mol -1 on the pre-covered support with one or two water molecules). Looking at . The coadsorption structure between Au and two water molecules is highly symmetric, with two OH adsorbed on top of the surface Ti5C, and the metallic atom on the vacancy site. The hydration energy in absence of the metal is weaker on the surface reduced surface (-53 and -144 kJ.mol -1 ) compared to the stoichiometric one (-69 and -152 kJ.mol -1 ). In the presence of Au, it becomes even less favorable (-47 kJ.mol -1 and -135 kJ.mol -1 ). For the most stable coadsorption structure (Au + 2(OH + H)), the interaction energy is slightly destabilizing (+9 kJ.mol -1 ).

Thus, the stabilization of Au adsorption on the stoichiometric hydrated termination and its destabilization on the surface reduced hydrated surface level the adsorption properties of this metal on the TiO 2 support. The large difference of adsorption energy of Au between stoichiometric and surface reduced non-hydrated surfaces (171 kJ.mol -1 ) is significantly decreased on the doubly-hydrated surface models (97 kJ.mol -1 ).

Cu Nucleation on hydrated TiO 2 (110)

In contrast with Au, the presence of Cu on the stoichiometric TiO 2 surface does not change the hydration energy at a constant low water content (-62 versus -69 kJ.mol -1 , -128 versus -152 kJ.mol -1 , for 1 and 2 dissociatively coadsorbed water molecules, respectively). Hence, the presence of Au promotes water dissociative adsorption, whereas the role of Cu is rather neutral. According to Figure 4.6 (c), at a temperature below 180 K, the most stable coadsorption phase is also composed of Cu + 2(OH + H) on the stoichiometric surface. Conversely, at room temperature, the Cu + (OH + H) system is preferred. Similar to Au on the stoichiometric doubly-hydrated surface, the adsorption structure of Cu is largely altered by the presence of a single coadsorbed water molecule, see Figures 4.8 (a) and (b). Cu moves toward a bridge O2C-OH site and becomes bound to the support with one hydroxyl group. In contrast with Au, this is accompanied by a slight loss of adsorption energy (-142 kJ.mol -1 vs -149 kJ.mol -1 on the non-hydrated stoichiometric support). The interaction energy in the case Cu + (OH + H) is slightly positive (+6 kJ.mol -1 ). This means that even with the large geometrical perturbation registered on the hydrated stoichiometric support, hydration does not induce noticeable changes on Cu adsorption energetics.

Regarding the hydration of the surface reduced TiO 2 surface, the presence of Cu atom slightly stabilizes water dissociation (-61 versus -53 kJ.mol -1 , -153 kJ.mol -1 versus -144 kJ.mol -1 , for one and two dissociatively coadsorbed water molecules, respectively). Likewise the stoichiometric surface, Cu adsorption is thus insensitive to hydration (-169 and -170 versus -161 kJ.mol -1 ). c) and (d) is stable up to 180 K. This structure is quite similar to the case of Au under the same conditions. Cu stays on the oxygen vacancy and OH groups are adsorbed on the Ti5C sites. As a preliminary conclusion, the presence or absence of hydration on the support is not changing much Cu adsorption properties.

Discussion

Our DFT+U calculations have been compared with previous theoretical studies, see for instance Tables 1.1 and 1.2. The publications devoted to the study of the adsorption of Au atom on stoichiometric and surface reduced non-hydrated surfaces can be classified in three groups. The first group is composed of DFT models performed within the GGA framework with Dacapo and GPAW computational codes [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF][START_REF] Georg | Effect of subsurface Ti-interstitials on the bonding of small gold clusters on rutile TiO 2 (110)[END_REF][START_REF] Martinez | Adsorption properties versus oxidation states of rutile TiO 2 (110)[END_REF] (restricted formalism, no Hubbard term, no spin-polarization). Their results show that the adsorption on the stoichiometric surface (from -0.35 to -0.6 eV) is weaker than that on the surface reduced support (from -0.95 to -1.31 eV). The large variability of the corresponding values makes it difficult to select a particular reference. In the second group, GGA-PBE and PAW calculations are performed with VASP package by two different teams [START_REF] Iddir | Adsorption and diffusion of Pt and Au on the stoichiometric and reduced TiO 2 rutile (110) surfaces[END_REF][START_REF] Pabisiak | Stability of gold nanostructures on rutile TiO 2 (110) surface[END_REF] (restricted formalism, no Hubbard term, no spin-polarization). Their results are in good agreement for both adsorption of Au on the stoichiometric (from -0.34 to -0.22 eV) and surface reduced (from -2.2 to -2.54 eV) surfaces. The third group of values is generated with spin-unrestricted PBE+U and the Quantum Espresso package (Van der Bilt pseudopotentials) [START_REF] Farnesi Camellone | Ideal, defective, and gold-promoted rutile TiO 2 (110) surfaces interacting with CO, H 2 , and H 2 O: Structures, energies, thermodynamics, and dynamics from pbe+u[END_REF]. The related results (-0.58 eV for the adsorption on the stoichiometric surface and -1.54 eV on the surface reduced one) are in fair agreement with those of the second group (VASP users). Hence the DFT values provided by the last two groups (different methodology, different codes and authors) disagree with those proposed by the first group of articles (same authors, same code). The major point of disagreement concerns the adsorption on the surface reduced bare surface (the maximum deviation being in the range -0.95, -2.54 eV). Our DFT+U results agree with the second and the third groups (-42 and -213 kJ.mol -1 for stoichiometric and surface reduced surface, respectively). A more precise comparative analysis have been presented in Chapter 3

Besides, a publication by Matthey et al. suggests that the adsorption energy decreases from the bare to the hydrated support (from -0.6 to -0.54 eV, respectively) [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF]. In this study, we offer the opposite trend with an increase of the adsorption strength (from -42 to -64 or -108 kJ.mol -1 , depending on the hydration rate).

In the case of Cu adsorption on the non-hydrated stoichiometric and surface reduced surfaces, there are fewer available results in the state of the art. For the adsorption on stoichiometric surfaces, the previously published values within the GGA framework are surprisingly large (-2.75 eV at the PBE+U level [START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF] and -2.39 eV at the PW91 level [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF]). On the surface reduced support, there is only one reported value (-1.92 eV at the PBE+U level [START_REF] Cai | Transition metal atoms pathways on rutile TiO 2 (110) surface: Distribution of Ti 3+ states and evidence of enhanced peripheral charge accumulation[END_REF]). Our results are in clear disagreement at two different levels. We show an opposite trend from the stoichiometric (-149 kJ.mol -1 ) to the surface reduced (-161 kJ.mol -1 ) surfaces with a moderate gain of adsorption strength. Moreover, our adsorption energy on the stoichiometric surface is considerably weaker than those in previous reports.

In the following we consider the relations between the nature of the metal, and the reducibility and hydration of the support. According to our thermodynamic diagrams at 300 K (see Figure 4.6), we find similarities and discrepancies between the two metals in interaction with the titania support. Both metals exhibit a significant and comparable stability on hydrated stoichiometric supports. Their optimal adsorption structures are partially hydroxylated metallic centers. However, the hydration ratio is different: Au is promoted by a doubly hydrated adsorption structure whereas Cu is only mono-hydroxylated. Hence, the nucleation of Au nanoparticles is promoted at the vicinity of hydroxyl domains (strong promoting effect) in contrast with Cu nanoparticles which nucleate farther from hydroxyl regions (weak inhibiting effect). Regarding the adsorption on hydrated reduced supports, Au and Cu exhibit some similarities. They are stabilized in mono-hydrated configurations and equivalent optimal geometries. However, in this case the nucleation of Au nanoparticles is weakly inhibited at the proximity of the hydroxyl domains, while Cu nanoparticles would nucleate slightly more favorably beside hydroxyl regions. As a partial conclusion, the positive synergy between hydration and the support is sizable only for the case of Au adsorption on the hydrated stoichiometric support. In all the other cases, the hydration does not induce a significant promoting effect at 300 K. These theoretical results are compatible with our STM observations and corroborate our initial conclusions: Au nanoparticles indeed nucleate at the proximity of OH domains, preferentially above oxygen vacancies. However, the presence of OH groups reduces the strong preference for such adsorption sites and, as a result, a large number of oxygen vacancies remain free from Au. On the contrary, Cu atoms are not trapped on the TiO 2 terraces because their adsorption energies are similar for stoichiometric or surface reduced surfaces, whether they are hydrated or clean. Hence, Cu nanoparticles nucleate at other surface defects such as step edges, TiO x clusters or stripes where Cu gains stability.

Our theoretical analysis supports our STM measurements, showing a preferential nucleation of Au nanoparticles close to hydroxyl domains and with a large probability on oxide vacancies. This is also compatible with the experimental conclusion for Cu growth, which is not promoted by the support hydration. In a previous combined high resolution STM and DFT study, the authors conclude that Au clusters nucleate homogeneously on the terraces of the reduced and oxidized supports at room temperature [START_REF] Matthey | Enhanced bonding of gold nanoparticles on oxidized TiO 2 (110)[END_REF]. In addition, Au clusters would form preferentially at the step edges of the hydrated TiO 2 surface. Their conclusions are based on their DFT analysis, showing that the synergy with water is destabilizing (least stable adsorption energy for Au). Our conclusions are alternate since we show the promoting effect of hydration on Au adsorption on the stoichiometric oxide surface in working conditions which are not directly comparable (in our case, lower Au deposit, smaller nanoparticles, less than 55 atoms, smaller defect densities). The combination of our STM statistics with accurate spin unrestricted DFT+U analysis provides here an original picture and suggests preferential Au nucleation at the vicinity of hydroxyl domains, over free areas of stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Our results bring an illustration and explanation at the atomic scale of this promoting effect, in agreement with previous measurements with alternate techniques (ISS, XPS and TPD) concluding to more facile agglomeration of initially dispersed Au atoms on a hydrated rutile support compared to vacuum-annealed TiO 2 (110) [START_REF] Wu | Water on rutile TiO 2 (110) and Au/TiO 2 (110): Effects on Au mobility and the isotope exchange reaction[END_REF].

Conclusions

In this work, we present a combined experimental and theoretical investigation related to the influence of surface hydration of rutile TiO 2 (110) on the nucleation of Au and Cu nanoparticles. STM measurements at room temperature show discrepancies between the two metals. Au nanoparticles nucleate preferentially on oxygen vacancies in the vicinity of hydroxyl domains. The growth occurs over free stoichiometric regions of the support and with non-spherical 3D morphologies. In contrast, Cu nanoparticles nucleate more favorably on surface defects such as TiO x clusters and steps. The spin-polarized DFT+U calculations support this analysis. According to the thermodynamic results calculated at 300 K, the surface hydration of the support has a promoting effect only in the case of Au atom adsorbed on the hydrated stoichiometric support, although the most stable nucleation site is the adsorption on the non-hydrated reduced system. For Cu, the hydration does not promote the adsorption. This suggests that Cu is a more mobile species that can diffuse to find a more favorable nucleation site than non-hydrated stoichiometric and reduced rutile. Working with more realistic TiO 2 surfaces such as partially hydrated or reduced ones modifies strongly the conclusions concerning nucleation and growth of Au nanoparticles.

All these results open promising perspectives regarding the chemical properties of Au and Cu nanoparticles supported on hydrated rutile TiO 2 . New investigations of growth kinetics of those nanoparticles, and the reaction mechanism for CO oxidation in presence of water can be made using our results as a starting point. For instance, the role of hydration on the catalytic activity of supported Au, Cu and AuCu bimetallic nanoparticles can now be addressed.

Growth of Monometallic Nanoparticles in Vacuum

Introduction

In order to gain insight in the shape and the reactivity of a nanoparticle, it is important to understand its growth process. The first step to investigate theoretically its growth is to elaborate a pattern in vacuum. Indeed, calculations for clusters in vacuum are faster than those for deposited aggregates, and it is easy to compare with previous theoretical publications within the same conditions. In the fluxional regime (between 0 and 0.8 nm), the heuristic approaches of conformational research based on DFT are not systematic and exhaustive, they rely on a narrow set of simple morphologies (convex and regular polyhedra). Furthermore, global optimization (GO) methods offer a large conformational research, whereas their calculation engine is low level (semi-empirical level of calculations). Nowadays, methods coupling both DFT and GO are rare because of the high calculation cost for clusters approaching 1 nm in size.

In the following, we propose a systematic growth model on the basis of DFT calculations. First, we expose the method used for such an investigation. Second, we present the relative results for the growth structures and energetics of Au and Cu monometallic particles in the fluxional regime (between 1 and 38 atoms). At last, we discuss our results.

Methodology

Computational Details

DFT calculations considering a Au and Cu clusters were performed by using VASP code [START_REF] Kresse | Ab initio molecular-dynamics simulation of the liquidmetal-amorphous-semiconductor transition in germanium[END_REF][START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF], GGA-PBE framework [START_REF] Perdew | Generalized gradient approximation made simple[END_REF], and the projector augmented-wave method (PAW [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]). For all calculations, the spin-polarization has been allowed to relax, and the geometry has been fully optimized, without considering symmetry properties. The considered k-points grid is (1 × 1 × 1) as it concerns nanoclusters in gas phase. For all calculations, the considered geometrical box is 30 × 30 × 30 Å 3 . By using thissupercell, the largest studied particles have more than 1.5 nm of vacuum between them, hence minimizing the spurious interactions between clusters. 

Growth Model

In this work, a similar growth model has been applied for Au and Cu clusters, from 1 to 38 atoms. We have chosen tthe atomic positions of the truncated octahedron M 79 , presented in Figure 5.1, as a grid for initial metallic atoms coordinates. This choice have been done because it is well known that around 1 -1.5 nm, Au and Cu particles are spherical. These coordinates have been sorted into two shells: the inner one, depicted in purple in Figure 5.1, and the outer one drawn in yellow. The first considered atom is the central one. Then, for each atom added to the structure, a screening is done taking into account the remaining positions in the grid, shell by shell. Each geometrical optimization is performed on the basis of regular atom coordinates, then the cluster is fully allowed to relax in the most stable possible structure. When the inner shell is fulfilled, i.e. at M 19 , the coordinates of the outer shell are taken into account.

For each M n cluster structure, an average cohesion energy ∆E coh (M n ) can be calculated as follows:

∆E coh (M n ) = E(M n ) -nE(M gas ) n (5.1)
Where E(M n ) represents the total electronic energy of the M n cluster from DFT calculation and E(M gas ) is the electronic energy of the metallic atom in gas phase. Then a graph showing ∆E coh (M n ) as a function of the particle size is drawn for both Au and Cu cluster growth.

Growth and Coalescence Thermodynamics

A thermodynamic approach has been applied for the growth model we used. To obtain the differential growth energy for a M n cluster, the chemical reaction that is used is:

M n-1 + M gas → M n (5.2)
Then an energetic balance for the growth ∆E growth (M n ) between M n on the one hand and M n-1 and M gas on the other hand, is defined by:

∆E growth (M n ) = E(M n ) -E(M n-1 ) -E(M gas ) (5.3)
Once the growth model achieved up to M 38 , a model of coalescence can be considered, using the most stable cluster structures each time. This model allows the evaluation of the thermodynamic balance in vacuum between the coalescence of two clusters or various sizes (Au m ; m = 1 -19 and Au 38-m ) and their dislocation. The chemical equation for the coalescence approach is:

M 38-m + M m → M 38 (5.4) 
The thermodynamic equation for the energetic balance of coalescence ∆E coal (M 38 ) is defined as follows:

∆E coal (M 38 ) = E(M 38 ) -(E(M 38-m ) + E(M m )) 38 (5.5)
In the following, both ∆E growth (M n ) and ∆E coal (M 38 ) will be plotted as a function of the particle size, for both Au and Cu cluster growth.

Results

As exposed previously, we have built a growth model for Au and Cu clusters, starting by a tridimensional mesh for atomic positions. In the following, we are going to expose our results for the growth structural and thermodynamical analyses considering Au then Cu particles.

Au Particles

Structural Analysis

For the growth model of Au clusters, the number of initial structures that have been tested each time varies as a function of the size, and the shell that is considered (see Figure 5.2, blue histograms). From 1 to 4 atoms in the cluster, only one initial structure is taken into account: atom in gas phase for the monomer, atoms at the equilibrium distance for the dimer, triangle at equilibrium distance for the trimer, tetrahedron for the tetramer. Before the critical size of 19 atoms, where the inner shell of the particle is fulfilled, the number of A statistical study have been also led on the fully relaxed structures coming from the used growth model. For each size, the number of effective local minima has been counted (see Figure 5.2, red histograms). From 1 to 20 atoms-sized particles, the number of local minima is quite low, oscillating around 7 -8 structures. For clusters above 21 atoms, the number of local minima is larger: it fluctuates around 20 configurations.

In the following, only the most stable structures coming from the growth model will be considered. In Figure 5.3, the most stable clusters for Au growth are depicted, taken into account only the bidimensional configurations: from 2 to 11 atoms. One can see that, for low content of gold, 2D films are predominant. These films can be flat (see Figure 5.3 Au 2 -Au 7 , Au 10 ) either twisted (Au 8 , Au 9 and Au 11 ). After the size of 12 atoms, Au particles adopt a 3D shape. This is called the 2D-3D transition, that have been confirmed with the comparison with the state-of-the-art [START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF][START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Furche | The structures of small gold cluster anions as determined by a combination of ion mobility measurements and density functional calculations[END_REF][START_REF] Gilb | Structures of small gold cluster cations ion mobility measurements versus density functional calculations[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Molina | The activity of the tetrahedral Au 20 cluster: charging and impurity effects[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Xiao | Structural study of gold clusters[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Wells | Gas binding to Au 13 , Au 12 Pd, and Au 11 Pd 2 nanoclusters in the context of catalytic oxidation and reduction reactions[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Lechtken | Structure determination of gold clusters by trapped ion electron diffraction: Au14-au19[END_REF][START_REF] Jiang | Au 40 : A large tetrahedral magic cluster[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF][START_REF] Li | Magicnumbergoldnanoclusterswithdiameters f rom1to3.5nm : Relativestabilityandcatalyticactivity f orcooxidation[END_REF].

In Figure 5.4 are presented the particles from 12 to 25 atoms. In this family of clusters, the morphology is variable: it goes from hollow cages (Au 12 -Au 18 ) to crystalline or semicrystalline shapes (Au 19 -Au 25 ). This critical size, where the morphology of the particle In spite of the initial choice of a regular grid, based on a regular morphology, our full DFT heuristic model has allowed to explore a large range of structures after the geometric optimizations. 

Energetic Analysis

The structural versatility of the Au clusters raises the question of their relative stability. In Figure 5.7, are plotted the normalized cohesion energy as a function of the size of the Au cluster. In blue, ∆E coh (Au n ) is plotted for the most stable structures, in red ∆E coh (Au n ) for the least stable ones. We reported also the different regimes for the particles: in white the bidimensional one, in the lightest grey the fluxional regime, in light grey the hollow cages, in dark grey the melt cages. In the 2D regime, the stability of the cluster varies much from 0 to -2.0 eV with complex oscillations of the average cohesion energy. In the other regimes, the evolution is still monotonous with a weak and smooth decrease of the energy from -2.0 to -2.3 eV (the cohesion energy in the bulk limit being at -3.04 eV/at).

In Figure 5.8, the blue curve presents the evolution of the growth energetics as a function of gold cluster size. This quantity represents the energy gain while adding one atom between two subsequent clusters in size (stable structures). ∆E growth (Au n ) is always negative, and is oscillating from -0.9 to -3.2 eV. In the bidimensional regime, i.e. from Au 1 to Au 11 , for odd number of Au atoms in the particle, the growth energy is much stabilizing than for even number of Au. Between Au 13 and Au 17 , the growth energetic profile is rather smooth, then goes back to oscillations that are not regular anymore. In red, is depicted the moving average for ∆E growth (Au n ). One can see that this value is rather stable, compared to the growth energy oscillations. Also, the moving average is clearly tending to a value around -2.5 eV, that reminds the convergence value of Figure 5.7.

In Figure 5.9 is depicted the evolution of the coalescence thermodynamics as a function of the Au 38 cluster size. The first remarkable trend is that coalescence in Au 38 is exothermic and more stabilizing for a growing m (from 1 to 19). Second, from m = 3 to m = 17, one can see an even-odd oscillation on the coalescence energetics. The coalescence energy is contained in the range -0.05 to -0.23 eV. At last, the coalescence energetics are quasi maximal for m = 19 (same size of clusters).

Cu Particles

Structural Analysis

The histograms of Figure 5.10 are done in the same way than the ones in Figure 5.2. The blue ones depict the number of tested configurations, whereas the red bars shows the number of local minima. In the case of Cu clusters, the number of tested structures is the same than in the case of Au particles. However, this tends to another trend concerning local minima. There are less local minima after geometry optimizations for Cu clusters than in the case of gold. This is due to the higher flexibility of Au clusters. In addition, the Cu-Cu bonds are stronger, which which tends to diminish the flexibility and consequently the number of possibilities for competitive conformations. In Figure 5.11 are presented the structures of the bidimensional regime for copper clusters (from Cu 2 to Cu 6 ). Those clusters have a fcc-like arrangement. The bidimensional regime is larger for Au than for Cu particles In Figure 5.12, the cluster belonging to the biplanar regime are presented. Those particles are around two fcc layers height. As Cu binding is stronger than Au one, it is favorable for Cu atoms to bind to most of atoms in the cluster.

In Figures 5.13 

Energetic Analysis

In Figure 5.15, is plotted the evolution of the average cohesion energy of Cu clusters against the particle size. As in Figure 5.7, the blue curve is for the most stable structures and the red plot for the least stable ones from the growth model. The different regimes are represented in white for bidimensional one, in the lightest grey for biplanar, in light grey for the semi-crystalline pseudo-octahedral clusters and in dark grey for semi-crystalline pseudo-icosahedral particles. One can see that the stabilization energy is weaker for small particles, and gets stabilized in the biplanar regime. For higher Cu contents in the particles, it is clear that the cohesion energy tends to a value of -2.8 eV/atom (the bulk limit for pure Cu being -3.48 eV/at).

Concerning the growth energy in the case of Cu clusters, plotted in blue in Figure 5.16, the behavior is less oscillating than in the case of Au particles. First, the growth energies for Cu particles are located in a narrower energetic range: from -1.5 eV to -3.5 eV (-0.9 to -3.2 eV for Au particles). Second, there is a similar trend regarding the bidimensional regime: in the range Cu 2 -Cu 6 particles containing even number of atoms are less stabilized by growth than the ones containing odd number of atoms. Afterwards, ∆E growth (Cu n ) is getting more stabilized than in the case of Au. The moving average of the growth energy is plotted in red in Figure 5.16. Again, this average energy is tending to a value of -2.8 eV.

In Figure 5.17 is depicted the evolution of the coalescence thermodynamics as a function of the Cu m cluster size. The first remarkable trend is that coalescence into Cu 38 is more stabilizing for a growing m. Conversely to Au clusters system, there is no even-odd oscillation on the coalescence energetics. The coalescence energy is contained in the range -0.05 to -0.25 eV for Cu clusters.

Discussion

In our work, we developed a model of growth for monometallic Au and Cu particles from 1 to 38 atoms, in model condition (vacuum). We also used thermodynamic and energetic analyses for growing mechanism. In the next section, we are going to compare our results to the ones coming from the literature.

Au Particles

In the case of gold aggregates, the morphology changes a lot during the growth. From 1 to 11 atoms, Au clusters are bidimensional. The 2D-3D transition has been confirmed by many previous theoretical works, that has been found to take place between 10 and 15 atoms [START_REF] Oliver | From clusters to bulk: A relativistic density functional investigation on a series of gold clusters Au n , n= 6 -147[END_REF][START_REF] Garzón | Lowest energy structures of gold nanoclusters[END_REF][START_REF] Furche | The structures of small gold cluster anions as determined by a combination of ion mobility measurements and density functional calculations[END_REF][START_REF] Gilb | Structures of small gold cluster cations ion mobility measurements versus density functional calculations[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Molina | The activity of the tetrahedral Au 20 cluster: charging and impurity effects[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Xiao | Structural study of gold clusters[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Wells | Gas binding to Au 13 , Au 12 Pd, and Au 11 Pd 2 nanoclusters in the context of catalytic oxidation and reduction reactions[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Lechtken | Structure determination of gold clusters by trapped ion electron diffraction: Au14-au19[END_REF][START_REF] Jiang | Au 40 : A large tetrahedral magic cluster[END_REF][START_REF] Serapian | The shape of au8: gold leaf or gold nugget?[END_REF][START_REF] Li | Magicnumbergoldnanoclusterswithdiameters f rom1to3.5nm : Relativestabilityandcatalyticactivity f orcooxidation[END_REF]. Our results are though in a fair agreement with the state-of-the-art. Then, from Au 12 to Au 25 , the particles morphology is quite variable: they are either quasi-regular, or disordered cages showing under-coordinated atoms at the surface. Finally, the cage regime takes place from 26 to 38 atoms clustered. Two recent studies have proven that several isomers are stable for this kind of cluster size [START_REF] Yoon | Size-dependent structural evolution and chemical reactivity of gold clusters[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF], which explains the variability of cluster shape in this range. Until Au 34 , the cages present one single encapsulated atom at their centre. Afterwards, Au aggregates show an encapsulated trimer in their centre. This tendency for having meltcages after the critical size of 20 atoms for gold aggregates has been shown in the literature by various theoretical or combined theory-experiment studies, either using DFT, TDDFT, molecular dynamics calculations or Monte-Carlo simulations [START_REF] Wang | Density-functional study of au n (n = 2˘20) clusters: Lowest-energy structures and electronic properties[END_REF][START_REF] Johansson | Au32: A 24-carat golden fullerene[END_REF][START_REF] Gu | Cagelike structures of pure metal atoms[END_REF][START_REF] Wang | Hollow cages versus space-filling structures for mediumsized gold clusters: The spherical aromaticity of the au50 cage[END_REF][START_REF] Gao | Au42: An alternative icosahedral golden fullerene cage[END_REF][START_REF] Bulusu | Evidence of hollow golden cages[END_REF][START_REF] Xing | Structural evolution of au nanoclusters: From planar to cage to tubular motifs[END_REF][START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF][START_REF] Johansson | Exploring the stability of golden fullerenes[END_REF][START_REF] Huang | Relativistic effects and the unique low-symmetry structures of gold nanoclusters[END_REF][START_REF] Dong | Gold cluster beyond hollow cage: A double shell structure of Au 58[END_REF][START_REF] Wang | Probing the electronic properties and structural evolution of anionic gold clusters in the gas phase[END_REF][START_REF] Ouyang | Global minimization of gold clusters by combining neural network potentials and the basin-hopping method[END_REF]. The comparison between the literature and our results is convincing: we have found the same tendencies and the same structure families as a function of the size. It shows, even using a restricted number of configurations with close-packed pattern of coordinates, that the found geometries are consistent with the state of the art and that the used geometric relaxation is reliable.

Cu Particles

During the growth of copper clusters, the morphology is less variable and more crystalline than in the case of gold. First, the 2D to biplanar transition appears earlier (between Cu 6 and Cu 7 ) [START_REF] Massobrio | Interpretation of photoelectron spectra in Cun clusters including thermal and final-state effects: The case of Cu -7[END_REF][START_REF] Häkkinen | Bonding in cu, ag, and au clusters: Relativistic effects, trends, and surprises[END_REF][START_REF] Vitaly E Matulis | {DFT} study of electronic structure and geometry of anionic copper clusters[END_REF][START_REF] Jaque | The formation of neutral copper clusters from experimental binding energies and reactivity descriptors[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF][START_REF] Grönbeck | Comparison of the bonding in au 8 and cu 8 : A density functional theory study[END_REF][START_REF] Galip | Evolution of small copper clusters and dissociative chemisorption of hydrogen[END_REF][START_REF] Shen Li | Ab initio calculations of the photoelectron spectra of transition metal clusters[END_REF][START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF][START_REF] Shen Li | Real space pseudopotential calculations for copper clusters[END_REF][START_REF] Sam | Ferromagnetic bonding: High spin copper clusters (n+1Cu n ; n = 2 -14) devoid of electron pairs but possessing strong bonding[END_REF][START_REF] Calaminici | Density functional study of the structure and properties of cu9 and cu9[END_REF][START_REF] Behnam Assadollahzadeh | The low lying isomers of the copper nonamer cluster, cu9[END_REF][START_REF] Vitaly | {DFT} study of electronic structure and geometry of anionic copper clusters (n = 11, 12, 13)[END_REF][START_REF] Guzmán-Ramírez | Dft and gega genetic algorithm optimized structures of cun ν (ν=1,0,2; n=3-13) clusters[END_REF][START_REF] Zeng | Interplay between geometrical and electronic stability of neutral and anionic cu13 clusters: a first-principles study[END_REF][START_REF] Baishya | First-principles absorption spectra of cu n (n = 2˘20) clusters[END_REF][START_REF] Li | Density functional theory study of the structures and electronic properties of copper and sulfur doped copper clusters[END_REF]. Then, between 14 and 25 clustered copper atoms, the aggregates show a semi-crystalline pattern with a pseudo-octahedral shape. Finally, from Cu 26 to Cu 38 , the particles are icosahedral-like shaped, presenting distorted pentagons at the surface [START_REF] Wang | Structures and electronic properties of cu20, ag20, and au20 clusters with density functional method[END_REF][START_REF] Häkkinen | Issendorff. Symmetry and electronic structure of noblemetal nanoparticles and the role of relativity[END_REF][START_REF] Jaque | The formation of neutral copper clusters from experimental binding energies and reactivity descriptors[END_REF][START_REF] Fernández | Trends in the structure and bonding of noble metal clusters[END_REF][START_REF] Fernández | Trends in the structure and bonding of neutral and charged noble metal clusters[END_REF][START_REF] Vitaly | {DFT} study of electronic structure and geometry of anionic copper clusters (n = 11, 12, 13)[END_REF][START_REF] Hijazi | Structure of pure metallic nanoclusters: Monte carlo simulation and ab initio study[END_REF][START_REF] Zeng | Interplay between geometrical and electronic stability of neutral and anionic cu13 clusters: a first-principles study[END_REF][START_REF] Jiang | Icosahedral to double-icosahedral shape transition of copper clusters[END_REF]. Likewise the case or Au aggregates, the Cu clusters have undergone a rough geometric relaxation and the found stable morphologies extracted from our growth model are reliable.

Energetics

Regarding now the cohesive energetics for Au and Cu clusters, the trends are different in both cases. First, comparing the blue plots in Figures 5.7 and 5.15, corresponding to the most stable structures, one can see that the cohesion energy for copper aggregates is always more negative for Cu n+1 than for Cu n . That is not the case concerning gold clusters. For example, in Figure 5.7, Au 3 , Au 5 and Au 11 are less stable than Au 2 , Au 4 and Au 10 , respectively. This happens mostly in the bidimensional regime, however one can find evident occurrences of cusps also in both cages regimes.

Considering the earliest stage of growth, the dimerization energetics, i.e. when two atoms are clustered (see the second points in Figures 5.7 and 5.15 for the energetics), for Au and Cu are similar (-1.12 and -1.08 eV for Cu and Au, respectively). However, dimerization energy is slightly more stabilizing for Cu than for Au. This can be explained by the strength of Cu-Cu bond, that is higher than for Au-Au bond.

Let us have a look on the difference between the blue and red plots in Figures 5.7 and 5.15. Thanks to those graphs, it is easy to determine the mean energetic difference in ∆E coh between the most and least stable structures (∆E coh ) for both Au and Cu particles.

For Cu, this value is 70 meV ; for Au it is 86 meV. First, the fact that the ∆E coh is low (∼ 10 -2 eV) let us think that screened relaxed structures are reliable. Indeed, we have only found stable structures, even if our starting points have been based on a symmetric pattern. Second, the ∆E coh is higher for Au than for Cu. This is explained by the fact that Cu clusters growth leads to close-packed aggregates while Au particles morphologies are more variable. Indeed, the relaxation that occurs in the case of Au particles is stronger than for Cu, and the energetics are changed during the relaxation path.

Looking For these cluster sizes, the variation of ∆E coh between M 200 and M 201 is found negligible (< 5 meV). Moreover, the energetic order seems consistent with the fact that Cu-Cu bonds are stronger than Au-Au bonds. The cohesion energy is more stabilizing in the case of Cu than Au aggregates at the asymptotic limit.

In Figure 5.9, presenting the coalescence of Au m particles into Au 38 as a function of the size, one can see that the coalescence energy is negative for each value of m. This means that the coalescence is always exothermic. Furthermore, this exothermicity varies slightly as a function of m, but it increases with m. The coalescence process into Au 38 would rather occur on particles with same or close sizes. In vacuum conditions, growth energy is much favorable than coalescence one (-2.1 eV vs -0.20 eV, respectively). This result let us think that a nanoparticle tends to continue its growth instead of undergo coalescence with another close nanoparticle, in vacuum. Hence, the rutile support could modify the energetic balance between those two properties (growth and coalescence). It may have two promoting roles favoring coalescence over growth: first, it can allow the proximity between two nanoparticles; second, when the nanoparticles are large and next to each other, the growth thermodynamics may become less exothermic due to steric repulsions or steric hinderance. In that terms, the coalescence becomes competitive with respect to the growth. Concerning Cu nanoparticles, in Figure 5.17, the comparative analysis between growth and coalescence is similar to the ones on Au. The conclusions are though the same.

To complete the energetic analysis, it is important to compare growth data we have obtained in this Chapter to the nucleation results we have exposed in Chapters 3 and 4. First, for Au clusters, the adsorption energy on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] is in competition growth energetics. The adsorption energy, reported in Table 3.1 is -2.21 eV on surface reduced TiO 2 support whereas the average cohesion energy is below -2.2 eV for clusters with less than 20 atoms. This suggests that diffusion kinetics is hard on the support, and that growth kinetics will be more favorable. Au particles on TiO 2 would rather be large. Conversely to the case of Au, for Cu, the adsorption on the TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] is weaker than the growth energy. Indeed, while adsorbing on the support, Cu gains no more than 1.86 eV (see Table 3.3). This value is exceeded by growth kinetics for a cluster size over 5 atoms. This means that for Cu particles, the diffusion on the support would be easy and that this metal would rather form small sized particles. Those particles can diffuse on the rutile surface and are trapped when meeting surface defects suc as steps and TiO x stripes.

Let us move to the comparative analysis of growth energetics between Au and Cu particles. There again, in Figures 5.8 and 5.16 we can see different trends for Au and Cu. In Figure 5.8, one can remark an even-odd oscillation considering the blue curve, while in Figure 5.16, this oscillation is softer. Also, looking at red curves, the moving averages of ∆E growth tend to two different values. Once again, we calculated for both Au 201 and Cu 201 particles the value of ∆E growth , in order to get the asymptotical tendency of growth energy. ∆E growth is -2.81 and -3.22 eV for Au 201 and Cu 201 , respectively.

Conclusion

In conclusion, we have developed a DFT-based model for the growth of Au and Cu aggregates from 1 to 38 atoms. In spite of the fcc packed grid used for the initial positions of the atoms on the geometric optimizations, the particles structures have been relax in order to find the most stable conformers. Morphologies for Au and Cu particles are really different. Au shows a preference for caged structures, while Cu tends to keep either pseudo-octahedral or pseudo-icosahedral shapes. This comes from the fact that Au-Au bonds are less strong that Cu-Cu ones. Our growth model have been confirmed by data in the literature. Our structural analysis comes with a thermodynamic approach for the cluster growth.

Our energetic analysis has allowed us to compare the nucleation and growth thermodynamics in the case of Au and Cu nanoparticles on TiO 2 (110) support. The main conclusion is that, as Au diffusion is not favorable on the support, the atoms will nucleate on oxygen vacancies. The converse conclusion is sketched out for Cu particles. Cu diffuses easily and make small particles that nucleates on surface defects such as steps.

As a perspective, we can extend our growth model to the entire M 79 or M 201 grids. One can also use this model to study bimetallic particles structural growth. In addition, it would be interesting to graft the stable particles on a support.

Stability Study of Bimetallic Nanoparticles in Vacuum

Introduction

Although AuCu bimetallic nanoparticles have been investigated intensively throughout the years from various global optimization and heuristic approaches, the relationship between the chemical composition and the absolute stability of those nanoclusters is unclear in model conditions, in particular in the range 1 -2 nm, and for crystalline and ordered systems. In addition, the choice of the theoretical descriptors of stability (binding energy per atom or cohesive energy for monometallic systems, and mixing energy or excess energy for nanoalloys [START_REF] Jellinek | Ninalm alloy clusters: analysis of structural forms and their energy ordering[END_REF][START_REF] Barcaro | Electronic and structural shell closure in agcu and aucu nanoclusters[END_REF]) do not refer directly to the nanoparticle surface energy (absolute stability). This means that the comparison between various size, ordering and composition is not straightforward. For alloys, the usual references for evaluating the excess or mixing energies are pure sub-clusters, for which the global optimization problem is also true. Regarding PtNi bimetallic nanoclusters, the literature is much less documented than the one of AuCu. Moreover, almost no information is available today regarding the prediction of the surface energy of those mono and bimetallic nanoparticles at the DFT level. This Chapter is the result of a collaboration with Rodrigo Ferreira de Morais, who has performed the calculations on the PtNi nanoparticles.

In this Chapter, we introduce the relation between the absolute stability of monometallic Au, Cu, Pt, Ni and bimetallic AuCu, PtNi nanoparticles and their chemical composition and structure by performing DFT calculations of surface energy. A set of nanoclusters is selected in the range 0.8 -1.8 nm, leading to the exploration of 400 nanoalloys and pure particles at the DFT level, including spin polarization effects for PtNi. From this extensive family, a classification is proposed by following the usual definitions of mixed and crystalline clusters, of non-crystalline core-shell particles and by introducing a new family of non-crystalline and partially mixed skin-heart systems. The evaluation of the nanoparticle surface energy has required the elaboration of DFT-based phenomenological model for calculating the total electronic energy of the bulk alloys and the development of tool integrating the relaxed nanocluster surface area. 

Methodology

Computational Details

Density functional theory (DFT) calculations in periodic boundary conditions have been performed with the Vienna ab-initio simulation package (VASP [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF][START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]). The generalized gradient approximation (GGA) has been used with the Perdew-Burke-Ernzerhof exchange-correlation functional (PBE [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]) and the projector augmented-wave method (PAW [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF]). For monometallic Au, Cu, Pt and bimetallic AuCu bulks and nanoparticles, no spin polarization has been obtained in the considered range (0.8 -1.8 nm), whereas spin-polarized calculations have been considered systematically for monometallic Ni and bimetallic PtNi bulk and nanoparticles. The corresponding spin properties have been detailed in the following. The expansion of the plane wave basis set has been determined by an energy cut-off of 296 eV for Au, Cu and AuCu bulks and nanoparticles, and 270 eV for Pt, Ni and PtNi bulks and nanoclusters. Tight geometry optimisations have been effected by considering criteria of ±10 -7 eV for the total electronic energy and ±10 -2 eV.Å -1 for the residual forces acting on the nuclei. Total electronic and surface energies have been calculated with a Gaussian smearing (with a width σ = 0.2 eV). The various bulk alloys and metallic nanoparticles have been modeled in 3D periodic boxes. For the bulks, the volume of unit cell has been systematically relaxed to optimize the lattice parameters, while for the nanoparticle models, supercells of 30 × 30 × 30 Å 3 have been considered (hence leaving a vacuum space in the range 12 -34 Å) and all the degrees of freedom of the metals have been relaxed. In the case of the alloy bulks, the convergence of the total electronic energy with respect to the k-point meshes has been examined very carefully to ensure the convergence of surface energies (below ± 1 meV.Å -2 ). Highly dense k-points grids have thus to be considered, with irreducible k-points densities in the range 113 -173 k-points.Å -3 for the AuCu bulks, and in the range 113 -167 k-points.Å -3 for the PtNi systems. For the nanoparticle models, Γ-point only calculations have been performed as required.

Nanoparticle Stability Model

Bimetallic Bulks

Several ordered gold-copper alloy bulk structures have been registered at lowtemperature. Cu 3 Au and Au 3 Cu belongs to the A 3 B 1 and A 1 B 3 compositions of L1 2 type, respectively, while AuCu is the AB composition of L1 0 type [START_REF] Ozolin ¸š | Cu-au, ag-au, cu-ag, and ni-au intermetallics: First-principles study of temperature-composition phase diagrams and structures[END_REF]. Those fcc crystalline structures are ordered, symmetric and isotropic with respect to the distribution of the metallic bonds around one given atom. The smallest unit cells are composed of four metallic atoms. In Figure 6.1, the various unit cells of the regular and crystalline AuCu alloy bulks are illustrated. For PtNi bulks, the definitions and structures are equivalent. Equivalent structures exist for Pt 3 Ni, Ni 3 Pt and PtNi bulk systems. By considering also the monometallic bulks, the number of metal-metal bonds N b , normalized per atom in the unit cell, can be easily counted for the three types of bonds (M 1 -M 1 , M 2 -M 2 and M 1 -M 2 ). The corresponding plots against the chemical composition x in the alloy are depicted in Figure 6.2. In the range of compositions [0.25 -0.75], there is no possibility to define other ordered alloys exhibiting the same symmetry as L1 2 or L1 0 types. However, in the ranges [0 -0.25] and [0.75 -1], an infinite number of ordered alloys can be imagined by keeping the same symmetry properties. By extending several times the primitive cell of a fcc monometallic bulk in the three directions (isotropic extensions with supercells (N × N × N), N = 2,...,4) and by substituting the central atom by the second metal, a series of regular AuCu alloys can be generated including AuCu 124 (x = 0.008), AuCu 63 (x = 0.016), AuCu 26 (x = 0.037), AuCu 7 (x = 0.125) in the range [0 -0.25], and Au 7 Cu (x = 0.875), Au 26 Cu (x = 0.963), Au 63 Cu (x = 0.984), Au 124 Cu (x = 0.992) in the range [0.75 -1] (see Figure 6.2). Experimentally, the AuCu bulk system offers also various possible compositions [START_REF] Weinberger | Electronic and structural properties of cu-au alloys[END_REF][START_REF] Ozolin ¸š | Cu-au, ag-au, cu-ag, and ni-au intermetallics: First-principles study of temperature-composition phase diagrams and structures[END_REF][START_REF] Vadim | Phase diagrams of binary alloys calculated from a density functional theory[END_REF]. The same systems can be modeled for PtNi bulks. AuCu 124 and Au 124 Cu (and equivalent PtNi systems) are defined by large supercells (4 × 4 × 4) with 125 metallic atoms inside. In our study they will correspond to the infinite dilution models, i.e., isolated impurities in monometallic bulks (x being close to 0 or 1). By counting the normalized numbers of metallic bonds for this new series of alloys, the number of ordered systems is thus extended to 13 in each case (AuCu and PtNi), and polynomial fits are proposed in Figure 6.2 to evaluate the values of N b for any chemical composition x (see Table 6.1 for the parameters). As expected N b (M 1 -M 1 ) and N b (M 2 -M 2 ) functions are evolving in a quasi-monotonous way when x varies, while N b (M 1 -M 2 ) is reaching a large plateau in the range [0.35 -0.65]. As clearly shown in this figure, in our phenomenological model, the sum of the number of bonds for any value of x is always 12 strictly (i.e. the number of neighbours in a classical fcc metallic bulk).

In idealistic condition of temperature (optimisation at 0 K), the total electronic energy of those alloy bulks E bulk tot depends on the volume of the unit cell. The relaxation of this volume for each of the 13 systems evoked just before shows a monotonous dependence on the chemical composition x. The trend is similar for the optimal lattice parameter, with a small deviation from Vegard's law and in agreement with measurements for AuCu bulks (eV). The mathematical functions against the chemical composition x are all defined as follows: f (x) = Σ(a i x i ). [234, 235] (see Figure 6.3). Hence the total electronic energy is a functional of the volume and depends on the composition x. For a monometallic bulk, this energy E mono tot reads:

E mono tot [V] = N at E at + N mono b,(M-M) × E mono b,(M-M) [V] (6.1) 
where N at is the number of atoms in the bulk, E at the atomic energy (a constant value calculated by DFT), N mono b,(M-M) the normalized number of bonds per atom in the bulk (hence 12 for a fcc metal) and E mono b,(M-M) the bonding energy between two atoms of the bulk, which depends on the volume V. Such a definition can be generalized to alloy bulks as follows:

E alloy tot [V(x)] = ∑ N at i E at i + ∑ N at i N alloy b,(M 1 -M 1 ) (x) × E alloy b,(M 1 -M 1 ) [V(x)] +N alloy b,(M 2 -M 2 ) (x) × E alloy b,(M 2 -M 2 ) [V(x)] +N alloy b,(M 1 -M 2 ) (x) × Ẽalloy b,(M 1 -M 2 ) [V(x)] (6.2)
where N at i is the number of atoms i (i = M 1 , M 2 ), E at i being the energy of atom i (constant values calculated by DFT), N alloy b,(i-j) being the normalized numbers of bonds in the alloy bulks (i, j = M 1 , M 2 ), E alloy b,(i-i) being the bonding energies of (ii) (pairwise interaction terms) in the alloy system (i = M 1 , M 2 ), and finally Ẽalloy b,(M 1 -M 2 ) being the nonadditivity of the model including the bonding energy of (M 1 -M 2 ) (pairwise interaction term) and all the undefined many-body terms. For any composition x 0 , the normalized numbers of bonds N alloy b,(i-j) (x 0 ) can be evaluated as explained previously (see Figure 6.2). By assuming that the energies of homonuclear bonds E alloy b,(i-i) in the alloys are equivalent to those in the respective monometallic bulks E mono b,(i-i) , they can be calculated by reversing Eq. 6.1. For each pure metal and for each value of x 0 (and corresponding optimal volume V(x 0 ) of the alloy), the energies of the homonuclear bonds are known, once the total electronic energies E mono tot [V(x 0 )] are performed by DFT. Hence for each alloy and set of values (x 0 , V(x 0 )), the last and unknown term Ẽalloy b,(M 1 -M 2 ) is derived by Eq. 6.2, as soon as the total electronic energy of the bulk alloy E alloy tot [V(x 0 )] is obtained by DFT. This procedure has been applied to the two sets of 13 systems related to AuCu and PtNi bulks. In the case of AuCu bulks, the evolution of the bonding energies are presented in Figure 6.4. First the (Au-Au) bonding energy for monometallic Au bulk is weaker (-0.253 eV, x = 1) than the (Cu-Cu) one of pure Cu metal (-0.290 eV, x = 0), as expected. The homonuclear (Au-Au) and (Cu-Cu) bond energies evolve monotonously when the composition x varies in the alloy. The (Cu-Cu) bond depends weakly on x, at the opposite of the (Au-Au) one which is strongly weakened for contracted volumes, optimal for AuCu alloys rich in copper (weak values of x). In a wide range of compositions [0 -0.866], the (Cu-Cu) bond remains stronger than the (Au-Au) one, although the volume of the bulk (and corresponding metal-metal distance) is significantly increased (+47% for the volume and +14% for the Cu-Cu distance). The relative bond strength is reversed for x 0 = 0.866, thus for a bulk of stoichiometry close to Au 7 Cu. For AuCu alloys rich in gold, the homonuclear bonds present an almost equivalent strength. The non-additive term of the model, capturing in part the (Au-Cu) bond has a more complex and non-monotonous evolution, when x varies. The extension in energy of those variations (c.a. 60 meV) is rather weak and equivalent to that of (Cu-Cu) bonding energy. In a wide range of compositions [0.25 -1], the (Au-Cu) bond is stronger than the homonuclear terms with a minimum in energy at stoichiometry Au 7 Cu. Note in passing that these "unitary" bonding energies are not accounting by themselves for the whole stability of the alloy bulks. According to Eq. 6.2, they contribute altogether to the total electronic energy. On the basis of those three sets of 13 points, polynomial fits have been determined in order to evaluate all those bonding energies, whatever the value of x (see Table 6.1 for the parameters).

The same analysis has been developed for PtNi systems, as shown in Figure 6.5. The (Ni-Ni) bonding energy for monometallic Ni bulk is weaker (-0.398 eV, x = 0) than the (Pt-Pt) one for pure Pt (-0.453 eV, x = 1). Likewise Cu and Au, (Pt-Pt) and (Ni-Ni) bonding energies present a monotonous dependence on composition x. (Ni-Ni) and (Pt-Pt) bond energies presents similar variational properties with (Cu-Cu) and (Au-Au) ones, respectively. In contrast to AuCu systems, (Ni-Ni) bond is stronger than (Pt-Pt) only for low compositions and on a limited range [0 -0.336]. The relative bond strength is reversed for a bulk of stoichiometry close to PtNi 2 (x 0 = 0.336). The non-additive component partially related to (Pt-Ni) bond has complex variations such as the one for (Au-Cu) bond. Similarly, the corresponding extension of those variations is weak (about 60 meV). In a large range of compositions [0 -0.75], the (Pt-Ni) bonding energy prevails over (Pt-Pt) and (Ni-Ni) bond strengths. Polynomial fits have been calculated to allow the evaluation of those energies for any value of x (see Table 6.1 for the parameters).

Nanoparticle Surface Energy

A convenient way to determine the absolute stability of an inorganic material exhibiting an interface (solid-gas or solid-vacuum in this case) is the calculation of surface (or interface) energy. This theoretical descriptor can be measured [START_REF] Gozzi | Hightemperature determination of surface free energy of copper nanoparticles[END_REF] and it is used for sorting the stability of catalytic single-crystal surfaces [START_REF] Tyson | Surface free energies of solid metals: estimation from liquid surface tension measurements[END_REF][START_REF] Jiang | Size dependent interface energy and its applications[END_REF], but also for other theoretical approaches such as Wulff construction, which can be used for determining the optimal shapes of nanoparticles [START_REF] Ringe | Wulff construction for alloy nanoparticles[END_REF][START_REF] Zhang | Equilibrium crystal shape of ni from first principles[END_REF]. The surface energy can be defined as the reversible work per unit area involved in the creation of a new surface at constant temperature, volume and total number of moles [START_REF] Ouyang | Surface energy of nanostructural materials with negative curvature and related size effects[END_REF]. However, it has never been considered so far as a relevant theoretical descriptor at the DFT level for comparing the relative stability of multimetallic nanoparticles, especially when the size, the morphology and the chemical composition are varying. There are two major reasons explaining this. The first one is the necessity of defining a bulk system (alloy in this case) for which the stability or total electronic energy can be evaluated for any value of x (the uniqueness of such a bulk being another question). The second one is the necessity of defining the nanoparticle surface area (its definition being uncertain for non-convex and irregular polyhedra). In the context of ordered bulk and nanoparticle alloys (no random configuration), convex and relatively regular nanoclusters, we introduce the nanoparticle surface energy Γ (meV.Å -2 ), which is a complex function depending on the particle size {s}, morphology {m} and varying with the chemical composition x, as follows:

Γ({s}, {m}, x) = E A a B b tot ({s}, {m}, x) -E A a B b tot [V(x)] A [{s}, {m}, d(x)] (6.3)
where E A a B b tot is the total electronic energy (calculated by DFT) of the optimized structure of a bimetallic nanoparticle A a B b of morphology m, size s and composition x (x = a/(a + b)), E A a B b tot being the total electronic energy of the optimal alloy bulk A a B b with an equivalent composition x (calculated by our model, see Eq. 6.2), and A being the surface area of the corresponding relaxed nanoparticle structure. The surface area depends obviously on the nanoparticle morphology and size. In addition, it can be evaluated as a functional of the average metal-metal distance d in the nanoparticle outer-shell. For each nanocluster, the total number of facets N F , the total number of hexagonal N HF , square N SF , triangular N TF facets, the total number of edges N e , vertices or corners N v and the analytical formula of the surface area A are addressed in Table 6 
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Table 6.2 -For each cluster, the total number of facets N F , the total number of hexagonal N HF , square N SF , triangular N TF facets, the total number of edges N e , vertices or corners N v and the analytical formula of the surface area A are indicated. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For the crystalline mixed nanoparticles, the initial composition x (75 at.%, 50 at.% and 25 at.%), arrangement and structure are resulting from the well-known AuCu 3 , AuCu and Au 3 Cu bulk alloys. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). For the non-crystalline core-shell nanoparticles, the shell is one-layer thick and is purely composed of a first metal and the remaining inner part defines the cluster core composed of the second metal. The relaxed geometries of monometallic Au and Cu nanoparticles coming from the 7 possible shapes are also addressed (compositions of 0 at.% and 100 at.%).

Results and Discussion

Stability Diagram for AuCu Nanoparticles

Once the nanoparticle surface energy is defined and used to sort the absolute stability of the systems, a set of various morphologies and sizes has to be selected. In the context of convex and quasi-regular polyhedra built from the fcc pure and A 1 B 3 and A 3 B 1 alloy bulks and from the tetragonal AB alloy system, 7 various nanoclusters have been modeled in the range 0.8 -1.8 nm, above the classical fluxional regime (1 -38 atoms). The corresponding morphologies and sizes have been defined on the left-hand side of Figure 6 ). For all those nanoclusters, the surface area of the corresponding perfect polyhedra can be calculated analytically, as soon as the length of the cluster edge is known (see the formulas in Table 6.2). In addition, the regular icosahedral i(13) and dodecahedral d(33) morphologies have also been tested for the case of pure Au and Cu nanoclusters, as well as the cuboctahedron co [START_REF] Su | Designer titania-supported AuPd nanoparticles for efficient photocatalytic hydrogen production[END_REF]. Note in passing that icosahedral shapes have not been considered systematically here since they are not crystalline. Our selection is also representative of a recent nanothermodynamics study of phase diagrams predicted for Au, Cu and AuCu nanoparticles in the range 4 -10 nm [START_REF] Guisbiers | Gold-copper nano-alloy, tumbaga, in the era of nano: Phase diagram and segregation[END_REF].

For the pure Au and Cu nanoparticles, the relaxed structures have been reported in Figure 6.6 (see the contents x(Cu) or x(Au) equal to 0 or 100 %). For Au, Cu and AuCu nanoparticles, the diamagnetic states are always the most stable ones. The optimal geometries for pure Au and Cu nanoclusters are globally similar to those of idealistic structures built from the bulks (same shape and symmetry for the facets). Nonetheless, there is a systematic contraction of the nanoparticle volume and the metal-metal average distance, particularly in the outer shell, is significantly shortened with respect to the bulks. This corresponds in average to -2% for Cu (2.50 Å instead of 2.55 Å) and to -3.4% for Au nanoparticles (2.83 Å instead of 2.93 Å) (see Figure 6.7). The calculated surface areas A for Au, Cu and AuCu nanoparticles are exposed in Figure 6.8.

For the bimetallic nanoparticles, three different families have been defined on the basis of their chemical composition and associated structural arrangement. The first family called "regular alloys" results from the generation of crystalline mixed alloy nanoclusters by respecting the fcc structure and composition of Cu 3 Au, AuCu and Au 3 Cu bulks (see x(Au) or x(Cu) of 25, 50 or 75% in Figure 6.6). Because of the particular structures of the seven polyhedra, the exact stoichiometry of the alloy bulks can not be kept strictly and there are two different possible isomers with different chemical ordering and composition. In Figure 6.6, only the optimal geometries of the bimetallic nanoparticles having the minimal surface energy have been depicted (most stable isomers). From a general standpoint, the optimal geometries of the regular alloy AuCu nanoclusters are similar to the unrelaxed idealistic structures built from the alloy bulks and to those of the relaxed pure particles. As shown in Figure 6.7, the average metal-metal distance in the outer shell of the clusters is systematically shortened with respect to the corresponding bulk alloys and the evolution of this geometric parameter against the chemical composition is globally monotonous, likewise in the bulks. Hence the volume of the relaxed bimetallic particles is systematically contracted by comparison with the bulk reference. Regarding the most stable bimetallic AuCu clusters belonging to the family Cu 3 Au, the stoichiometry is systematically equal or below 3, except for the case co(55) Au 12 Cu 43 , the stoichiometry of which is 3.58. This means that Cu-rich particles are slightly defective in Cu in favor of Au which is mainly decorating the surface corners of the clusters, as depicted in Figure 6.6 (except for Au 12 Cu 43 which possesses larger square (100) than triangular [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] facets). This trend can be explained by the weaker Au-Au bond with respect to Cu-Cu and Au-Cu moieties at composition x = 0.25 (see Figure 6.4). For the most stable AuCu nanoparticles of families AuCu and Au 3 Cu, the situation is similar. The optimal stoichiometry is equal or below 1 for all the AuCu clusters, and equal or below 1/3 for the majority of the Au 3 Cu particles (except for Au 28 Cu 10 and Au 32 Cu 12 ), hence meaning that Cu is slightly defective at the benefit of Au which is more present at the corners and edges of the nanoparticles.

The second family of bimetallic nanoparticles called "core-shell" corresponds to noncrystalline alloy nanoclusters where the both metals have dealloyed between the inner part of the cluster, composed of only one metal, and the outer shell (one layer thick), which is also pure and composed of the second metal. For AuCu core-shell nanoparticles, the optimal structures have been exposed in Figure 6.6. Likewise pure and regular alloy bimetallic nanoclusters, the relaxed structures are globally equivalent to the idealistic situation of the bulks, although systematic contraction of the nanoparticle volume and shortening of the average metal-metal distance at the surface are registered. This being said, the cases of core-shell systems where the outer shell is purely composed of Cu undergo larger geometric deformations. In fact, the geometric mismatch is maximal between the core of the clusters, composed of Au (longer Au-Au distances), and the external shell made of Cu (shorter Cu-Cu bonds). Those distortions can be seen easily in the case of tt(180) Au 52 Cu 128 , where the triangular facets are strongly modified in order to compensate this structural mismatch.

The last family of bimetallic nanoparticles named "skin-heart" is a new category corresponding to non-crystalline partially mixed alloy nanoclusters. In this latter family, either the inner part or the outer shell (one layer thick) of the particle is pure and the rest is Figure 6.9 -Optimal geometries of non-crystalline partially mixed AuCu bimetallic nanoparticles, called skin-(heart) nanoclusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For skin-(heart) nanoparticles, the outer shell "skin" is one-layer thick and is purely composed of one metal, whereas the remaining inner part "(heart)" defines the cluster core and results from the well-known AuCu 3 , AuCu and Au 3 Cu bulk alloys, in terms of initial composition, arrangement and structure. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). Figure 6.10 -Optimal geometries of non-crystalline partially mixed AuCu bimetallic nanoparticles, called (skin)-heart nanoclusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For (skin)-heart nanoparticles, the outer shell "(skin)" is one-layer thick and results from the well-known AuCu 3 , AuCu and Au 3 Cu bulk alloys, in terms of initial composition, arrangement and structure, whereas the remaining inner part "heart" defines the cluster core and is purely composed of one metal. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). ) is plotted against the chemical composition x. The points related to a specific shape and size (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF], o [START_REF] Manzoor | Endohedrally doped gold nanocages: efficient catalysts for O 2 activation and CO oxidation[END_REF], co [START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF], tt [START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF], ito [START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF], tt [START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF], rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF], as presented in Figure 6.6) are drawn with different colors. Seven linear trends are obtained for each morphology and size, when the most stable bimetallic nanoparticles (minimal surface energy) are retained for each composition (large colored circles). Those correlations are defined as composition-stability relations. The corresponding regression coefficients R 2 are indicated in each case. The metastable bimetallic nanoparticles (not considered in the linear trends) thus appear with small colored circles. The extension of the different families of bimetallic nanoparticles over the ranges of composition are also depicted on the bottom part of the figure. based on the structure of crystalline mixed nanoalloys. When the outer shell is pure and the inner part is alloyed, the nanoparticle is called "skin-(heart)", whereas "(skin)-heart" definition stands for nanoclusters with a pure core and an alloyed outer shell. As the regular alloy cases, several structural arrangements can be considered for describing the inner part and the outer shell of these skin-heart systems, on the basis of Au 3 Cu, AuCu and Cu 3 Au alloy bulks. The most stable isomers and relaxed skin-(heart) nanoparticles, corresponding to minimal surface energy, have been presented in Figure 6.9 for each composition. The optimal structures have been depicted in Figure 6.10 for the (skin)-heart nanoclusters. Likewise pure, regular alloy and core-shell systems, the various morphologies of the skin-heart nanoparticles are globally kept after the geometry optimisations. The same remark can be done regarding the significant deformations of the triangular facets of tt(180) systems of composition skin(Cu)-heart(Au 3 Cu), skin(Cu)-heart(AuCu), skin(AuCu)-heart(Au) and skin(AuCu For each morphology, the points of the most stable nanoparticles presenting the minimal surface energy against composition x have been marked with large full circles, while the metastable cases are also reported in the figure with small full circles. The first general remark concerns the overall decrease of the nanoparticle surface energy when the composition increases. This evolution is compatible with the relative order of the (Au-Au) and (Cu-Cu) bond strength in the alloy bulks, although the nanoclusters have all been relaxed and have undergone a systematic reduction of the volume (shortening of the average metal-metal distance in the outer shell) with respect to the ideal bulk reference. Since (Au-Au) bonds are weaker than (Cu-Cu) ones for a large range of composition (see Figure 6.4), the richer in Au is the nanoparticle, the lesser is the loss of stability in the surface energy balance. An alternative way to analyze the stability diagram presented in Figure 6.11 for AuCu alloy nanoclusters, is the labeling of all the isomers belonging to the same chemical ordering or mixing family with a specific color (see Figure 6.12). In such a presentation, it becomes easy to understand how the various families are distributed over the whole range of composition x. By combining both presentations of Figures 6.11 and 6.12, one can follow the envelope of the most stable isomers for each morphology and size, and find out how the chemical ordering is evolving along the composition x, as illustrated in Figure 6.13 for AuCu bimetallic nanoparticles. When the envelope of the most stable nanoparticles is considered for each of the 7 sizes and morphologies, interesting monotonous trends are captured against the composition x. Those correlations have been linearized in order to probe the degree of linearity, i.e. how far the geometric relaxations and complex electronic properties of the nanoparticles have an influence in the energetic balance for calculating the surface energy (see Table 6.3 for the parameters of the linear fits). As one can see with the squares of the regression coefficients, those correlations are not far from linearity and possess similar slopes, which shows that the geometric relaxations have a global secondary role in the determination of the surface energy, when the whole range of compositions is considered. Of course, locally in terms of composition, the relative order between competitive bimetallic nanoparticles has to be considered carefully for a more detailed and descriptive study. Hence, in the context of the 7 explored morphologies in the range 0.8 -1.8 nm, this allows us to introduce composition-stability relations for those ordered AuCu bimetallic nanoparticles.

In Figure 6.14, a diagram plotting the composition of the most stable isomers of AuCu bimetallic nanoparticles against the corresponding ideal composition in the AuCu bulk is exposed. This diagram suggest compositions for which AuCu alloy nanoclusters tend globally to enrich in Au with respect to the bulk (x > 0.25), and domains for which they tend to enrich in Cu with respect to the bulk (x < 0.25).

Stability Diagram for PtNi Nanoparticles

A similar set of 200 nanoclusters has been considered and relaxed for the PtNi nanoalloys. Likewise AuCu nanoalloys, the most stable isomers for PtNi bimetallic nanoparticles have been depicted in Figure 6.15 for the pure Pt, Ni, bimetallic crystalline mixed PtNi and non-crystalline core-shell PtNi nanoclusters, in Figure 6.16 for the non-crystalline partially mixed skin-(heart) clusters and in Figure 6.17 for the non-crystalline partially mixed (skin)-heart aggregates. The net spin polarization per Ni atom (Figure 6.19), the average surface metal-metal distance (Figure 6.18) and the calculated surface areas (Figure 6.20) have been reported. The surface energies of the corresponding nanoparticles are exposed in Figure 6.21.

Once the geometries of the pure Pt, Ni and bimetallic PtNi nanoparticles have been relaxed, the average metal-metal distance in the surface (outer shell) of the nanocluster is calculated (see Figure 6.18). Likewise AuCu nanoalloys, the relaxed PtNi nanoclusters have undergone a global contraction of the nanoparticle volume and average surface metal-metal distance with respect to the bulks (see Figure 6.18): -1.6% for Ni (2.43 Å instead of 2.47 Å in the Ni bulk) and -4.6% for Pt (2.68 Å instead of 2.81 Å in the Pt bulk). The difference of contraction between these two pure metals is larger than the previous one obtained for Au and Cu systems. A direct consequence can be seen on the general evolution of the nanoparticle surface energy for PtNi nanoalloys. The stability of the nanoparticles increases progressively and simultaneously with the content of Pt. This behavior is counterintuitive and opposite to the case of AuCu. In the bulk, the homonuclear Pt-Pt bonding energy is larger than the one of Ni-Ni bond (see Figure 6.5). Hence one would expect a larger surface energy for Pt nanoparticles than for Ni nanoclusters, in agreement with the usual factors ruling the chemical ordering and segregation in nanoalloys [START_REF] Ferrando | Nanoalloys: From theory to applications of alloy clusters and nanoparticles[END_REF]. In contrast, we obtain systematically Pt nanoclusters with smaller surface energies than Ni ones. Clearly, the absolute stability of those PtNi nanoparticles can not be correlated only to the metal-metal bonding energy in the bulk. The propensity of Pt systems to compensate the larger cost of having broken many metal-metal bonds when creating the nanoparticle surface is significantly larger than the one of Ni. This cost is largely balanced by the electronic relaxation and the strong contraction of the nanoparticle volume or the significant shrinking of the Pt-Pt bonds. Ni nanoclusters present a weaker cost when creating a surface with an equivalent number of lost metal-metal bonds, however this is not enough compensated by the geometric deformation (much weaker contraction of the nanoparticle volume). This smaller ability of Ni to adapt its structure is certainly due to magnetic properties and spin polarization effects. As shown in Figure 6.19, for pure Ni clusters, the net spin polarization per Ni atom is around 0.7 µ B and the evolution with the cluster size is rather complex, in agreement with a previous DFT study for Ni clusters in the range 1 -13 atoms [START_REF] Futschek | Stable structural and magnetic isomers of small transition-metal clusters from the ni group: an ab initio density-functional study[END_REF]. This means that the Ni atoms have less electronic flexibility due to spin constraints, and consequently a weaker capacity to deform the Ni-Ni bonds and to compensate the energetic cost when creating the nanoparticle.

The complexity of the magnetic properties as a function of the chemical composition x is illustrated in Figure 6.19. For pure Ni nanoparticles, the average net spin polarization per Ni atom of slightly larger (0.7 µ B ) than the corresponding value in the bulk reference (0.6 µ B ). For Ni-rich bimetallic nanoclusters in the range of composition [0 -0.5], this Figure 6.15 -Optimal geometries of ordered PtNi bimetallic nanoparticles belonging to the families of crystalline mixed nanoalloys (center) and non-crystalline core-shell clusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For the crystalline mixed nanoparticles, the initial composition x (75 at.%, 50 at.% and 25 at.%), arrangement and structure are resulting from the well-known PtNi 3 , PtNi and Pt 3 Ni bulk alloys. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). For the non-crystalline core-shell nanoparticles, the shell is one-layer thick and is purely composed of a first metal and the remaining inner part defines the cluster core composed of the second metal. The relaxed geometries of monometallic Pt and Ni nanoparticles coming from the 7 possible shapes are also addressed (compositions of 0 at.% and 100 at.%). Figure 6.16 -Optimal geometries of non-crystalline partially mixed PtNi bimetallic nanoparticles, called skin-(heart) nanoclusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For skin-(heart) nanoparticles, the outer shell "skin" is one-layer thick and is purely composed of one metal, whereas the remaining inner part "(heart)" defines the cluster core and results from the well-known PtNi 3 , PtNi and Pt 3 Ni bulk alloys, in terms of initial composition, arrangement and structure. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). Figure 6.17 -Optimal geometries of non-crystalline partially mixed PtNi bimetallic nanoparticles, called (skin)-heart nanoclusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For (skin)-heart nanoparticles, the outer shell "(skin)" is one-layer thick and results from the well-known PtNi 3 , PtNi and Pt 3 Ni bulk alloys, in terms of initial composition, arrangement and structure, whereas the remaining inner part "heart" defines the cluster core and is purely composed of one metal. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). spin polarization increases quasi-monotonously up to an average value of 1.2 µ B , for all the shapes and sizes. For compositions larger than 0.5, the net magnetization continues to increase in average but shows rather complex and amplifying oscillations, between 0.7 and 2.7 µ B , especially for the small nanoclusters rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF], o [START_REF] Manzoor | Endohedrally doped gold nanocages: efficient catalysts for O 2 activation and CO oxidation[END_REF], co [START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF] and tt [START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF]. For compositions close to 1, when the Ni atoms tend to be isolated and diluted in a matrix of Pt atoms, the spin properties become extremely difficult to rationalize and probably to capture accurately. Such a discussion is rarely illustrated in the literature for complex magnetic systems such as PtNi nanoparticles.

The evolution of the calculated surface area for PtNi nanoalloys against the composition x follows a similar trend with respect to AuCu systems, as depicted in Figure 6.20 of the Supporting Information. In Figure 6.21, for each specific shape and size, the envelope of the nanoparticle surface energies corresponding to the most stable isomers (large full circles) along the chemical composition x captures systematic trends close to linearity (see Table 6.3 for the parameters of the linear fits). Likewise AuCu nanoalloys, the deviations between the slopes are rather small, hence leading to quasicollinear straight lines. The results of this second PtNi nanoalloy system, only composed of d transition elements (no sp element in contrast with AuCu) and showing complex geometric, electronic and magnetic properties give thus a further support to the existence of a simple relation between absolute stability and chemical composition, once a specific shape and size is selected.

An alternative way to analyze the stability diagram presented in Figure 6.21 for PtNi alloy nanoclusters, is the labeling of all the isomers belonging to the same chemical ordering or mixing family with a specific color (see Figure 6.22). In such a presentation, it becomes easy to understand how the various families are distributed over the whole range of composition x.

By combining both presentations of Figure 6.21 of the article and Figure 6.22, one can follow the envelope of the most stable isomers for each morphology and size, and find out how the chemical ordering is evolving along the composition x, as illustrated in Figure 6.23 for PtNi bimetallic nanoparticles.

In Figure 6.24, a diagram plotting the composition of the most stable isomers of PtNi bimetallic nanoparticles against the corresponding ideal composition in the PtNi bulk is exposed. This diagram suggest compositions for which PtNi alloy nanoclusters tend globally to enrich in Pt with respect to the bulk (x > 0.25), and domains for which they tend to enrich in Ni with respect to the bulk (x < 0.25).

Analytical Models of Nanoparticle Surface Energy

Parameters of the Linear Regressions

In Table 6.3, the calculated offsets σ and slopes γ of the linear trends drawn in the Figures 6.11 and 6.21 have been addressed.

Prediction of the Offsets of Linear Correlations

The offsets of the linear correlations correspond to the nanoparticle surface energies of monometallic nanoclusters. They can correspond to Au, Cu, Pt and Ni pure clusters de-Nanocluster AuCu nanoalloys PtNi nanoalloys pending on the definition of the chemical composition x. According to Eq. 6.1, the total electronic energy of a monometallic bulk reads:

γ (meV.Å -2 ) σ (meV.Å -2 ) R 2 γ (meV.Å -2 ) σ (meV.Å -2 ) R 2 rto(
E bulk tot = ∑ i E at i + N bulk b i ,(M-M) × E bulk b i ,(M-M) (6.4)
For a monometallic nanocluster presenting the same number of atoms as in the bulk system, the total electronic energy should thus read:

E NP tot = ∑ i E at i + N NP b i ,(M-M) × E NP b i ,(M-M) (6.5)
If we neglect the change of bonding energy E b i ,(M-M) between the bulk and the nanoparticle, by assuming that the electronic relaxation is negligible (rough approximation), the change of total electronic energy is easily derived as follows:

∆E tot = E NP tot -E bulk tot ≈ E bulk b,(M-M) ∑ i N NP b i ,(M-M) -N bulk b i ,(M-M) (6.6)
with

E NP b i ,(M-M) ≈ E bulk b i ,(M-M) = E bulk b,(M-M) (6.7)
According to Table 6.2, the analytical formula of the surface area can be generalized as follows:

A [{s}, {m}, d(x)] = κ({s}, {m}) d(x) 2 (6.8)
By combining Eqs 6.6 and 6.7, the nanoparticle surface energy is then derived:

Γ({s}, {m}, x) ≈ E bulk b,(M-M) κ({s}, {m}) d(x) 2 ∑ i N NP b i ,(M-M) -N bulk b i ,(M-M) (6.9)
The total change of normalized number of bonds between the nanoparticle and the bulk is the total coordination loss ∆N b (tot):

∆N b (tot) = ∑ i N NP b i ,(M-M) -N bulk b i ,(M-M) (6.10)
For metallic atoms belonging to the core of the cluster, this change is zero. In the outer shell, this change or coordination loss ∆N b depends on the location of the surface atom (centers of facets (c), edges (e), vertexes (v)):

∆N b (tot) = ∑ c ∆N b (c) + ∑ e ∆N b (e) + ∑ v ∆N b (v) (6.11)
Hence, the nanoparticle surface energy can be approximated as follows:

Γ({s}, {m}, x) ≈ E bulk b,(M-M) κ({s}, {m}) d(x) 2 ∑ c ∆N b (c) + ∑ e ∆N b (e) + ∑ v ∆N b (v) (6.12)
If we further neglect DFT energetics by keeping only the negative sign of the bonding energy in the bulk (which is a constant in the equation), we can then roughly approximate the nanoparticle surface energy (in Å -2 units), and thus the offset of the linear correlations as follows:

Γ({s}, {m}, x) ≈ - 1 κ({s}, {m}) d(x) 2 ∑ c ∆N b (c) + ∑ e ∆N b (e) + ∑ v ∆N b (v) (6.13)
In this latter equation, the variations of the offset as a function of the size {s} and the morphology {m} are captured by the concomitant variations of the nanoparticle surface area and the coordination losses of the surface metallic atoms. For each nanocluster, by counting the number of corners, the number of surface atoms belonging to the edges and those belonging to the facets, and the coordination loss with respect to the bulk in each case, one can estimate very easily the nanoparticle surface energy, and thus its variation with the size or number of atoms (see Figure 6.25).

Prediction of the Slopes of Linear Correlations

The slopes of the linear correlations correspond to differences of nanoparticle surface energies of monometallic nanoclusters M i (variation between x = 0 and x = 1). For a given nanocluster (given morphology and size), the slope of the trend γ can then be evaluated on the basis of Eq. 6.12:

γ = Γ(M 2 ) -Γ(M 1 ) ≈ ∑ c ∆N b (c) + ∑ e ∆N b (e) + ∑ v ∆N b (v) κ({s}, {m}) E bulk b,(M 2 M 2 ) dM 2 M 2 (x) 2 - E bulk b,(M 1 M 1 )
dM 1 M 1 (x) 2 (6.14) If we neglect the geometrical relaxations of the nanoparticles and consider that the average surface metal-metal distances are equivalent to those in the corresponding bulks, we can simplify the evaluation of the slope as follows:

γ ≈ ∑ c ∆N b (c) + ∑ e ∆N b (e) + ∑ v ∆N b (v) κ({s}, {m}) E bulk b,(M 2 M 2 ) (d bulk M 2 M 2 ) 2 - E bulk b,(M 1 M 1 ) (d bulk M 1 M 1 ) 2 (6.15)
In this formulation, the slope of the linear correlation is finally the product of two contributions: one term (on the left) only depending on the morphology and on the size of the cluster (not its chemical composition) through surface atom coordination losses and geometric constants of polyhedra (κ), and a second term (on the right), which is constant only depending on the optimal properties (homonuclear bonding energies and lattice parameters) of monometallic bulks. Those two components can thus be evaluated very simply and rapidly.

The comparison of the values of the slopes resulting from the linear regressions (see Table 6.3) and those computed rapidly with Eq. 6.15 is plotted in Figure 6.26, against the size of the nanoparticle. First the values calculated from the linear regressions do not vary much as function of the size (approximately -30 ± 10 meV.Å -2 for AuCu and -25 ± 10 meV.Å -2 for PtNi). This is related of course to the quasicollinearity of the linear correlations. Second, one can see that the analytical model based on simple considerations captures fairly the variations of the slopes resulting from the linear regressions. In the case of AuCu bimetallic nanoparticles, there is a systematic shift of less than -10 meV.Å -2 whereas the deviation is much less for PtNi nanoalloys. Hence, the quasi-collinearity of the slopes as a function of the size is ruled by the ratio between coordination losses and polyhedra geometric constants (the chemical nature of the nanoalloys does not interfere). The vertical shift and deviation is controled by the bulk properties (chemical nature of the nanoalloys). The good predictability of the offsets and the slopes of the correlations on the basis of this analytical model gives finally a further support to the existence of those linear trends for an extended set of nanoalloys.

Discussion

Evaluating the accuracy of the calculated nanoparticle surface energy is the first important step, although difficult as exposed in the introduction. The surface energies of the (111) extended surface have been predicted for f cc pure transition metals by a thermodynamic broken-bond model and Lennard-Jones potentials [START_REF] Jiang | Size dependent interface energy and its applications[END_REF], in good agreement with available measurements [START_REF] Tyson | Surface free energies of solid metals: estimation from liquid surface tension measurements[END_REF]: 1.50 -1.51 J.m -2 (93 -94 meV.Å -2 ) for Au [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF], 1.79 -1.83 J.m -2 (112 -114 meV.Å -2 ) for Cu [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF], 2.00 -2.05 J.m -2 (125 -128 meV.Å -2 ) for Pt [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] and 2.38 -2.45 J.m -2 (149 -153 meV.Å -2 ) for Ni [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF]. Predicted surface energies have also been proposed in another thermodynamic study for monometallic nanoparticles with various sizes at the nanometer scale. When considering nanoclusters in the range 30 -110 atoms, the authors have reported on smaller surface energies than on extended (111) references: 1.159 -1.304 J.m -2 (72 -81 meV.Å -2 ) for Au particles, 1.278 -1.423 J.m -2 (80 -89 meV.Å -2 ) for Cu particles and 1.977 -2.188 J.m -2 (123 -137 meV.Å -2 ) for Pt particles [START_REF] Aqra | Surface free energy of alkali and transition metal nanoparticles[END_REF]. For Cu nanoparticles of 20 nm, a surface free energy of 1.70 ± 0.03 J.m -2 (106 meV.Å -2 ) has been measured at 750 K [START_REF] Gozzi | Hightemperature determination of surface free energy of copper nanoparticles[END_REF]. On the basis of our DFT modeling (38 -201 atoms, 0.8 -1.8 nm), the ranges of calculated nanoparticle surface energy are 28 -59 meV.Å -2 for Au, 44 -96 meV.Å -2 for Cu, 57 -113 meV.Å -2 for Pt, and 67 -142 meV.Å -2 for Ni. Although smaller than the available predicted and experimental results, our DFT values and trends are thus globally compatible with previous studies, keeping in mind that DFT method systematically underestimates surface energies [START_REF] Schimka | Accurate surface and adsorption energies from many-body perturbation theory[END_REF].

Given the fact the reliability of the predicted nanoparticle surface energy is ensured, a more detailed analysis of the stability diagrams of AuCu and PtNi nanoalloys bring further interesting elements of discussion. Instead of coloring the points in the diagrams by separating the different shapes and sizes (such as Figures 6.11 and 6.21), an alternative presentation is proposed in Figures 6.12 and 6.22. In those diagrams, all the points (stable and metastable isomers) have been colored by considering the chemical ordering and the classification of the alloy nanoclusters. This representation helps to capture the global stability of a given family of bimetallic nanoparticles. In particular, the analysis of the stability of the non-crystalline core-shell AuCu and PtNi shows similarities. For low values of x (rich in Ni and Cu contents), the core-shell nanoclusters are composed of Au or Pt atoms in the core and Cu or Ni atoms in the outer shell (Au@Cu and Pt@Ni). Conversely, for large values of x (rich in Pt and Au contents), the picture is opposite with Cu@Au and Ni@Pt core-shell nanoclusters. According to the calculated nanoparticle surface energies, the Au@Cu and Pt@Ni core-shell systems are highly metastable isomers, whereas Cu@Au and Ni@Pt core-shell systems are competitive in terms of stability with crystalline mixed (Au 3 Cu or Pt 3 Ni) and non-crystalline skin-(heart) clusters. By combining the presentation of the linear trends (Figures 6.11 and 6.21) with the color set of the chemical ordering (Figures 6.12 and 6.22), the evolution of the mixing pattern can be followed along the chemical composition x, for any selected shape and size (see Figures 6.13 and 6.23). For low value of x (around 0.2), where the Au@Cu and Pt@Ni core-shell nanoclusters are not favorable, (skin)-heart nanoclusters composed of pure Cu and Ni core and mixed AuCu and PtNi outer shells are found preferential. This means that the bimetallic clusters will tend to be enriched in Cu and Ni contents both in the core and in the outer shell, with respect to equivalent bulk situations, for this range of low compositions, as demonstrated in Figures 6.14 and 6.24. Our results agree with previous theoretical studies devoted to global optimization searches for AuCu [START_REF] Wilson | A theoretical study of atom ordering in copper-gold nanoalloy clusters[END_REF][START_REF] Tran | Theoretical study of cu38-naun clusters using a combined empirical potential-density functional approach[END_REF] and PtNi [START_REF] Cheng | Structure, chemical ordering and thermal stability of pt-ni alloy nanoclusters[END_REF] nanoalloys, and contrast with other models of segregation [START_REF] Wang | Predicted trends of core-shell preferences for 132 late transition-metal binary-alloy nanoparticles[END_REF][START_REF] Liao | Surface segregation in bimetallic nanoparticles: A critical issue in electrocatalyst engineering[END_REF]. They are compatible with recent experimental investigations of segregation processes in Cu@Au and Pt@Ni core-shell systems [START_REF] Liu | Unidirectional thermal diffusion in bimetallic cu@au nanoparticles[END_REF][START_REF] Oh | Skeletal octahedral nanoframe with cartesian coordinates via geometrically precise nanoscale phase segregation in a pt@ni core-shell nanocrystal[END_REF].

The next step is the predictability and understanding of the parameters (offsets and slopes) of the obtained linear trends (see the values in Table 6.3). A simple way to evaluate analytically the nanoparticle surface energy is the determination of the surface atom coordination loss with respect to the bulk material (broken-bond model), as evoked previously from measurements and [START_REF] Tyson | Surface free energies of solid metals: estimation from liquid surface tension measurements[END_REF][START_REF] Lu | Size-dependent surface energies of nanocrystals[END_REF]. As demonstrated in section 6.3.3.3, the offsets of the linear trends, which correspond to nanoparticle surface energies of monometallic clusters, can be easily approximated analytically by the product of the inverse of the nanoparticle surface area and the total coordination loss of the surface metallic atoms (see Eq. 6.13). In Figure 6.25, the evolution of the DFT nanoparticle surface energy of pure Au, Cu, Pt and Ni nanoparticles has been plotted against the cluster size (black lines). The total coordination loss of the metallic surface atoms normalized per nanoparticle surface area has also been reported (orange lines). This number totally captures the variations of the nanoparticle surface energy, whatever the considered metal. More remarkably, when this total coordination number is decomposed into three components resulting from the contributions of the surface metallic atoms belonging to the cluster corners (labeled (v), blue lines), their edges (labeled (e), red lines) and their facets (labeled (c), green lines), the variations of the surface energy are entirely captured by the coordination loss of the atoms in the edges (the two other components compensating themselves perfectly and resulting in a constant value, along the cluster size). This means that when the size of Au, Cu, Pt and Ni nanoparticles increases, their absolute stability is ruled by the coordination loss of the surface atoms belonging to the nanocluster edges, and its energetic cost. The complex variation of the nanoparticle surface energy for all the metals, especially between rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and all the other clusters can also be explained. rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanocluster is the only one for which the number of atoms belonging to the edges is strictly zero. Consequently, the corresponding contribution in the total coordination loss is minimal (zero) with respect to all the other clusters. The associated nanoparticle surface energy is thus the smallest one. In conclusion, the variation of the offsets of the linear trends can be predicted and understood quite easily. The last step is the prediction of the slopes of the linear relations. As derived in section 6.3.3.3 (see Eq. 6.15), these slopes, which can be seen as differences of monometallic nanoparticle surface energies, can be evaluated quite accurately by calculating the product of one term depending only on coordination loss of surface atoms (broken bonds) and polyhedron geometric considerations, and a second term depending only on optimal monometallic bulk properties (chemical nature of the alloy components). The variation of the slopes of the linear trends against the cluster size is predicted fairly by our analytical model, as shown in Figure 6.26. In conclusion, the good predictability of the parameters of the linear trends allow a fast determination of the absolute stability of any stable and competitive AuCu and PtNi bimetallic nanocluster with a reasonable accuracy, as soon as the shape, size and chemical composition are chosen.

Conclusion

In summary, we have introduced stability-composition relations for an extensive set of several hundreds of bimetallic AuCu and PtNi nanoparticles, in the range 0.8 -1.8 nm, examined at the DFT level. The absolute stability analysis has been developed on the basis of nanoparticle surface energy calculations, all performed by using DFT energetics and relaxed geometries. A phenomenological model has been also introduced to evaluate the total electronic energy of bulk alloys for any value of the chemical composition. The family of selected clusters includes most of the competitive shapes for ordered nanoalloys resulting from f cc bulk materials of d transition and sp noble metals. A classification of the chemical ordering in these nanoalloys has been proposed by defining crystalline mixed, non-crystalline core-shell nanoparticles and a new family of non-crystalline partially mixed skin-heart nanoclusters. The PtNi aggregates have shown complex magnetic properties, especially for low Ni contents in the nanoalloys, which have to be described precisely at the ab initio level. The evolution of the average and relaxed surface metalmetal distance in the nanoparticles against the chemical composition is monotonous and compatible with the Vegard's law, well-known for bulk AuCu and PtNi alloys. Similarities have been obtained for the variations of the nanoparticle surface areas. The envelope of the nanoparticle surface energies of the most stable isomers decreases against the chemical composition, by following quasi-linear trends, for each nanocluster shape and size. These linear relations can be predicted and understood by an analytical model capturing the variations of offsets and slopes with an interesting accuracy. This model, which has been generalized to Au, Cu, Pt and Ni nanoparticles, has demonstrated that the absolute stability of these systems is mainly ruled by the total coordination loss and associated energetic cost of the surface metallic atoms present in the polyhedron edges. The relevance of the analytical model and its fast prediction of the linear trends open exciting perspectives for developing in the near future much faster ab initio-based global optimization methods aiming to probe the absolute stability of multimetallic nanoalloys with an improved accuracy.

Deposition of Au and Cu Nanoparticles on the TiO 2 (110) Support

Introduction

Now that relative stability for mono-and bimetallic nanoparticles have been studied in vacuum, the next step is to deposit them at the support surface. In the context of DFT calculations, 1 and 2 nm-sized deposited nanoparticles are challenging systems to calculate. First the required supercells are large to describe the interactions of the nanoparticle with the support. This means that a large number of valence electrons with spin polarization properties will be involved in the calculations. Second the configurational space between the nanoparticle and the support is quite complex. This is the reason why there are few articles in the literature devoted to this kind of systems. In the previously published articles, the deposited particles are less than 1 nm diameter (less than 30 atoms, Ref. [START_REF] Shibata | Interface structures of gold nanoparticles on TiO 2 (110)[END_REF]).

In the following, we present the deposition of mono-and bimetallic AuCu nanoparticles around 0.8 nm on stoichiometric rutile TiO 2 (110) support. First, we have introduced the used methodology, then the corresponding results for pure Au, pure Cu, and bimetallic nanoparticles (core-shell, crystalline mixed and non-crystalline skin-heart nanoparticles).

Methodology

Computational Details

In this Chapter, our calculations were performed using VASP package, GGA-PBE+U framework (U e f f = 4.2 eV on 3d electrons of Ti atoms), and PAW method. For each calculation, the symmetry constraints have been turned off.

The used supercell considering nanoparticles in gas phase is 30 × 30 × 30 Å 3 , so the relative k-points mesh is (1 × 1 × 1). For the deposition of ∼ 1 nm nanoparticles, we have performed calculations with a (6 × 3) supercell for the stoichiometric TiO 2 (110) support. For the deposition process, it is important that the vacuum between the nanoparticles is equivalent in all the directions, in order to have an homogeneous coverage. Indeed, the TiO 2 (110) supercell has been considered as square as possible (a = 18.13 Å, b = 19.67 Å). As the number of atoms in one trilayer Ti 2 O 4 is large (36 Ti and 72 O atoms), we considered a slab with only 3 trilayers (representing 324 atoms in total in the TiO 2 slab), with the bottommost layer fixed in bulk positions and the two topmost layers allowed to fully relax. With this supercell, we used a k-points mesh of (1 × 1 × 1). The (6 × 3) supercell for the stoichiometric TiO 2 (110) support is presented in Figure 7.1.

Models of Deposited Nanoparticles

In the following, we have studied the deposition of different types of nanoparticles on the rutile stoichiometric TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. First, for the monometallic nanoparticles, we have considered two types for both Au and Cu particles: the rto(38) model presented in Chapter 6 and the non-crystalline M 38 particles extracted from our growth model (GM) depicted in Chapter 5. Second, for the bimetallic particles, we have considered the deposition of one nanoparticle in each family, as introduced in Chapter 6: rto(38) core-shell, skin-heart and regular alloyed nanoparticles.

Considering the monometallic nanoparticles, one can establish which is the most stable one in vacuum between the ordered rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and the M 38 GM. In the case of Au, the nanoparticle extracted from the growth model is more stable in gas phase than the rto(38) Au Au particle (97 kJ.mol -1 of difference). In contrast, in the case of Cu, the ordered rto(38) Cu Cu is more favorable in vacuum than the Cu 38 GM (57 kJ.mol -1 of difference). In the following, in each case, the thermodynamically most stable structure have been considered as the energetic reference for the adsorption of Au 38 and Cu 38 on the support.

Regarding now adsorption properties for the bimetallic nanoparticles, each of them (core-shell, skin-heart and regular alloyed) will be considered in the following as their own energetic reference. In fact, we have chosen the most stable rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] particles that we have considered in Chapter 6, at a x around 0.20 in order to fit with STM experiments. Then, to compare their relative stability on the support, we have chosen one for the three types of compositions for the bimetallic nanoparticles.

Deposition and Deformation Thermodynamics

The first energetic component that we have introduced is the adsorption energy, the deposition energy of a nanoparticle on the support ∆E NP/TiO 2 deposition , which is described as follows:

∆E NP/TiO 2 deposition = E(NP/TiO 2 ) -E(TiO 2 ) -E(NP) (7.1) 
Where E(NP/TiO 2 ) is the total electronic energy of the deposited nanoparticle on the support, E(TiO 2 ) represents the total electronic energy of the bare TiO 2 support (considered both with spin-polarization) and E(NP) is the energy of the nanoparticle in vacuum.

The second energetic component, the average deposition energy per bond of a nanoparticle on the support < ∆E ):

< ∆E NP/TiO 2 deposition >= E(NP/TiO 2 ) -E(TiO 2 ) -E(NP) N NP-TiO 2 b (7.2)
To have an energetic analysis of the deposition, we have used the energy decomposition analysis, as described in Refs. [START_REF]Adsorption, diffusion, and dissociation of NO, N and O on flat and stepped Ru[END_REF][START_REF] Dupont | Theoretical evidence of PtSn alloy efficiency for CO oxidation[END_REF]. This model has two types of components: the deformation energy and interaction energy. It is also interesting to quantify the deformation energy of the nanoparticle before and after the deposition on the support, called ∆E NP de f orm and defined as follows:

∆E NP de f orm = E(NP * ) -E(NP) (7.3) 
Where E(NP * ) and E(NP) are respectively the total electronic energies of the nanoparticle after and before deposition on the support, in vacuum. NP * is the particle relaxed on the TiO 2 (110) support, for which we have performed an energetic single point in vacuum conditions.

In parallel, it is also important to look for the deformation energy of the stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support during the deposition ∆E TiO 2 de f orm :

∆E TiO 2 de f orm = E(TiO 2 * ) -E(TiO 2 ) (7.4) 
Where E(TiO 2 * ) and E(TiO 2 ) are respectively the total electronic energies of the bare support after and before deposition. TiO 2 * is the bare support relaxed after the nanoparticle deposition, for which we have performed an energetic single point. The last energetic component is the interaction energy between the nanoparticle and the support, obtained when the deformation and relaxation contributions are taken off from the deposition energetics, an follows:

∆E NP * /TiO 2 * interaction = ∆E NP/TiO 2 deposition -(∆E NP de f orm + ∆E TiO 2 de f orm ) (7.5)
Likewise the case of the deposition energy, it is possible to normalize the interaction energy between the nanoparticle and the support per bond:

< ∆E NP * /TiO 2 * interaction >= ∆E NP/TiO 2 deposition + ∆E NP de f orm + ∆E TiO 2 de f orm N NP-TiO 2 b (7.6)
For each studied deposited nanoparticle on the support, the total and normalized deposition energy (∆E 

Geometric Data Analysis

In a first glance, to quantify the geometric deformation of the nanoparticles before and after deposition, we have measured the average metal-metal bond length for each of them. This corresponds to the average of metal-metal distances inside the nanoparticle before and after the deposition on the support. Then, we applied this formula:

r de f orm = d NP * M-M d NP M-M × 100 (7.7) 
Where r de f orm represents the geometric deformation ratio, d NP * M-M the mean distance bonds of the deformed nanoparticle on the support and d NP M-M the average metal-metal bond length of the nanoparticle optimized in vacuum.

Second, in order to know the occupancy rate of the support after deposition of a nanoparticle, we have determined the largest diameter of the nanoparticle relaxed geometry on the support and considered the projection of its coverage as a perfect disk with the same diameter:

r occup = A NP * disk A TiO 2 rectangle × 100 (7.8)
Where r occup is the surface occupancy rate, A NP * disk the area occupied by the nanoparticle and A TiO 2 rectangle the area of the TiO 2 (110) (6 × 3) supercell.

Those geometric data have been reported in Table 7. [START_REF] Maeda | Size and density of Au particles deposited on TiO 2 (110)-(1x1) and cross-linked (1x2) surfaces[END_REF] 

Results

In the following, we present the deposition of different nanoparticles types on the rutile stoichiometric TiO 2 (110) support. First, we introduce the deposition of pure Au particles, then pure Cu and finally bimetallic nanoparticles. Both energetic and geometric analyses have been detailed.

For each deposited nanoparticle, the adsorption structure have been done in the purpose of maximizing metal-support interaction. Indeed, the chosen interacting facet has always been the hexagonal one in the case of regular rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticles. The nucleation study in Chapter 3 has helped us to determine the most stable adsorption sites for both Au and Cu atoms. These results have been helpful in order to increase the stability of each adsorption structure in the following. This is the reason why, on the stoichiometric support, we have tried to maximize Cu-O bonds instead of Au-O bonds, that are weaker. Finally, we have not considered alloying effects between the nanoparticle and the support.

Au Nanoparticles Deposited on TiO 2 (110) Support

In Figure 7.2, the deposition structure of rto(38) Au Au nanoparticle over stoichiometric TiO 2 (110) support is depicted. First, one can notice that the structure of the nanoparticle before and after deposition, presented in Figure 7.2 (a) and (b) respectively, has not changed much, no strong deformation of the nanoparticle has occurred. Moreover, the area of the nanoparticle that interacts directly with the support surface has been slightly shortened. In total, the average Au-Au distance in the nanoparticle is reduced of 0.01 Å, which represents less than 1% of geometrical deformation, as recalled in Table 7.3. Indeed, the deformation energy of the nanoparticle is only 14 kJ.mol -1 (see Table 7.1). Second, the deposition structure of the nanoparticle over the support is a bit tilted compared to the TiO 2 plan (∼ 10 • ). Furthermore, the interaction between the nanoparticle and the support forms 7 bonds. In Tables 7.1 and 7.2, the total deposition energy and normalized deposition energy of rto(38) Au Au are recalled (-201 kJ.mol -1 and -43 kJ.mol -1 per bond, respectively). Also, one can see in Figure 7.2 (d) that the support have been slightly relaxed. The corresponding relaxation energy is 144 kJ.mol -1 (see Table 7.1). Considering now the interaction energy between the nanoparticle and the stoichiometric support, it is -360 kJ.mol -1 , so -51 kJ.mol -1 per bond.

In Figure 7.3, the deposition of the Au 38 nanoparticle extracted from the growth model presented in Chapter 5 is depicted. Comparing the structures of the nanoparticle before and after deposition (see Figure 7.3 (a) and (b), respectively), one can see that the morphology has changed throughout the deposition. The inner three pink atoms have moved in the nanoparticle, and the particle is flatter. The top of the nanoparticle has not changed much. However, the change of mean distance in the nanoparticle is large: the geometric Skin-Heart (SH) nanoparticles deposited on a stoichiometric (6 × 3) TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supercell. The average metal-metal bond length have been expressed for the vacuum and deformed nanoparticles (d NP M-M , d NP * M-M , in Å) as well as the difference between them (∆d M-M , in Å) and the deformation rate (r de f orm ). A metal-metal bond is considered as broken when the distance overpasses 3 Å. The diameter of the relaxed nanoparticle on the support (Ø NP * , in Å) and the occupancy rate over the TiO 2 support (r occup ) have been reported. The experimental data, Ref. [START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF] have been recalled. deformation during deposition leads to a mean distances difference rate of 5.08% (from 2.67 to 2.81 Å, as presented in Table 7.3). In fact, the deformation energy is 53 kJ.mol -1 (see Table 7.1). In Figure 7.3 (d), it is remarkable that the nanoparticle is not tilted on the support. The particle is bonded 11 times to the TiO 2 . The deposition energy, either total or normalized per bond are large: -1337 kJ.mol -1 and -122 kJ.mol -1 per bond. Conversely to the nanoparticle, the support has not been relaxed a lot in that case, the corresponding relaxation energy is 116 kJ.mol -1 . Considering now the interaction energy, it is also large (-1506 kJ.mol -1 and -137 kJ.mol -1 per bond, see Tables 7.1 and 7.2). Another remarkable point is that the nanoparticle is more spread on the surface support than the regular rto(38) Au Au . In fact, looking at Table 7.3, the nanoparticle extracted from our growth model covers 25.5% of the TiO 2 supercell, whereas the regular rto(38) Au Au nanoparticle fills 17.5%.

d NP M-M d NP * M-M ∆d M-M r de f orm Ø NP * r occup N NP-TiO 2 b System (Å) (Å) (Å) (%) (Å) (%) rto(

Cu Nanoparticles Deposited on TiO 2 (110) Support

In the following, we have examined the deposition properties of a monometallic copper nanoparticle, both with regular truncated octahedron shape and irregular morphology extracted from our growth model, over rutile stoichiometric TiO 2 (110) support. First, let us have a look on the regular morphology, depicted in Figure 7.4. In that case, comparing the nanoparticle before and after deposition (see Figure 7.4 (a) and (b)), the structure of the cluster has not changed much. The atoms in interaction with the support have been relaxed, and the distance slightly elongated of 0.02%, which represents 0.64% of total elongation (see Table 7.3). Indeed, the deformation energy of this nanoparticle during the deposition is low (34 kJ.mol -1 ). In that case, looking at Figure 7.4 (d), the nanoparticle is tilted of around 14 • from the surface of the support. The particle and sup- port are interacting with 7 bonds, that are -70 kJ.mol -1 strength. In total, the deposition of rto(38) Cu Cu on the stoichiometric support induces a gain of 493 kJ.mol -1 . The support has undergone a large relaxation during the geometric optimization, and the related energy is 302 kJ.mol -1 . Finally, the interaction energy between the nanoparticle and the TiO 2 is -829 kJ.mol -1 , so -118 kJ.mol -1 per bond.

Looking now at the Cu nanoparticle extracted from the growth model (Figure 7.5 (a) and (b)), it is remarkable that its morphology has adapted itself strongly to the support. The bottom of the nanoparticle is more flat and its center has moved up during the relaxation. However, the mean distance shift is 0.11% (cf. Table 7.3). The different types of moves inside the nanoparticle are though compensating each other. The related deformation energy is the highest one, 127 kJ.mol -1 . Regarding Figure 7.5 (d), one can see that the particle is not tilted, and that the morphology has adapted to the topology of the support (Ti 2 O 4 plans and O2C rows). The nanoparticle forms 5 bonds to the TiO 2 surface, and its deposition energy is quite large (-557 kJ.mol -1 in total, -123 kJ.mol -1 per bond). The support has been relaxed during the optimization path, the corresponding energy is 148 kJ.mol -1 . Taking out the deformation and relaxation contributions from the deposition energy, the interaction between the nanoparticle and the support is -832 kJ.mol -1 (-166 kJ.mol -1 per bond).

AuCu Nanoparticles Deposited on TiO 2 (110) Support

In the next part, we present the results related to the deposition of AuCu bimetallic regular truncated octahedra M 38 nanoparticles over stoichiometric TiO 2 (110) support. The particles that were deposited contain from 15 to 21% of Au. This content has been chosen to fit to experimental STM conditions. The corresponding nanoparticles were chosen accordingly to their high stability in the surface energy model we developed in the Chapter 6. To compare the deposition of the different types of composition, core-shell, skin-heart and regular alloyed nanoparticles have been deposited on the support.

Regarding the deposition of the rto(38) Cu Au nanoparticle on stoichiometric rutile TiO 2 (110) support, as all the hexagonal facets are symmetric, we have deposited the particle in order to maximize the metal-support interaction. The first notable trend is that during the geometrical optimization, the structure of the nanoparticle has significantly changed at the vicinity of the support surface (see Figure 7.6 (a) and (b) for the morphologies before and after deposition, respectively). In fact, one atom of the Au core has moved towards the surface of the nanoparticle (more specifically, at the interface between the nanoparticle and the support), and the Cu outer shell has been reorganized consequently. Hence, some of the Cu-Cu bonds have been broken and both hexagonal and square facets have been deformed during the nanoparticle relaxation over the support. Although the geometric deformation of the nanoparticle is strong (4.00% of mean distance change during the optimization path, see Table 7.3), the corresponding energy is not high (47 kJ.mol -1 ). This deformation induces 6 bonds to the support surface, which implies a deposition strength of -116 kJ.mol -1 for each bond (-698 kJ.mol -1 in total, see Tables 7.1 and7

.2).

The support relaxation is moderated, with an amount of 168 kJ.mol -1 . At last, the net interaction energy between the nanoparticle and the support is quite large (-913 kJ.mol -1 in total, -152 kJ.mol -1 per bond referring to Tables 7.1 and 7.2). Only Cu atoms are in interaction with the support surface. Now considering the rto(38) AuCu 3 AuCu 3 regular alloyed nanoparticle, as all the hexagonal facets are symmetric, we have deposited the particle in order to maximize the metalsupport interaction. The deformation comparing its structure before and after deposition (see Figures 7.7 (a) and (b), respectively) has not been strong. Moreover, the metal-metal distances have been slightly elongated in the area in interaction with the support (0.02 Å for the average metal-metal bond length difference, see Table 7.3). Also, in this contact zone, the Au atoms initially lying above the hexagonal facets are more coplanar with these facets after the geometry optimization on the support ( AuCu 3 regular alloyed nanoparticle leads to a total energetic gain of 473 kJ.mol -1 . While the nanoparticle binds 7 times to the support, the deposition energy per bond is -68 kJ.mol -1 . The relaxation of the support is focussed in the z axis (see Figure 7.7 (d)), and TiO 2 slightly caves in under the nanoparticle. Indeed, the relative energetic change is moderated (223 kJ.mol -1 ). The interaction energy between the nanoparticle and the support is moderated (-741 kJ.mol -1 in total and -106 kJ.mol -1 per bond, as recalled in Tables 7.1 and 7.2).

Finally, we have studied the deposition of the rto(38) Au 3 Cu Cu Skin-Heart nanoparticle over the rutile stoichiometric TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. As all the hexagonal facets are symmetric, we have deposited the particle in order to maximize the metal-support interaction.

Looking at the geometrical change after deposition (Figure 7.8 (a) and (b)), it seems that the nanoparticle has only slightly deformed (0.52%, considering results in Table 7.3). The facets close to the interaction nanoparticle-TiO 2 zone are still a bit elongated. For instance, the square facet at the right side of Figure 7.8 (b) is quite deformed. Still, the nanoparticle deformation energy is 43 kJ.mol -1 , as recalled in Table 7.1. The total deposition energy is -440 kJ.mol -1 . As the nanoparticle binds 5 times to the support, the normalized deposition energy is large (-88 kJ.mol -1 per bond). As in the previous case, the Figure 7.8 (d) shows that the support has a strong relaxation following the z-axis. The corresponding relaxation energy is a bit larger (200 kJ.mol -1 ). Once the relaxation and deformation contributions have been removed, the net interaction energy between the nanoparticle and the support is moderated: 705 kJ.mol -1 are gained during the deposition in total, and 141 kJ.mol -1 per bond between the nanoparticle and TiO 2 , as written in Tables 7.1 and 7.2.

Discussion

In this Chapter, we have analyzed the deposition of different types of 1 nm sized nanoparticles over the TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. The influence of the shape for pure Au and Cu have been investigated, as well as the atomic arrangement for AuCu bimetallic nanoparticles. It is first important to compare our results to the experimental ones [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF][START_REF] Rodriguez | High water-gas shift activity in TiO 2 (110) supported Cu and Au nanoparticles: Role of the oxide and metal particle size[END_REF][START_REF] Cerbelaud | Theoretical study of AuCu nanoalloys adsorbed on MgO (001)[END_REF][START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF]. Those experimental studies are mainly STM investigations. A coupled STM and GIXD work have been carried out on bimetallic AuCu nanoparticle nucleation over rutile TiO 2 (110) support [START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF], with two ways of deposition: first Au then Cu, and first Cu then Au. When Au have been deposited first, the nanoparticles are mainly bimetallic and alloyed. In contrast, as Cu have been evaporated first, skin-heart bimetallic nanoparticles were found with a Au-rich skin, while some monometallic Au nanoparticles have been also observed. The mean diameter of AuCu nanoparticles is 18 Å (see Table 7.3), that is twice the diameter that we have considered in our case. However, the concentration rate of nanoparticle is about 100 -200 times larger in our model than experimentally. In spite of these discrepancies between our model and the experiments, we can see some trends that are similar. Two epitaxial growth modes have been found looking at GIXD results: [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] and [START_REF] Itoh | Comprehensive study of sodium, copper, and silver clusters over a wide range of sizes 2 < n < 75[END_REF] modes.

The first one corresponds to our model of flat nanoparticle on the support, likewise the cases of the bimetallic nanoparticles. The second implies a tilted-angle (10 -15 • ) in our system, as seen in the case of deposited rto(38) Au Au and rto(38) Cu Cu particles. A recent STM study on Au and Cu monometallic nanoparticles synthesis on TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support have been done [START_REF] Rodriguez | High water-gas shift activity in TiO 2 (110) supported Cu and Au nanoparticles: Role of the oxide and metal particle size[END_REF]. This investigation has determined that Cu-TiO 2 interactions are stronger than Au-TiO 2 ones. This result explains the experimental finding that the average particle size for Cu nanoparticles is smaller than that in Au ones. In our case, concerning rto(38) Au Au and rto(38) Cu Cu particles, the deposition energies vary a lot from one system to the other (-299 and -493 kJ.mol -1 for rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] (110), respectively, see Table 7.1). However, this change in deposition energies is strongly discriminated by the deformation energy of the different nanoparticles and the relaxation of the support. Though, the net interaction energies are not in the same range (-360 and -829 kJ.mol -1 for rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] Au Au and rto(38) Cu Cu over TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF], respectively, see Table 7.1). Wahlström et al. [START_REF] Wahlstrom | Bonding of gold nanoclusters to oxygen vacancies on rutile TiO 2 (110)[END_REF] have studied Au nucleation on both stoichiometric and surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports. Through this investigation, it has been proven that oxygen vacancies at the support surface are the best nucleation sites for Au nanoparticles. As we only have studied the deposition on the stoichiometric support, we have no point of comparison there.

In order to study the deposition of gold nanoparticles on stoichiometric rutile TiO 2 (110) support, let us compare the results we have obtained for both rto(38) Au Au and Au 38 extracted from our growth model. First, the structure of the nanoparticles have been adapted to the deposition in a different way. The regular nanoparticle seems constrained by symmetry, which leads to a little deformation in structure (-0.18%, see Table 7.3) and in energy (14 kJ.mol -1 , see Table 7.1). In contrary, the geometric deformation of the Au 38 particle extracted from our growth model is the strongest one (5.08%) and leads to an intermediate deformation energy (53 kJ.mol -1 ). The relaxation of the support is different in both cases: TiO 2 relaxes more strongly for the deposition of the regular nanoparticle than in the case of Au 38 GM (144 vs 116 kJ.mol -1 , respectively). Their deposition structures are also different: the rto(38) Au Au nanoparticle is tilted on the support (10 • ) and covers 17.5% of the total TiO 2 surface, while Au 38 GM is flat and covers 25.5% of the support. The nanoparticle spreads more over the support than in the previous case. Looking now at the interaction energies per bond for the deposition of both rto(38) Au Au and Au 38 extracted from our growth model, the discrepancy is remarkable. The first one is a bit larger than the adsorption of a single Au atom on the stoichiometric support (-46 kJ.mol -1 for the single atom, vs -51 kJ.mol -1 considering the nanoparticle), while the second is three times larger (-137 kJ.mol -1 ). Comparing the stability order of the nanoparticles in gas phase and deposited, one can see that the rutile support has not a strong geometrical effect on the particles. Indeed, in both cases, the nanoparticle extracted from our growth model is more stable than the rto(38) Au Au particle. Concerning the case of copper nanoparticles deposition on the stoichiometric TiO 2 (110) support, the discrepancies are less obvious than for Au. The deformation rates are comparable in both cases: 0.64% for the regular nanoparticle and 0.11% considering the Cu 38 GM, as reported in Table 7.3. However, the geometric deformations are not the same, looking at their structures Figures 7.4 Cu barely deviates from its original structure and Cu 38 GM has adapted a lot to the support. Our descriptor to quantify the geometric deformation is only taking into accout metal-metal bond length. A more precise descriptor would also imply torsion angles, for example. This is the reason why the geometric deformation here in the case of the Cu 38 GM is not captured. This is remarkable looking at their deformation energies, in Cu , respectively). Also, the support relaxation seems to be in reverse proportion to the deformation energy of the nanoparticles: 302 and 148 kJ.mol -1 for rto(38) Cu Cu and Cu 38 GM, respectively. The deposition structures show also discrepancies. The regular nanoparticle is tilted on the surface of about 14 • , while the particle extracted from our growth model is flat above the support. The two surface occupancy rates are comparable (12.5% and 14.3% for rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] Cu Cu and Cu 38 GM, respectively). Concerning the net normalized interaction energy between the deposited nanoparticles and the TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support, the nanoparticle extracted from our growth model is a bit more stabilized on the surface than the regular structure (-118 vs -166 kJ.mol -1 per bond, respectively). One can remark that the normalized interaction energy for both nanoparticle structures is comparable to the one considering a single copper atom at the support surface (-149 kJ.mol -1 , as calculated in Chapter 3). In the case of Cu, one can see that the TiO 2 support has a strong geometricla effect. In fact, the more stabilized nanoparticle structure in gas phase is the rto(38) Cu Cu , whereas the most stabilized deposited particle is the one extracted from our growth model.

Let us now compare the relative stability of Au and Cu pure nanoparticles on the stoichiometric TiO 2 (110) support. Considering the adsorption of a single atom on the surface, we have seen that Cu is much more stabilized than Au (-149 kJ.mol -1 vs -46 kJ.mol -1 , respectively). In the case of the adsorption of a regular rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticle, the deposition of Cu is twice more stable than Au (-118 kJ.mol -1 vs -51 kJ.mol -1 , respectively). The variance between the adsorption of a single atom and the deposition of a nanoparticle can be explained by the fact that Cu-Cu bonds are strong. The bonding in the nanoparticle in the case of Cu exceed the interaction between the nanoparticle and the support, which is not the case regarding Au nanoparticles.

Considering the different types of bimetallic rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticles (core-shell, regular alloyed and skin-heart), the deposition shows several dissimilarities. First, the deformation rate varies in the range 4.00%-0.52% (the related results are recalled in Table 7.3). The most deformed system is the core-shell nanoparticle (see Figure 7.6 (a) and (b)), where a Au atom from the core has moved towards the shell of the particle and the surface reorganization is strong. This deformation that happens here at 0 Kelvin should be easier in the experimental conditions, at 300 K or more, as in Ref. [START_REF] Wilson | Epitaxial growth of bimetallic Au-Cu nanoparticles on TiO 2 (110) followed Bibliography in situ by scanning tunneling microscopy and grazing-incidence x-ray diffraction[END_REF]. For both regular alloyed and skin-heart nanoparticles, such a deformation does not occur (see Figures 7.7 7.1), with the highest energetics for the regular alloyed nanoparticle surprisingly. Looking now at the relaxation energy of the support, it is again in the same range (from 168 to 223 kJ.mol -1 ), and the largest value is attributed once again to the deposited core-shell nanoparticle. The three deposition structures are not different from one to the other: the nanoparticles are flat over the support. However, the large deformation of the core-shell nanoparticle allows it to interact through more bonds with the support surface. In each case, the maximal diameters of the nanoparticles are comparable, and the occupancy rates are in the range 12.6 -13.0%. The normalized interaction Cu skin-heart nanoparticles, the extents are -106 kJ.mol -1 and -141 kJ.mol -1 per bond, respectively. Compared to the regular pure Au and Cu nanoparticles, this value is larger. This is probably due to the facts that first, the nanoparticle interacts with the support only through Cu-O bonds (likewise the case of pure Cu nanoparticle) and second, the presence Au atoms at its surface destabilize a bit the Cu-Cu strong bonding (as seen in Chapter 6, Figure 6.14). In the case of the core-shell nanoparticle, the normalized interaction energy is large (-152 kJ.mol -1 per bond). As seen for the other bimetallic nanoparticles, the interaction between the core-shell particle and the support occurs only through Cu-O bonds that are strong (-149 kJ.mol -1 for a single Cu atom on the surface).

In Figures 7.9 and 7.10, the deposition energy is compared to the interaction energy for all the deposited nanoparticles we have treated in this Chapter. The first remarkable trend is that the comparison is linear. This means that the total deformation energy of the nanoparticle and TiO 2 (110) is captured linearly as a function of the deposition energy.

In Figure 7.11, the nucleation, growth, coalescence and deposition energetics for both pure Au 38 and Cu 38 nanoparticles are compared. In the case of Au, there is a competition between the nucleation and growth energetics, while the most stabilizing step is the growth concerning Cu particles. In both cases, the coalescence, which energetics is calculated in vacuum, is less stabilized. However, the TiO 2 support could have a stabilizing effect on this energy. In conclusion, considering the interaction strength of pure Au and Cu nanoparticles, the energetics are a balance between the metal-support interaction and the metal-metal bond strength. As a result, it appears that for the AuCu bimetallic nanoparticles deposited on the stoichiometric rutile TiO 2 (110) support, there exists a strong engine to segregate Au atoms in the shell of the nanoparticle. This behavior allows a stronger adsorption of the nanoparticle's Cu atoms to the support through Cu-O bonds, by decreasing the Cu-nanoparticle interaction. Also, we have evidenced a relation between order in the nanoparticle and the energetic stabilization during deposition. Regular nanoparticles are less stable on the support than disordered ones. This is due to the geometrical constraints that do not exist in the case of disordered nanoparticles.

Conclusion

In this Chapter, we have deposited several 1 nm sized nanoparticles on the stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. Through those time-consuming calculations (3 months for each), we we propose a few cases of fully relaxed adsorption structures for pure Au and Cu nanoparticles as well as AuCu bimetallic core-shell, regular alloyed and skin-heart nanoparticles. Energetic and geometric data have been analyzed via the deformation of the deposited nanoparticles, relaxation of the support, occupancy rate of titania, interaction NP-TiO 2 . Then, our DFT calculations were analyzed and compared to available measurements with a fair agreement.

The first interesting trend that have been drawn was remarked comparing deposited pure Au and Cu nanoparticles. Although the total deposition energy of Au is lower than the one of Cu, the net interaction energetics are classified in the opposite direction. This has been explained by the fact that Cu nanoparticles have endured a strong deformation, and that the support relaxation have been larger. Moreover, the support has a strong geometric effect on Cu nanoparticles, that does not occur in the case of Au nanoparticles.

Second, the comparison between regular rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] pure Au and Cu nanoparticles and the ones extracted from our growth model (developed in Chapter 5) has allowed us to think that the ordered structures does not permit a strong deformation of the nanoparticles. In fact, the interaction energies of Au 38 and Cu 38 GM are much more stabilizing than the ones of regular rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticles. At this size, the support promotes the deposition of non-crystalline nanoparticles.

At last, another interesting result have been extracted from the comparison between the three AuCu bimetallic core-shell, regular alloyed and skin-heart nanoparticles. As already occurring in the core-shell nanoparticle, we have seen that Au atoms in the core of the nanoparticle have facilities to move towards its shell, even at a temperature of 0K. In that case, the outer shell of the nanoparticle is strongly reorganized. This phenomenon is an engine to fix strongly the nanoparticle to the support through Cu-O bonds. Those bonds are amplified by the fact that this Cu atom is not bonded anymore to other Cu atoms in the nanoparticle.

As a perspective, after having studied the growth of pure Au and Cu as well as AuCu bimetallic nanoparticles in gas phase and their deposition over the stoichiometric rutile TiO 2 (110) support, the next step is to study the reactivity of such catalytic systems.

Introduction

Today, little is known regarding the chemical reactivity and reaction mechanisms over metallic nanoparticles at the atomic scale. In this mechanism, we can classically sort the elementary processes in four categories: adsorption and desorption steps, surface transformations such as dissociation and recombination acts. Regarding CO oxidation occurring on supported Au, Cu and AuCu BNPs, a common catalytic reaction in catalysis, little is know at the first step of the mechanism: CO adsorption. In the literature a few theoretical elements of discussion have been proposed for adsorption properties at the subnanometer scale. Above 1 nm, the available theoretical data is scarce, in vacuum and all the more rare on TiO 2 support.

In the following Chapter, the adsorption properties of carbon monoxide will be explored on mono-and bimetallic nanoparticles in model conditions (vacuum). We have exposed a simple theoretical model that captures the trends of adsorption strength with a simple descriptor: the generalized coordination number, using the structural properties of the nanoparticle. We have described the results obtained on the adsorption over Au, Cu and AuCu nanoparticles.

Methodology

Computational Details

In this Chapter, the adsorption properties of CO on Au, Cu and AuCu nanoparticles have been calculated using VASP code, GGA-PBE functional, and PAW method. For all the full geometric relaxations, the spin-polarization has been allowed to relax completely. In each calculation, the spin-polarization is 0 µ B , hence the diamagnetic states being preferential for those systems. No symmetric constraint has been kept during the optimizations, in order to obtain the best local minimum regarding the CO adsorption. The considered supercell of rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] and rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticle is 30 × 30 × 30 Å 3 , the k-points grid is (1 × 1 × 1).

Models of Nanoparticles

Considering the model of monometallic nanoparticles used in this Chapter, we have studied the adsorption of a CO molecule on two sizes: 0.8 and 1.8 nm. For the model at 1.8 nm, we have used the most stable Au and Cu particles presented in Chapter 6: rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF]. For a question of comparability on the results, we have used the same type of morphology at 0.8 mn (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF]). In this case, the comparability of the results on the rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] to the rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticle has been easy to perform, in terms of coordination numbers and adsorption structures. In the case of pure Cu nanoparticles, the rto( 38) is the thermodynamic stable state at a size of 0.8 nm, while for Au particles, the thermodynamic reference is the Au 38 exctracted from our growth model (exposed in Chapter 5). Considering the adsorption of CO on the pure rto(38) Au particle, both thermodynamic (Au 38 GM) and geometric (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF]) references has been taken into account. For monometallic particles, the size effect of the nanoparticle has been evaluated in the following.

In the case of bimetallic AuCu nanoparticles, we have used the ordered rto(38) models for three families of compositions: the crystalline regular alloyed, and non-crystalline skinheart and core-shell nanoparticles. Likewise in the previous Chapter, the models used for bimetallic nanoparticles have been chosen thanks to the relative stability analysis in Chapter 6: rto(38) 

CO Adsorption Modes

CO is a typical adsorbate studied both in experimental and theoretical physical chemistry, as a reactant for oxidation or a chemical probe for the surfaces. It adsorbs only from the carbon atom, and the molecule can be either mono-, bi-or multidentate. On a surface, the corresponding adsorption sites are called top, bridge and threefold and fourfold hollow depending on the structure of the multifold site, respectively. In the following, we have studied the adsorption strength of this molecule on different types of nanoparticles. Referring to a previous DFT-based investigation through Wulff constructions, the most stable shape for Au particles under a size of 16 nm is the truncated octahedron one [START_REF] Barmparis | Dependence on CO adsorption of the shapes of multifaceted gold nanoparticles: A density functional theory[END_REF]. This is the reason why we have only considered the CO chemisorption over rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] nanoparticles in the following.

It is first important to remind the adsorption sites on those particles. In Figure 8.1 are depicted the definition of the different types of the adsorption top and hollow sites. Considering the bridge sites, their definition is based on the name of the two bridging atoms on the nanoparticle. For both monometallic rto(201) Au Au and rto [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] Cu Cu in the one hand, and rto(38) Au Au and rto(38) Cu Cu particles in the other hand, the same definitions will be assigned to the adsorption positions. Regarding the regular alloyed and core-shell nanoparticles, their outer shell is strictly symmetric. The corresponding adsorption sites have thus the same names than in the case of the monometallic rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] other. In fact, one third of the kink atoms are occupied by Au. This enlarges considerably the number of different adsorption sites to test.

Generalized Coordination Number

In contrast with [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] perfect fcc extended metallic surfaces that are usually described in theoretical calculations, a nanoparticle contains steps, kinks and terraces. In order to differentiate the top, bridge and hollow sites either in the middle of terraces or close to the steps of the monometallic nanoparticle, a descriptor has been developed by Calle-Valejo et al., Ref. [START_REF] Calle-Vallejo | Fast prediction of adsorption properties for platinum nanocatalysts with generalized coordination numbers[END_REF]: the generalized coordination number. This descriptor uses the coordination number of binding atoms in the particle surface following this equation:

CN(i) = n i ∑ j=1 cn × n j cn max (8.1)
Where CN(i) is the generalized coordination number of an adsorption site i, cn represents the coordination of the closest neighbors, n j the number of closest neighbors and cn max the coordination number of the adsorption site in the bulk (12 for a top site, 18 for a bridge site and 22 for a hollow site).

As an example, in Figure 8.2, is represented the way that are counted generalized We can see here that top and hollow positions have the same CN(i) considering the (111) extended surface. Thus, it is difficult to compare top and hollow sites with generalized coordination number for a [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] extended surface, because the formula's developement is limited to the first neighbors.

As precised before, the CN(i) have the same definition for [START_REF] Lacaze-Dufaure | Density functional theoretical study of cun, aln (n = 4-31) and copper doped aluminum clusters: Electronic properties and reactivity with atomic oxygen[END_REF] extended surfaces than for the nanoparticles. However, as expected, its value can change as a function of the distance of the adsorption site from the steps or edges. If the adsorption site includes a kink atom, the generalized coordination number is decreases. In For the adsorption of CO on Au, Cu and AuCu nanoparticles, all the top, bridge and hollow adsorption sites at the nanoparticle have been tested, always considering the interaction of the nanoparticle with the carbon of the molecule. Then, the adsorption energy has been calculated as follows:

∆E ads = E CO/NP -E thermo bareNP -E CO gas (8.5) 
Where ∆E ads refers to the adsorption energy, E CO/NP to the total electronic energy of CO adsorbed on the nanoparticle, E thermo bareNP to the total electronic energy of the thermodynamic reference for the bare nanoparticle and E CO gas to the CO molecule in gas phase.

In the particular case of the CO adsorption on the rto(38) Au Au nanoparticle, we have defined a binding energy, in which the reference considered is the geometrical one (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF]) and not the thermodynamic one (Au 38 ):

∆E bind = E CO/NP -E geom bareNP -E CO gas (8.6)
In the following, we have plotted for each nanoparticle the adsorption energy of CO as a function of the generalized coordination number (see Figures 8.7 and 8.9 for the CO adsorption on Au and Cu, respectively). For two adsorption structures with the same CN(i), only the most stable one has been kept.

Results

CO Adsorption on Au Particles

In Table 8 Au nanoparticle as an energetic reference, whereas the second to Au 38 GM as the thermodynamic reference. If the adsorption site was not a local minima, no Au-C distance have been reported and two stars (**) replace this value. The adsorption sites which are not local minima and have transformed into other positions are mainly the multifold sites (threefold and fourfold hollow sites). After geometry optimizations, the final local minima are bridge positions. The mean Au-C distances are not recalled in these situations, because it would be redundant with other lines of Table 8.1. Comparing the adsorption and binding energies in the case of the rto(38) Au Au nanoparticle, when the reference is the same geometric particle (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF]), the CO adsorption energies are stabilizing. In the other case, with Au 38 GM as a reference, all energies are positive. This means, if we consider the thermodynamic reference as a starting point, that the nanoparticle deformation is so large that the CO adsorption is destabilizing. This is the reason why, in the following, we have only considered the CO binding energies with rto(38) Au Au nanoparticle as an energetic reference. First, one can notice that the most stable adsorption position, top kink for both sizes of nanoparticle, written in red font in Table 8 Au , bridge center HF -middle-row, has the second highest CN(i) (6.94). According to the values of Table 8.1 for top positions, a monotonous evolution appears when the adsorption energy and the metal-carbon distance are sorted against generalized coordination numbers. In contrast, for bridge positions, the picture is more complex. The stable and competitive three bridge positions have the same stability (no dependence on CN) whereas the non stable (∆E ads > 0) and highly metastable (∆E ads = 0) sites are captured by a monotonous evolution, such as the top sites (cf. Figure 8.4). For comparable sites over those two nanoparticles, the binding strength is larger for the rto(38) Au Au particle than for rto(201) Au Au . Considering now the most competitive CO adsorption positions on rto(201) Au Au nanoparticle in regard with the increasing generalized coordination number, that are in bold and red fonts in Table 8.1, the structures are depicted in Figure 8.5 for the rto(201) Au Au nanoparticle. The first remarkable trend is that CO on top positions are better in stability than both bridge and hollow structures. There are only two CO bridge adsorption structures: the bridge position between the center of the square facet and the edge HF/SF, and the bridge site over two atoms of the hexagonal facet's middle row (see Figure 8.5 (d) and (f), respectively). In those adsorption structures, the Au atoms belonging to the adsorption sites are classically relaxed upward from the nanoparticle facet (∼ 0.2 Å). In the most stable structure, on a top position on the kink atom of the particle (see Figure 8.5 (a)), one can see that the CO molecule is closer to the square facet than the two other hexagonal facets. On the structures where the CO molecule is adsorbed on a top position over edge atoms (Figure 8.5 (b) for HF/HF and (c) for HF/SF edges), the Au atoms are also shifted upward from their initial positions due to the adsorption (∼ 0.1 Å). For the adsorption of CO on the HF/SF edge, the molecule is once again closer to the square facet. Furthermore, the Au-C-O angle in this case is not 180 • as usually calculated, but 168 • . In Figure 8.5 (e), CO adsorbs on a top position over the center atom of the square facet. Once again, the on rto(201) Au Au nanoparticle coexist. A linear trend is remarkable looking at the position of the points of this graph. The correlation is trustworty since its R 2 value is 0.86. On the equation of this linear trend (following y = ax + b), the intercept represents the CO adsorption energy on an isolated Au atom. We have calculated the adsorption energy of CO on a single Au atom to verify this value. The adsorption energy of a CO molecule on Au 1 is -0.91 eV instead of -1.88 eV in the equation of the linear trend.

CO Adsorption on Cu Particles

In this part, we have adsorbed CO on pure Cu similar nanoparticles of two different sizes: rto(38) Cu Cu and rto(201) Cu Cu . In Table 8.2 are recalled the different adsorption sites as well as their corresponding generalized coordination number, adsorption energies, and mean Cu-C distances. Likewise the adsorption on Au nanoparticles, if the CO molcule has diffused, the mean Cu-C distance is not reported. In both cases, the lines in red font represent the most stable adsorption site for CO on to,30 Cu compared to the one on rto(201) Cu Cu , no one of them is kept in the following.

In Figure 8.8, are represented the most stable CO adsorption sites on the rto(201) Cu Cu nanoparticle compared to their generalized coordination numbers, in the order of their relative stability. As already said, the most stable structure is the top position on the kink atom of the particle (see Figure 8.8 (a)). In this case, the CO molecule point out from the particle, and the atoms in the nanoparticle stay at their initial positions. In Figure 8.8 (b) and (h) are depicted the two most stable bridge adsorption sites. The first one in a bridge position on the edge between two hexagonal facets and the second is a bidentate CO over the center of the hexagonal facet and an atom of its middle row. In both cases, the nanoparticle geometric relaxation is low after the adsorption. The CO top positions over the edge atoms of the particle are also stable configurations (Figure 8.8 (c) and (d)). In these cases, the binding Cu atom is slightly displaced under the action of CO adsorption (∼ 0.1 Å). The centers of both hexagonal and square facets are also good adsorption sites for the CO molecule (see Figure 8.8 (i) and (f), respectively). In both cases, the molecule takes upper the adsorbing Cu atom. Figure 8.8 (e) and (g) depicts the more stable threefold hollow CO adsorption sites upon the rto(201) Cu Cu nanoparticle. Those sites belong to the hexagonal facet of the nanoparticle. The first adsorption position is on an external triangle, the second on a central triangle of the facet. The adsorption of CO in those positions has not moved the binding Cu atoms.

In Figure 8.9, the most stable adsorption positions are plotted as a function of their generalized coordination number. As already said, only structures on rto(201) Cu Cu are represented here (blue circles). A linear correlation has been done starting from these points. The plot is considered as reliable, as the R 2 is 0.94. In the equation of the curve, the intercept is -2.05. This value is comparable to the adsorption of CO on a single Cu atom. Once again, we have performed a calculation to verify this assessment, and we obtained an adsorption value of -0.99 eV instead of -2.05 eV referring to the plot.

CO Adsorption on AuCu Bimetallic Particles

In Table 8.3 are presented the CO adsorption energies and the average distances M-C (with M = Au, Cu) for three types of AuCu bimetallic nanoparticles: rto(38) AuCu 3 AuCu 3 regular alloyed, rto(38) Cu Au core-shell and rto(38) Cu AuCu 3 skin-heart particles. As previously, the mean M-C distances have not been reported when CO has diffused on the particle. The most stable adsorption site in each case is reported in red font.

First, looking at the adsorption of CO on the rto(38) AuCu 3 AuCu 3 regular alloyed nanoparticle, the adsorption energies are in the range -1.04 --0.40 eV. The most stable adsorption site is the top position over the kink atom of the nanoparticle, with a Cu-C distance of 1.84 Å. The less stabilized structure is the adsorption on a top position above the center of the For the adsorption of carbon monoxide on the skin-heart nanoparticle, there are 15 considered sites. This is due to the complexity of the nanoparticle surface, which presents Au atoms on a third of all its corners. In the case of CO adsorption on the skin-heart particle, the energies are once again intermediate, in the range -0.93 --0.46 eV. The most stable position is the bridging CO on the Cu-Cu edge between the hexagonal and square facets. The corresponding Cu-C mean distance is 1.97 Å. The less stable favorable case is the adsorption of a CO molecule on the Cu atom of the hexagonal facet center, with a Cu-C distance of 1.88 Å. In 9 cases, the molecule has diffused during the optimization process. The adsorption of CO on Cu top and bridge sites seems to be more favorable than the one involving Au atoms. In Figure 8.10 are represented all the stable CO adsorption sites on the regular alloyed nanoparticle, in their order of stability. As already said, the most stable structure is CO on a top position over the kink Cu atom of the nanoparticle (see Figure 8.10 (a)). The adsorbed molecule points out from the nanoparticle, being closer to the square facet than to the other two hexagonal one. The particle has not been deformed by the adsorption of CO. Two three-fold coordinated sites are stable for CO: the fcc and hcp sites over the hexagonal facet, presented in Figure 8.10 (b) and (d), respectively. This adsorption mode involves two Cu and one Au atom. In both cases, the molecule is closer to the Cu atoms, and the Au atom has been slightly extracted from the facet (∼ 0.1 Å). For the adsorption of CO on the edges of the nanoparticle, both structures are stabilized (on the edge between an hexagonal and a square facets, Figure 8.10 (c), and between two hexagonal facets, Figure 8.10 (e)). In the first case, the molecule is closer to the hexagonal facet. In the second adsorption structure, CO is in between the two facets. No strong displacement of the nanoparticle atoms has been recorded. The four-fold coordinated adsorption site on the square facet of the nanoparticle is presented in Figure 8.10 (f). The least stable adsorption structure is the top position over the center Au atom of the hexagonal facet. No change in the nanoparticle atom positions have been recorded.

Considering now the adsorption on the core-shell nanoparticle, all the structures are stabilized after the geometry optimizations, and they have been depicted in Figure 8.11. The most stable is once again the top position over the Cu kink atom, Figure 8.11 (a). Another top adsorption site over the center of the hexagonal facet is depicted in Figure 8.11 (g). On this structure, one can see that the binding Cu atom has been slightly extracted from the facet (∼ 0.05 Å). There are three bridge sites presented in this Figure : on the edge between two hexagonal facets (b), between the hexagonal and square facets (d) and on the hexagonal facet, bridging its center atom and the kink (e). On the first structure, the molecule is shared by both facets, while on the second one, CO is closer to the square facet. In Figure 8.11 (c) and (f) are depicted both three-fold fcc and hcp CO adsorption sites, respectively. The last structure is the four-fold coordinated one. No deformation of the nanoparticle has occured during the opimization path.

In Figure 8.12 are presented the stable adsorption modes for CO on the rto(38) Cu AuCu 3 skin-heart nanoparticle. The most stabilized structure is the bridging CO on the Cu 2 edge between the hexagonal and square facets, depicted in Figure 8.12 (a). The molecule is closer to the square facet. Then, the top position over Cu kink is presented in Figure 8.12 (b). In that case, CO is equally shared between the three involved facets. The analogue structure on a Au atom is represented in Figure 8.12 (e), where the molecule is closer to the square facet. The adsorption of CO on the center of the hexagonal facet is also stabilized (see Figure 8.12 (c)). In the case of the CO adsorption on the skin-heart nanoparticle, the four-fold coordinated hollow position over four Cu atoms is quite stabilized compared to the other stable sites (Figure 8.12 (d)). The least stable structure is on two copper kink atoms, on the edge between two hexagonal facets, presented in Figure 8.12 (f). The molecule is shared by both facets. 

Discussion

The adsorption of reactant on the catalytic system is the first stage of the reactivity. In this chapter, we have studied the size and composition effects of the nanoparticle on the CO adsorption strength.

First, let us discuss the effect of the Au nanoparticle size on the adsorption of CO molecules. In Table 8 Cu particle (in the range -1.58 --1.21 eV vs -0.99 --0.56 eV, respectively). Regarding Cu nanoparticles, there is a stong size effect, which induces that CO adsorbs more strongly to the bigger nanoparticle. In both cases, the most stable adsorption site is on the kink atom of the nanoparticle. Only one structure for each nanoparticle has diffused (a bridging site for rto(201) Cu Cu and a three-fold coordinated hollow position for rto(38) Cu Cu ). Hence, all the possible CO hapticities are stable on the Cu nanoparticles, with a slight preference for the top positions on under-coordinated Cu atoms. The multiple adsorption structures, in Figure 8.8 are confirming this trend. Looking now at the plot of adsorption energies against the generalized coordination numbers, the linear trend is trustworthy, with a R 2 of 0.94. As the CO adsorption on the rto(38) Cu Cu particle is not much stabilizing, no point concerning this nanoparticle appears on the graph.

Let us compare now the relative adsorption strengths on Au and Cu monometallic nanoparticles. The first difference is the energetic range of binding. The CO binding on Cu particles is more stabilizing than on the Au ones (-1.58 --0.56 eV vs -0.98 -+0.14 eV, respectively). Looking at the adsorption structures, it seems that Au nanoparticles are easily deformed through the CO adsorption, while Cu particles are barely perturbed. This may be caused by the relative stability of both M-M bonds. Cu-Cu bonding is stronger than Au-Au one, hence gold particles can more easily adapt to the adsorption of a molecule. Regarding the adsorption against generalized coordination number plots, 11 points have been held for Au nanoparticles, and only 9 for Cu particles. The CO adsorption on the rto(38) Cu Cu particle has not been considered in this part, because of its metastability compared to the adsorption on rto(201) Cu Cu . However, the linear correlation is better for Cu nanoparticles than for Au ones.

Comparing now the CO adsorption on the three types of bimetallic AuCu nanoparticles, one can distinguish discrepancies between the regular alloyed, core-shell and skinheart particles. First, the most stable adsorption sites are not the same. In the case of the regular alloyed and core-shell nanoparticles, the most favorable structure is on top of the kink atom, while it is a bridging position over the HF/SF edge on the skin-heart particle, as recalled in Table 8.3. Moreover, almost all the CO adsorption sites are stable over the RA and CS particles, which is not the case over the SH nanoparticle where more than the half of structures has diffused. This let us assume that the three-dimensional arrangement of atoms in the nanoparticle is important for the adsorption of reactants and reactivity.

When Au atoms are present in the inner shell, the change in adsorption strength and stability is slight. In fact, the energies are in the range -0.99 --0.56 eV vs -0.93 --0.29 eV for the pure Cu rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and the core-shell nanoparticles, respectively. For the same number of Au atoms in the surface, here 8, the adsorption strenght and stability can change a lot. Comparing the regular alloyed and skin-heart nanoparticles, the energetics varies from -1.04 to -0.40 eV and from -0.93 to -0.46 eV, respectively. The range is wider and more adsorption positions are stabilized in the case of the regular alloyed particle.

Conclusion

In this Chapter, we have investigated the first step of the CO oxidation reactivity on different types of nanoparticles: the adsorption of reactant.

First, we have studied the size effect on the monometallic Au and Cu particles, from 0.7 to 1.8 nm. It appears that there is no size effect in the case of pure Au particles, the adsorption energetics follow the linear trend against the generalized coordination number. However, consudering Cu particles, the size effect is much larger. The adsorption of carbon monoxide is less stabilized on a little nanoparticle.

Second, we have investigated the chemical composition effect on the CO adsorption. In order to compare different types of three-dimensional arrangements for Au and Cu atoms, we have investigated the adsorption of a single CO molecule on the regular alloyed, core-shell and skin-heart particles. Regarding the compared adsorption strengths of CO on both pure Cu rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and core-shell particles, the presence of Au in the inner shell is not affecting much this property. However, when comparing both regular alloyed and skin-heart nanoparticles that have the same number of outer Au and Cu atoms disposed in a different way, one can assume that the arrangement of the outer shell is determining for the adsorption stability and strength.

As a conclusion, in this Chapter, we have studied the effect of the nanoparticle size and composition on a reactant adsorption in vacuum. It is now interesting to investigate the support effect on the adsorption properties, and then extrapolate it to the reactivity.

Introduction

In the previous Chapter, the adsorption sites of carbon monoxide on the Au nanoparticles in vacuum have been studied. They have shown a competition between top and bridging sites, with a higher stability on small size nanoparticles (rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF]). This first analysis is not sufficient in order to represent the real catalyst, in which the rutile TiO 2 (110) support effect can not be neglected. In the real catalyst, there are sites at the interface between the metallic particle and the support that are necessary to consider in order to compare the adsorption on the complete catalyst to the one in the nanoparticle in gas phase. Those adsorption sites are more perturbed by the support than the ones at the top of the nanoparticle. This analysis will allow us to probe the support effect through two elements of discussion: the adsorption strength and the relative stability of top and bridging sites.

The next Chapter has been devoted to the adsorption study of carbon monoxide on the supported Au nanoparticle on stoichiometric rutile TiO 2 (110) surface. As a preliminary result, CO adsorption has been considered on the nanoparticle in interaction with a cluster of TiO 2 . Some other reactive species are important for considering a reactional mechanism, such as oxygen atoms and surface hydroxyls. In the following, they have not been taken into account, at this stage of the study. Finally, CO coverage has not been considered as well.

Methodology

Computational Details

In this Chapter, the adsorption properties of CO on deposited Au rto(38) Au Au nanoparticle have been calculated using VASP code, GGA-PBE functional, and PAW method. For all the full geometric relaxations, the spin-polarization has been allowed to relax completely. In each calculation, the spin-polarization is 0µ B , this is the reason why we have not treated this question in the following. No symmetric properties were kept during the optimizations, in order to obtain the best local minimum regarding the CO adsorption. As far as the used supercell is 23 × 23 × 23 Å 3 , the considered k-points mesh is (1 × 1 × 1). A Hubbard term has been added on the Ti atoms for the calculations, with U e f f = 4.2 eV, as usual.

CO Adsorption Modes

In this Chapter, we have considered the CO adsorption on the rto(38) Au Au particle supported on a cluster of stoichiometric rutile TiO 2 (110) support. As seen in the Chapter 8, on the Au monometallic nanoparticles in vacuum, top and bridge positions are favorable for the adsorption of CO. Also in Chapter 8, the binding energy is stronger on the small size nanoparticle rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] Au Au than on the rto(201) Au Au . We have assessed that the same behavior occurs on the deposited particle. This is the reason why, in a first analysis, we have only considered the top positions for the CO adsorption. The second assessment we have done is that, as shown in Refs. [START_REF] Isabel Xiaoye Green | Spectroscopic observation of dual catalytic sites during oxidation of CO on a Au/TiO 2 catalyst[END_REF][START_REF] Saint-Lager | Operando atomic structure and active sites of TiO 2 (110)-supported gold nanoparticles during carbon monoxide oxidation[END_REF], in the case of CO oxidation on Au nanoparticles the reactivity takes place at the interfacial sites of the particle. This explains why we have examined sites on the first and second layers of the particle. Figure 9.1 depicts the different adsorption sites we have looked at through the adsorption of carbon monoxide. 8 CO top positions were taken into account, after having used the symmetry properties of the nanoparticle to reduce the number of considered structures.

The adsorption energy for the CO molecule on deposited Au nanoparticle have been calculated as follows:

∆E ads = E CO/NP/TiO 2 -E bareNP/TiO 2 -E CO gas (9.1) Where ∆E ads refers to the adsorption energy, E CO/NP/TiO 2 to the total electronic energy of CO adsorbed on the deposited nanoparticle, E bareNP/TiO 2 to the total electronic energy of the deposited bare nanoparticle rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and E CO gas to the CO molecule in gas phase. As seen in Chapter 7, Au 38 GM is deformed on the TiO 2 (110) surface. As calculations have not been performed on the Au 38 GM deposited on a cluster of TiO 2 , the thermodynamic reference has not been calculated here. This is the reason why we have calculated the adsorption energies considering the deposited rto [START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] nanoparticle as an energetic reference in this Chapter. The corresponding results have been reported in Table 9.1.

Results

In Table 9.1 are presented the adsorption energies, Au-C distances and Au-C-O angles for the adsorption of CO on the deposited nanoparticle. The adsorption energies are intermediate (from -0.95 to -0.26 eV). The line in red font represents the most stable adsorption site. Indeed, the more stabilizing position for CO is on the position 5 (see Figure 9.1). The corresponding adsorption energy is -0.95 eV, and the Au-C distance is 1.97 Å. Then, the sites 2 and 3 present the same adsorption strength value (-0.91 eV) and Au-C distances of 1.98 and 1.97 Å, respectively. The following structure in stability is the number 8, where the molecule was first adsorbed on a top position of a first-layer Au atom. This structure has diffused. The corresponding adsorption energy is -0.85 eV. The Au-C distance is quite long (2.14 Å). The 7 th position follows, with an adsorption strength of -0.74 eV and Au-C distance a bit shorter (2.05 Å). That position has been a top position over a Au atom of the first layer, then has diffused during the optimization path. The site number 1 has an adsorption energy of -0.52 eV, and the Au-C distance is quite long for a top position (2.02 Å). Finally, the least stable adsorption site is the 6 th one, with a low energetic gain (-0.26 eV), and a large Au-C distance (2.15). This structure has also diffused from its initial position.

In the Figure 9.2 are depicted the top and side views for the CO adsorption over the site number 1. The first remark that can be done, looking at Figure 9.2 (a), is that the CO molecule is bended. Indeed, the Au-C-O angle, that should normally be 180 • , is 160.1 • . In Figure 8.2 (b), one can see that the CO points towards the rutile TiO 2 support. This explains the strong torsion that occurs on the molecule. Looking at Figure 8.2 (c) is helpful to see the adsorption site of the carbon monoxide on the nanoparticle: the center atom of an hexagonal facet. In this case, the nanoparticle is barely perturbed by the CO adsorption.

Considering now the adsorption site number 2, Figure 8.3 (a) shows that CO is a little bended (171.4 • instead of 180 • ). In this case, the moleculs does not point toward the support, see Figure 9.3 (b). In the last panel, one can distinguish the adsorption site on the nanoparticle. Here, CO is bonded to a kink atom of the particle. Here again, the Au atomic positions of the nanoparticle are a little changed by the adsorption process.

In Figure 9.4 are depicted the top and lateral views for the CO adsorption on the site Let us look at Figure 9.5, where the 4 th adsorption site is depicted. On the top view, Figure 9.5 (a), one can see that the CO molecule is not tilted. In fact, the Au-C-O angle is 175 • instead of 180 • . In the side views, Figure 9.5 (b) and (c), one can remark that the CO is not pointing towads the surface, and that the adsorption site is on a hexagonal facet center atom of the nanoparticle. Furthermore, there is a clear deformation of the particle during the optimization path. Also, CO is chemisorbed on a kink of the nanoparticle. The nanoparticle has not been deformed during the geomotric relaxation.

Let us consider now the sites on the first layer of the Au nanoparticle. In each case, the CO molecule has diffused from a top site to a bridging position. In Figure 9.7, the initial site have been the number 6 (see Figure 9.1). However, CO has diffused towards the bridging position between a kink and the center of the hexagonal facet, belonging to the second layer of the particle. The molecule points towards the support. Surprisingly, during the geometric relaxation, the nanoparticle has been deformed: a gold atom on the first layer has been extracted from the particle. to a bridging site similar to the previous one: between an atom of the first layer and a kink of the nanoparticle second layer. Once again, a huge deformation of the particle has occurred during the geometric optimization. In that case, the direction where the Au atom has diffused is the perpendicular to the O2C rows of the support.

Discussion

In this Chapter, we have investigated the support effect on the adsorption of a reactant for CO oxidation over a deposited 1 nm diameter pure Au nanoparticle. This study have been based on previous reported results of Chapter 8, in order to reduce the calculation time. The CO adsorption sites that have been examined on the deposited rto(38) Au Au nanoparticle over stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support are only top positions.

In a first glance, let us compare the different adsorption sites and stabilities between them, in order to understand the key properties that are required for the CO chemisorption on a supported nanoparticle. Regarding the top position adsorption, there are some common points between the least stable structures. When CO points towards the support, as seen for the adsorption site number 1 (see Figure 9.2), the molecule endures a strong bending which destabilizes the strucure. Furthermore, the sites 1 and 4 are positioned over the center of an hexagonal facet. This adsorption site has been already claimed as metastable in the previous Chapter (-0.46 eV, see Table 8.1 in Chapter 8). Conversely to this, we can define adsorption rules to favor the CO adsorption on the supported nanoparticle. The most stable top adsorption structures (number 2, 3 and 5 depicted in Figures 9.3, 9.4 and 9.6, respectively) have a similarity: the chemisorption occurs in a kink site of the particle. In fact, as seen in Chapter 8, the best adsorption site on the rto(38) Au Au nanoparticle in vacuum is on the kink position (-0.98 eV, see Table 8.1 in Chapter 8). The other common point between those structures is that the CO molecule does not point towards the surface. Though, the deformation of the adsorbate is slight, and the adsorption is more energetic.

Considering now the three structures that have diffused to bridging positions, let us determine the factors that may stabilize them. As seen in the top position cases, the structure number 6 is less stable than the others because the molecule points towards the support, as seen in Figure 9.7. The two bridge structures that are high in stability (number 7 and 8 depicted in Figures 9.8 and 9.9, respectively) present three major similarites. First, the adsorbate does not point towards the support. Second, the adsorption site is on an edge between an hexagonal and a square facet of the nanoparticle. The third common point is that the particle has been highly deformed during the optimization process.

Regarding the compared adsorption properties on both nanoparticles in vacuum and deposited on a stoichiometric rutile TiO 2 (110) support, one can draw the role of the support on the CO chemisorption over a Au particle. First, the adsorption over nanoparticles in vacuum and deposited are in the same energetic range considering top and bridge sites: from -0.98 to -0.46 and from -0.95 to -0.26 eV, respectively (see Tables 8.1 and 9.1). Also the Au-C distances are similar: from 1.96 to 2.12 and from 1.97 to 2.15 Å for the adsorption on the gas phase and supported nanoparticles, respectively. However, the Au-C distances for the adsorption on a supported nanoparticle are a bit larger and the energetics slightly higher than on the particle under vacuum. This can be due to the support, that is close to the adsorption sites and may destabilize sparsely the chemisorption of CO. The support effect seems weak on the adsorption energy at the interface between the nanoparticle and the support (same stability range), while the stable structure has changed. The bridging site is competitive in the case of the deposited nanoparticle (with a dislocation of the nanoparticle), whereas on the rto(38) Au Au nanoparticle in vacuum, the top kink is the most stable structure.

As a conclusion, the investigation of CO adsorption on the supported nanoparticles is only at its first stage. Some calculations describing the CO chemisorption on supported pure Cu and bimetallic AuCu particles are in progress. Also, we have started our work on a clustered stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support and the next step is to compare these results with the ones using a complete slab of TiO 2 .

Conclusion

In this Chapter, we have presented the investigation first stage of the support effect on the reactant chemisorption on a nanoparticle. The results of Chapter 8 have helped us in order to focus on the best adsorption sites directly. Though, we have been able to determine through the adsorption structures, the major points for which CO chemisorption can be better stabilized. First, top positions over kink atoms are still the best adsorption structures, as well as bridge sites between an hexagonal and square facets. Then, if the molecule points towards the support, the chemisorption is less favorable.

The rutile TiO 2 support has a weak effect on the CO adsorption strength. However, two structures have been shown to be competitive after nanoparticle deposition on the support: top kink and bridging positions. Though, the support seems to affect the stability of the bridging sites on the Au nanoparticles.

These characteristics are obtained for the adsorption on deposited Au nanoparticles, but have to be checked through longer calculations, involving complete stoichiometric rutile TiO 2 (110) slab. Also, the same investigation has to be done on the pure Cu particles as well as on the three types of AuCu bimetallic nanoparticles (regular alloyed, core-shell and skin-heart).

In this thesis, the theoretical study of Au, Cu and AuCu NPs in vacuum and deposited on a rutile TiO 2 (110) support has been proposed on the basis of DFT+U calculations. The reactivity of these systems has been examined by the adsorption properties of carbon monoxide on the nanoparticles and at the interface between the nanoparticles and the support. The first part concerns the nucleation of nanoparticles on the support considering the reducibility of the oxide as well as the support hydration. Second, we have investigated the growth of mono-and bimetallic nanoparticles in vacuum, then the deposition of those nanoparticles on the oxide. At last, we have studied the adsorption of carbon monoxide on both gas phase and deposited Au, Cu and AuCu nanoparticles.

In the first part, we have pointed out the difficulty to calculate models of stoichiometric, surface reduced and sub-surface reduced rutile TiO 2 (110) supports. These complex systems need DFT+U calculations that are more expensive than usual DFT ones. Also, we have demonstrated that the spin-polarization is an important property to take into account to investigate the adsorption properties of metallic atoms on the rutile support.

On the one hand, concerning the adsorption properties and diffusion kinetics of a single metallic atom (Au or Cu) on stoichiometric, surface reduced and sub-surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports, we have used potential energy maps in order to define the most stable structures and the diffusion activation barriers. Magnetic properties have been also investigated. The main result relative to the adsorption of Au and Cu on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports is that both metallic atoms have different behaviors on this surface. Au atom is highly sensitive to the reducibility of the support, while Cu adsorption properties are not affected much by the oxidation state of TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Moreover, the most stable adsorptions structures for Au and Cu on rutile are different. Au adsorbs strongly on the surface reduced support on top of an oxygen vacancy whereas Cu chemisorbs on a bridge position over O2C row on the sub-surface reduced rutile surface. Regarding now their diffusion kinetics, Au atom is much mobile on the support and binds strongly at an oxygen vacancy site, while Cu diffusion is quite moderate on either stoichiometric, surface reduced and sub-surface reduced rutile surfaces.

On the other hand, both STM experiments and DFT+U calculations have been carried out comparatively to study the effect of the support hydration on the nucleation of Au and Cu particles at rutile surface, in collaboration with an experimental team in Paris. Throughout STM measurements, we have been able to determine that the nucleation sites for Au and Cu on a rutile support are different. The nucleation of Au atoms seems to be sensitive to both reduction state and hydration of the support. Indeed, around 50 % of nanoparticles nucleates on the oxygen vacancies and 20 % at the vicinity of hydroxyl domains. Regarding Cu particles nucleation, it occurs only on surface defects such as steps and TiO x clusters. Concerning now the DFT calculations, a thermodynamic analysis has been developed to investigate the surface hydration in interaction with both metallic adsorbates and reducibility of the support. According to this analysis, at 300 K, the surface hydration has a promoter effect on Au nucleation on the stoichiometric surface, whereas Cu is not sensitive to the hydration state of the support.

In conclusion, thanks to the results presented and discussed in the first part of the manuscript, we are now able to sketch out a scheme for the nucleation of Au and Cu nanoparticles on different types of rutile TiO 2 (110) supports, considering both reducibility and hydration states of the surface. Au nanoparticles are sensitive to both hydration and reducibility of the support, and will nucleate preferentially at an oxygen vacancy or at the vicinity of hydroxyl domains. The diffusion of Au atoms is quite easy, until they are trapped by a vacancy site or an OH group. For Cu, the state of the support does not change its adsorption properties and diffusion kinetics, that are quite moderate. It seems that Cu nucleates preferentially at TiO 2 (110) surface defects.

In the second part of the manuscript, we have investigated the growth and stability of 1 and 2 nm sized mono-and bimetallic nanoparticles in vacuum as well as deposited on TiO 2 (110) support. The challenge here was to describe such big nanoparticles, that were not so much studied in the literature. Furthermore, the compared deposition of Au, Cu and AuCu 1 nm sized nanoparticles on rutile support had not been investigated so far.

First, Au and Cu monometallic particles growth (from M 1 to M 38 ) was investigated throughout a growth model using a grid of possible positions for the atoms in the cluster. Once again, the behavior of Au and Cu atoms shows discrepancies considering the growth pattern. Due to the low energetic bonding of Au, it appears that gold clusters present four different regime during its growth pattern. From 1 to 11 atoms, Au clusters are 2D shaped, then from Au 12 to Au 25 their shape is changing much until Au 26 -Au 38 that are cagelike aggregates. Cu particles are much more organized with a earlier 2D-3D transition (between 6 and 7 atoms in the cluster), a quasi 2D regime from Cu 7 to Cu 13 , and two semi-crystalline regimes (fcc, Cu 14 -Cu 25 and pentagonal, Cu 26 -Cu 38 ).

Second, the relative stability of mono-and mixed ordered crystalline and non crystalline bimetallic regular-shaped Au, Cu and AuCu nanoparticles has been evaluated evaluated by calculating the nanoparticle surface energy, a descriptor of absolute stability. The nano-objects have been classified as a function of their size, their morphology and their chemical composition. The corresponding results have shown that the surface energy of bimetallic nanoparticles depends linearly on their chemical composition. An analytical model has been developed to explain the trends of the offsets and the slopes of these linear relations between nanoparticle surface energy and chemical composition. This work has been done in collaboration with Rodrigo Ferreira de Morais, in order to compare the trends obtained on AuCu bimetallic nanoparticles to the one on PtNi nanoparticles.

Then, the most stable Au, Cu and AuCu particles found in the previous chapters were deposited on the stoichiometric TiO 2 (110) support. As a result, it has been found that, considering pure Au and Cu 1 nm sized particles, the nanoparticles extracted from the growth model are much more stable on the support than the regular shaped ones. This is due to the fact that the growth model aggregates are more deformed on the support than the regular ones. The deformation energy stabilizes much the particles. Further comparisons between Au and Cu deposited particles have pointed out that although the total deposition energy of Au is lower than the one of Cu, the net interaction energetics are classified in the opposite direction. In fact, Cu nanoparticles have undergone a strong deformation, and that the support relaxation has been larger. Finally, we have seen that Au atoms in the core of the nanoparticle have facilities to move towards the nanoparticle shell, even at a temperature of 0K.

As a conclusion, in the second part, we have analyzed the growth of Au, Cu and AuCu nanoparticles in vacuum and compared these energetic results to the ones regarding deposited aggregates on the stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. Thanks to the results and discussions of the second part, we are now able to know the relative stability of monoand bimetallic nanoparticles on the support. In absence of reactants, our calculations have revealed that the presence of Au atoms in the outer shell of the particle is favorable both in gas phase and deposited.

In a last part, we have studied the first step of the CO oxidation reactivity: the adsorption of reactants. First, we have studied the adsorption of a single carbon monoxide molecule on the Au, Cu and AuCu nanoparticles in gas phase. Then, we have examined the support effect on the reactant adsorption properties.

On the one hand, to discuss the CO adsorption properties on the gas phase monometallic nanoparticles, we have used a theoretical descriptor called generalized coordination number. This descriptor has helped us to determine the most stable adsorption sites as a function of the chemisorption sites. Comparing different sizes of monometallic nanoparticles, we have pointed out that there is a strong size effect for Cu particles, conversely to Au aggregates. Indeed, the adsorption energetics are metastable in the case of a Cu particle in a sub-nanometer size. Furthermore, the composition of the nanoparticle has been also analyzed. It seems that the composition of the particle core has a slight effect on the adsorption properties, while the outer shell 3D arrangement affects much the chemisorption. In all the cases, it appears that under-coordinated adsorption sites are more favorable for CO chemisorption.

On the other hand, the effect of the support has been examined only through the monometallic Au nanoparticle in a first stage. The model that has been used is a cluster of stoichiometric rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] in order to fasten the calculations. The deposition of the Au nanoparticle has not changed much the adsorption properties of CO. However, there are characteristics to follow in order to obtain the best adsorption structures. The CO molecule has to point towards the vacuum, because of the destabilizing effect of the support on the molecular structure (unfavorable bending of the molecule). Second, as seen previously in the case of gas phase nanoparticles, the low coordinated sites are much favorable through the CO adsorption.

This last Chapter of the manuscript has pointed out the first step of the reactivity on a catalytic system: the adsorption of the reactants. Some insights have been evidenced, like the size effect of the Cu particles, the outer shell composition and 3D arrangement in the case of the bimetallic nanoparticles, and the support effect on the CO molecule adsorption. The latter Chapter only gives a hint of the chemisorption properties upon the deposited nanoparticles, as the work is in progress.

All our DFT results and analyses have opened several perspectives and various possible future tracks to investigate further these systems. Our work on the first part of the manuscript is preliminary to further investigations of the nucleation of Au, Cu and AuCu nanoparticles deposited on rutile TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF]. First, the study of dimerization on stoichiometric, surface reduced and sub-surface reduced supports have to be carried out. Second, the diffusion kinetics of Au and Cu atoms on hydrated TiO 2 should be investigated to support the promoter effect we have highlighted on the nucleation of gold nanoparticles.

Then, on the second part of the manuscript, the growth model we have used can be applied also to bimetallic aggregates, which should be interesting compared to the heuristic approach we have used for bimetallic nanoparticles. The phenomenological model used to compare relative stability of bimetallic particles can also be used for non-regular tridimensional arrangement of Au and Cu atoms. Also, a Monte-Carlo based model could help to find more stable particles. Furthermore, the deposition of nanoparticles can be led on both surface reduced and sub-surface reduced TiO 2 [START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports, in order to understand the reducibility effect on the particle morphology and relative stability. Our calculations (using an ab initio framework) can be also used to reset parameters in global optimization methods for the research of complex structures of AuCu nanoparticles. This would allow to propose low-level simulations that are more reliable GO methods based on a more extended set of ab initio data in the fluxional regime as well as for larger nanoparticles (around 2 nm size). At last, the phenomenological approach for the bulk alloy opens perpectives for the simulation of multimetallic nanoparticles. Thus, their absolute stability can be determined with both heuristic and stochastic approaches.

Finally, on the CO adsorption properties, further investigations can be led considering irregular shapes of 1 nm sized particles, as well as bigger bimetallic nanoparticles. The latter would give insights for the size effect on bimetallic particles, from sub-nanometer to 2 nm-sized ones. Also, the O 2 and OH adsorption properties have to be considered. Then, an analysis of the reaction mechanism could be done. For the chemisorption of CO on the supported nanoparticles, the first step will be to consider TiO 2 (110) slab instead of the preliminary model of cluster we have been working on. Also, the investigation of the support effect has to be carried out on pure Cu and bimetallic nanoparticles (with both cluster and slab models). As in the previous Chapter, a work on the adsorption and dissociation properties of O 2 and OH molecules on the supported particles would be interesting, as well as screening of reaction pathways.

Our work have been performed in close collaboration with two experimental teams. The first collaboration, with INSP in Paris, has been successful because it has led to a publication reported in Chapter 4. Our theoretical work at a nanoparticle scale of 2 nm still has to be compared with the GISAXS measurements that have been done in Grenoble by the second team of collaborators. One theoretical collaboration has also been done with R. Ferreira de Morais, with whom an article has been submitted (Chapter 6). 

Titre

Figure 1 . 1 -

 11 Figure 1.1 -View of a bulk TiO 2 single lattice. This figure was taken from the review of Diebold et al., ref. [1].
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 12 Figure 1.2 -Representation of the three different terminations possible for rutile TiO 2 (110) surface (a). The TiO 2 trilayer is also depicted. The side views of three different possible terminations are presented: the stoichiometric surface (b) and two polar ones ((c) and (d)). In blue are depicted Ti atoms, in red O atoms.
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 13 Figure 1.3 -Scanning tunneling microscopy image of rutile TiO 2 (110) surface. The image was done at room temperature. This figure was taken from an article of Schaub et al., ref. [25].
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 14 Figure 1.4 -Equilibrium geometries of the lowest-energy isomers Au n clusters classified in their order of stability. The most stable ones are the first presented for each stoichiometry, noted I. This figure was taken from an article of Fernández et al., ref. [58].
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 15 Figure 1.5 -Optimized low-energy structures of Au 58 . The number below each cluster denotes the number of core atoms, while letters A and B attached to the number corresponding to the ground state and the first isomer. The inner cores are shown separately on the right of the cluster. This figure was taken from an article of Dong et al., ref. [91].
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 16 Figure 1.6 -Ground state structures for Cu n (n = 3 -11). This figure was taken from an article of Li et al., ref. [99].

Figure 1 . 7 -

 17 Figure 1.7 -Ground state structures for Cu n (n = 17 -20). The atoms in the icosahedral 13-atom core are shaded. The symmetry of each cluster is also indicated. This figure was taken from an article of Yang et al., ref. [110].
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 18 Figure 1.8 -Presentation of mono-and bimetallic nanoparticles. There are three well-known types of bimetallic nanoparticles (from left to right): regular-alloyed, random-alloyed, dumbbell and core-shell nanoparticles. In red are displayed M 1 atoms, in blue M 2 atoms.
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 19 Figure 1.9 -Global minima for Cu n Au (38-n) clusters. In red are depicted Cu atoms, in yellow Au atoms. This figure was taken from an article of Rodrigues et al., ref. [147].
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 110 Figure 1.10 -STM images for a 0.03 ML Cu overlayer on TiO 2 (110), dosed at room temperature showing 2D and 3D islands located preferentially at the step edges. This figure was taken from an article of Chen et al., ref. [181].
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 111 Figure 1.11 -TEM image for a 3 ML AuCu particles deposited on TiO 2 (110), at room temperature showing 3D islands. The profile of size distributions for those nanoparticles has been plotted in the right panel. This figure was taken from an article of Tenney et al., ref.[START_REF] Samuel | Enhanced activity for supported Au clusters: Methanol oxidation on Au/TiO 2 (110)[END_REF].
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 112 Figure 1.12 -Histograms showing the number of spectroscopy (in orange), microscopy (in green), diffraction (in light red) and theoretical (in blue) publications regarding Au, Cu and AuCu systems, both supported on rutile TiO 2 (110) and in vacuum. This data is extracted from the Web Of Knowledge database (05/30/2016).
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 21 Figure 2.1 -View of a bulk TiO 2 single lattice. In blue are depicted Ti atoms, in red O atoms.

2

 2 

  (b) and (e)) or in the sub-surface (see Figures 2.2 (c) and (f)).
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 22 Figure 2.2 -Top and lateral views of rutile TiO 2 (110) surfaces: (a), (b) stoichiometric surface described by a (2×1) supercell; (c), (d) surface reduced surface described by a (3×1) supercell; (e), (f) sub-surface reduced slab described by a (3×1) supercell. Black dashed circles in the lateral views of the reduced TiO 2 slabs localize the oxygen vacancies. c parameter is defined along y axis.
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 23 Figure 2.3 -Top and lateral views of deposited 38,to Au Au (x = 1.0) on a stoichiometric rutile TiO 2 (110) cluster.
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 31 Figure 3.1 -Potential energy map (PEM) for the adsorption of Au atom on stoichiometric TiO 2 (110) surface at the (a) PBE and (b) PBE+U levels. Adsorption energies (∆E ads ) are expressed in kJ.mol -1 . The definitions of x and y direct coordinates and corresponding ranges are given in (c). All the particular adsorption sites are defined in (c) with colored crosses. This set of colors has been transferred in (a) and (b), where colored circles indicate local minima and colored squares, N-order saddle-points.
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 32 Figure 3.2 -Potential energy map (PEM) for the adsorption of (a) Au and (b) Cu atoms on the surface reduced TiO 2 (110) support at the PBE+U level. Adsorption energies (∆E ads ) are expressed in kJ.mol -1 . The definitions of x and y direct coordinates and corresponding ranges are given in (c). All the particular adsorption sites are defined in (c) with colored crosses. There is a single oxygen vacancy in the surface in the supercell. This set of colors has been transferred in (a) and (b), where colored circles indicate local minima, colored squares, N-order saddle-points and triangles the unstable positions.
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 33 Figure 3.3 -Potential energy map (PEM) for the adsorption of (a) Au and (b) Cu atoms on the sub-surface reduced TiO 2 (110) support at the PBE+U level. Adsorption energies (∆E ads ) are expressed in kJ.mol -1 . The definitions of x and y direct coordinates and corresponding ranges are given in (c). All the particular adsorption sites are defined in (c) with colored crosses. There is a single oxygen vacancy in the sub-surface in the supercell. This set of colors has been transferred in (a) and (b), where colored circles indicate local minima, colored squares, N-order saddle-points and triangles the unstable positions.
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 34 Figure 3.4 -Fully relaxed adsorption structures of (a, b) Au and (c, d) Cu atoms on stoichiometric TiO 2 (110) surface at the PBE+U level. Optimal distances are given in Å. The color labels are blue for Ti, red for O, dark yellow for Au and light brown for Cu.
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 3336 The stationary points can be local minima (m) or N-order saddle-points (s). Saddle-points used to calculate diffusion activation barriers are noted s * . Those connecting local minima along x (y) axis are noted s *x (s * y ).When the adsorption structure extracted from the PEMs was unstable during the geometry optimization, the used notation is (u).
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 35 Figure 3.5 -Fully relaxed adsorption structures of (a, b, e, f) Au and (c, d, g, h) Cu atoms on reduced TiO 2 (110) surfaces at the PBE+U level. Single oxygen vacancies (depicted with dotted circles) are localized in the support surface (a-d) and in the sub-surface (e-g). Optimal distances are given in Å. The color labels are blue for Ti, red for O, dark yellow for Au and light brown for Cu.
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 36 Figure 3.6 -Potential energy map for the adsorption of Cu atom on stoichiometric TiO 2 (110) surface at the (a) PBE and (b) PBE+U levels. Adsorption energies (∆E ads ) are expressed in kJ.mol -1 . The definitions of x and y direct coordinates and corresponding ranges are given in (c). All the particular adsorption sites are defined in (c) with colored crosses. This set of colors has been transferred in (a) and (b), where colored circles indicate local minima and colored squares, N-order saddle-points.
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 37 Figure 3.7 -Diffusion diagrams for Au and Cu atoms on (a) stoichiometric, (b) surface reduced and (c) subsurface reduced TiO 2 (110) supports. The reduced diffusion coefficients D * (ln(cm 2 .s -1)) are plotted against the inverse of temperature t * (K -1 ). For a sake of simplicity, the associated reverse x axis (temperature, K) is also presented. The diffusion of each metal M (red for Au, blue for Cu) along x (y) axis is depicted with full (dotted) lines, and noted M x (M y).
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 1 we report the adsorption energy of Au and Cu in presence E M/(nH 2 O/TiO 2 ) ads and absence E M/TiO 2 ads of water, the hydration energy of the bare E nH 2 O/TiO 2 hyd and of the Au and Cu precovered support E nH 2 O/(M/TiO 2 ) hyd , the coadsorption energy of Au and Cu with one and two water molecules E M,nH 2 O/TiO 2 coads , and the interaction energy between all the coadsorbates E M-nH 2 O int

.

  

  Figures 4.1

  (a) and (b) show STM images of the same area on the TiO 2
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 1 

  (a) and (b), we have identified the presence of Au clusters after evaporation. This indicates that Au atoms diffuse on the surface to form clusters, which grow by incorporating new Au atoms. Due to a partial shading of the surface during evaporation, the amount of deposited Au is higher on the upper right corner. The average density is 0.07 nanoparticle.nm -2 . Taking into account the convolution of the STM tip, we estimate that 3% of the surface is covered by Au nanoparticles. A schematic view of the surface before and after evaporation is shown in Figure4.1 (c), where the positions of O v , OH groups, TiO x and Au clusters are indicated in red, blue, green and orange respectively. From the comparison between Figures 4.1

  (a-c), we can thus identify the nucleation sites of Au nanoparticles.As already proposed, Au nanoparticles have a strong tendency to nucleate on oxygen vacancies. Among 32 identified nanoparticles from the comparison between Figures 4.1

  (a) and (b), 16 nanoparticles have nucleated on O v (50%). Detailed views presented in Figures 4.3

  (b) and (d) illustrate this by three examples (nanoparticles labelled A, C, F). 7 nanoparticles (22%) have nucleated on OH groups (see nanoparticle labelled D in Figure 4.3 (d)); 5 nanoparticles (16%) on TiO x stripes or clusters (see label G in Figure 4.3 (d)); 1 nanoparticle (3%) on another surface defect, namely a bright protrusion visible in the Ti5C rows (label B in Figure 4.3 (b)); 3 nanoparticles (9%) on a region of a bare surface region (see label E in Figure 4.3 (d))
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 41 Figure 4.1 -Evolution of the partially hydrated TiO 2 (110) surface during Au evaporation at room temperature. Size of the STM images: 21 × 21 nm 2 . Tunneling conditions: 1.6 V -0.1 nA. (a) Bare surface. (b) After evaporation of a very low amount of Au (<1% ML). (c) Sketch of the surface combining the information in (a) and (b): oxygen vacancies are drawn in red, surface hydroxyls in blue, TiO x clusters and stripes in green, and Au clusters in orange. The positions of OH are taken from the last image before evaporation, whereas those of O v result from a set of six consecutive images before evaporation.
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 41 (b): a large number of O v are still observed after Au deposition. Since they display the same height profile as before Au evaporation, they cannot be confused with Au single atoms. They are located at the same positions as the ones in Figure4.1 (a). A careful comparison between the two images shows that all the O v not covered by Au nanoparticles or OH groups are present during the measurement.
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 42 Figure 4.2 -(a) Partially hydrated and reduced TiO 2 (110) surface before Au evaporation (size of the STM image: 9.2 × 5.3 nm 2 ). (b) Height profiles along the lines shown in (a). The blue continuous line means "across an hydroxyl group OH", orange dotted line meaning "across an oxygen vacancy O v " and purple dashed line, "across a regular oxygen bridging atom O br ".
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 43 Figure 4.3 -Evolution of the partially hydrated TiO 2 (110) surface during Au evaporation at room temperature. Size of the STM images: 4.6 × 4.6 nm 2 . (a) and (c) Bare surface. (b) and (d) After evaporation of a very small amount of Au (< 1% ML). The contrasts and colors related to OH and oxygen vacancy (O v ) are indicated in (a). Au nanoparticles are labelled with letters A to G. Same color scale and tunneling conditions as in Figure 4.1.
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 44 Figure 4.4 -Size of the STM images: 52 × 52 nm 2 . (a) Clean surface of rutile TiO 2 (110). (b) Same area than (a) after deposition of 3% ML of Au, tip retracted. (c) Position of the nanoparticles determined from (b) (green spots) on the clean surface. The blue arrow points toward nanoparticles of which the shape has been modeled by clustered hydroxyl groups.
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 41 (a), O v occupy 5% of the TiO 2 (110) unit cells, and 50% of the nanoparticles have nucleated on O v . The difference of Au adsorption energy on O v compared to other surface sites should thus be of the order of kT ln 0.95 0.05 = -0.08 eV. This weak variation may be another indication that Au atoms are not trapped in O v at room temperature.
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 45 Figure 4.5 -Evolution of the partially hydrated TiO 2 (110) surface during Cu evaporation at room temperature. Size of the STM images: 21 × 21 nm 2 . Tunneling conditions: 2 V -0.02 nA. (a) bare surface, (b) after evaporation of a low amount of Cu (< 1% ML). The color scale is adapted so that the upper left terrace appears with the same contrast as the lower right one.

  nH 2 O/(M/TiO 2 ) hyd are addressed with the coadsorption energy between the metal and water on the various support surfaces E M,nH 2 O/TiO 2 coads , and the interaction energy between the metal and water through the support E M-nH 2 O int . All these DFT+U energies are given in kJ.mol -1 .
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 46 Figure 4.6 -Thermodynamic analysis for the coadsorption of Au ((a), (b)) and Cu ((c), (d)) atoms on stoichiometric ((a), (c)) and reduced ((b), (d)) TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surfaces, obtained from DFT+U calculations. The coadsorption Gibbs free energies ∆G coads (meV.Å -2 ) have been plotted as a function of the temperature (K), for partial pressure of water and molecular oxygen corresponding to ultra-high vacuum. The reference system (zero reference in free energy, horizontal black lines) is for each case the bare stoichiometric TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surface. Each color corresponds to a specific hydration rate: black to non-hydrated, green = 1 (OH + H), blue = 2 (OH + H), red = 3 (OH + H) and orange = 4 (OH + H). The full lines are related to coadsorption phases between metallic atoms and water, whereas the dashed lines are associated with only surface hydration (no metal). The colored areas illustrate the most stable coadsorption phases when the temperature increases.
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 47 Figure 4.7 -Lateral and top views of Au adsorption structures on hydrated stoichiometric ((a) and (b)) and surface reduced ((c) and (d)) TiO 2 (110) surfaces. The most stable coadsorption structures between Au and water exhibit two dissociated H 2 O molecules (see the pictures in the dotted white line rectangles of (b) and (d) for zoomed illustrations of (a) and (c)). The definitions of the used supercells appear with full white line rectangles in (b) and (d).

  Figure 4.6 (b), the most stable coadsorption phase up to ∼ 230 K is composed of two dissociated water molecules and an Au atom upon O v (presented in Figures 4.

7

 7 

  (c) and (d))

  Figure 4.6 (d) shows that the doubly hydrated coadsorption phase depicted in Figures 4.8

  (
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 48 Figure 4.8 -Lateral and top views of Cu adsorption structures on hydrated stoichiometric ((a) and (b)) and surface reduced ((c) and (d)) TiO 2 (110) surfaces. The most stable coadsorption structures between Cu and water exhibit one dissociated H 2 O molecule on the stoichiometric support and two molecules on the surface reduced termination (see the pictures in the dotted white line rectangles of (b) and (d) for zoomed illustrations of (a) and (c)). The definitions of the used supercells appear with full white line rectangles in (b) and (d).
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 51 Figure 5.1 -(a) tridimensional mesh of atomic positions in the truncated octahedron M 79 . The three positions that are not similar by symmetry in the yellow outer shell are presented with black circles in a 1 , a 2 and a 3 . (b) internal truncation showing in purple the inner shell. The two positions that are not similar by symmetry are depicted in a 4 and a 5 .
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 52 Figure 5.2 -Number of initial configurations for Au clusters for the growth model (blue) and number of local minima (red) as a function of the number of atoms.

  initial configurations decreases from 15 to 1. When the atomic positions belonging to the outer shell in the grid begin to be considered, the number of tested initial structures goes from 60 to 42. This systematic search leads to the calculation of 1093 initial and different configurations for Au clusters in the range 1-38 atoms.
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 53 Figure 5.3 -Representation of the bidimensional regime for Au clusters (from 2 to 11 atoms).

Figure 5 . 4 -

 54 Figure 5.4 -Representation of the fluxional regime for Au clusters (from 12 to 25 atoms).

  evolves from one morphology to another one, is called the fluxional regime of Au clusters[START_REF] Gu | Au34-: A fluxional core-shell cluster[END_REF]. Figures 5.5 and 5.6 represent the cage regime for Au particles. In Figure 5.5, one can see Au clusters from 26 to 34 atoms. Those clusters present a cage, depicted in yellow, and an encapsulated central atom in purple. The shapes of such particles are variable: some of them have under-coordinated kinks (Au 26 , Au 27 , Au 29 and Au 34 ), others are quiet regular, showing folded hexagons (Au 30 , Au 31 , Au 32 and Au 33 ) or twisted pentagons (Au 28 ). Concerning the particles shown in Figure 5.6, they take part of the melt-cage regime. This time, three atoms shown in purple belong to the cluster core, surrounded by a cage with atoms in yellow. As in the Figure 5.5, the shapes are variable: one is regular (Au 35 ), three of them show low coordinated external atoms (Au 36 , Au 37 , and Au 38 ).

Figure 5 . 5 -

 55 Figure 5.5 -Representation of the hollow-cage regime for Au clusters (from 26 to 34 atoms). The central atom, that in encapsulated into the cage, is shown in purple.

Figure 5 . 6 -

 56 Figure 5.6 -Representation of the melt-cage regime for Au clusters (from 35 to 38 atoms). The central trimer, that in encapsulated into the cage, is shown in purple.

Figure 5 . 7 -

 57 Figure 5.7 -Plot of the Au clusters average cohesion energy as a function of the size. The energetic enveloppe for the most stable structures is presented in blue, for the least stable ones in red. Four different regimes appear: 2D, 3D fluxional, hollow-cage and melt-cage.
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 58 Figure 5.8 -Diagram showing the energetic balance of growth thermodynamics as a function of the Au cluster size (in blue). The moving average against the particle size is also presented in red.
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 59 Figure 5.9 -Diagram showing the evolution of the average coalescence thermodynamics as a function of the Au cluster size, in order to form Au 38 .
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 510 Figure 5.10 -Number of initial configurations for Cu clusters for the growth model (blue) and number of local minima (red) as a function of the number of atoms.

Figure 5 . 11 -

 511 Figure 5.11 -Representation of the bidimensional regime for Cu clusters (from 2 to 6 atoms).
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 512 Figure 5.12 -Representation of the biplanar regime for Cu clusters (from 7 to 13 atoms).

and 5. 14 ,

 14 the semi-crystalline regime for Cu clusters is depicted: from 14 to 25 atoms (Figure 5.13, pseudo-octahedral) and from Cu 26 to Cu 38 (Figure 5.14, pseudoicosahedral). Few of them presents under coordinated atoms, such as Cu 14 , Cu 26 and Cu 27 .For clusters from 14 to 25 atoms, the fcc packing is recognizable, especially for Cu 15 -Cu 21 , while for bigger particles this pattern is not found. In fact, in Figure5.14, many of the clusters show pentagons in their outer shell, that are evidenced in yellow lines (from Cu 26 to Cu 31 , and from Cu 34 to Cu 38 ).
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 513 Figure 5.13 -Representation of the semi-crystalline pseudo-octahedral regime for Cu clusters (from 14 to 25 atoms).

Figure 5 . 14 -

 514 Figure 5.14 -Representation of the semi-crystalline pseudo-icosahedral regime for Cu clusters (from 26 to 38 atoms). Pentagon shapes are evidenced in yellow lines (from Cu 26 to Cu 31 , and from Cu 34 to Cu 38 ).
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 515 Figure 5.15 -Plot of the Cu clusters average cohesion energy as a function of the size. The energetic enveloppe for the most stable structures is presented in blue, for the least stable ones in red. Three different regimes appear: 2D, biplanar and semi-crystalline pseudo-octahedral and pseudo-icosahedral regimes.
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 516 Figure 5.16 -Diagram showing the evolution of the growth thermodynamics as a function of the Cu cluster size (in blue). The moving average against the particles size is also presented in red.
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 517 Figure 5.17 -Diagram showing the evolution of the average coalescence thermodynamics as a function of the Cu cluster size, in order to form Cu 38 .
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 61 Figure 6.1 -Unit cells of pure Cu, Au bulks and alloy Cu 3 Au, CuAu and Au 3 Cu bulk alloys, the composition x ranging from 0 to 1.

Figure 6 . 2 -

 62 Figure 6.2 -Evolution of the numbers N b (M 1 -M 2 ) of Au-Au (or Pt-Pt) (blue curve), Cu-Cu (or Ni-Ni) (red curve) and Au-Cu (or Pt-Ni) (green curve) chemical bonds, normalized per atom, in the bulks of AuCu and PtNi ordered and regular alloys, against the chemical composition x(M) (the total number of bonds always being 12, whatever the composition). Those numbers are effectively calculated for 11 f cc alloys: AuCu 124 (model of infinite dilution for pure Cu), AuCu 63 , AuCu 26 , AuCu 7 , AuCu 3 , AuCu, Au 3 Cu, Au 7 Cu, Au 26 Cu, Au 63 Cu, Au 124 Cu (model of infinite dilution for pure Au) and 11 respectively equivalent PtNi systems. For any other composition x, those numbers are evaluated from a polynomial regression (see the Supporting Information for the parameters of the best fits). In the ranges of composition, [0 -0.25] and [0.75 -1], N b (Au-Au) (or Pt-Pt) and N b (Cu-Cu) (or Ni-Ni) are respectively set to zero strictly, instead of the polynomial fits slightly oscillating around this value (dotted blue and red curves, respectively).

  With our definition of the chemical composition x for AuCu and PtNi nanoalloys, N b (Au-Au) and N b (Pt-Pt) are identical, as well as N b (Cu-Cu) and N b (Ni-Ni), and finally N b (Au-Cu) and N b (Pt-Ni).
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 63 Figure 6.3 -Evolution of the metal-metal distance (Å) and the volume (Å 3 ) of the bulks of pure Au, Cu, Pt, Ni metals and AuCu, PtNi alloys. The trends are monotonous and slightly deviate from the Vegard's law. The parameters of the polynomial fits are also indicated in each case.
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 64 Figure 6.4 -Evolution of the bonding energies E b (M 1 -M 2 ) (eV) of Au-Au (blue curve), Cu-Cu (red curve) and Au-Cu (green curve) chemical bonds, in the bulks of AuCu ordered and regular alloys, against the chemical composition x(M). Those energies are effectively calculated for 11 f cc alloys (see caption of Figure 6.2). For any other composition x, they are evaluated from a polynomial regression (see the Supporting Information for the parameters of the best fits). E b (Au-Au) and E b (Cu-Cu) (pure metallic bonds) evolve monotonously against composition, at the opposite of Ẽb (Au-Cu) which stands as the non-additive term of the model. For a bulk alloy close to Au 7 Cu stoichiometry (x 0 = 0.866), Au-Au and Cu-Cu bonds have an equivalent strength.
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 65 Figure 6.5 -Evolution of the bonding energies E b (M 1 -M 2 ) (eV) of Pt-Pt (blue curve), Ni-Ni (red curve) and Pt-Ni (green curve) chemical bonds, in the bulks of PtNi ordered and regular alloys, against the chemical composition x(M). Those energies are effectively calculated for 11 f cc alloys (see caption of Figure 6.2). For any other composition x, they are evaluated from a polynomial regression (see the Supporting Information for the parameters of the best fits). E b (Pt-Pt) and E b (Ni-Ni) (pure metallic bonds) evolve monotonously against composition, at the opposite of Ẽb (Pt-Ni) which stands as the non-additive term of the model. For a bulk alloy close to PtNi 2 stoichiometry (x 0 = 0.336), Pt-Pt and Ni-Ni bonds have an equivalent strength.
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 66 Figure6.6 -Optimal geometries of ordered AuCu bimetallic nanoparticles belonging to the families of crystalline mixed nanoalloys (center) and non-crystalline core-shell clusters (right-hand side). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms). For the crystalline mixed nanoparticles, the initial composition x (75 at.%, 50 at.% and 25 at.%), arrangement and structure are resulting from the well-known AuCu 3 , AuCu and Au 3 Cu bulk alloys. When several configurations are possible for one composition and size, the optimal structure of the most stable bimetallic nanoparticle is shown (minimal surface energy). For the non-crystalline core-shell nanoparticles, the shell is one-layer thick and is purely composed of a first metal and the remaining inner part defines the cluster core composed of the second metal. The relaxed geometries of monometallic Au and Cu nanoparticles coming from the 7 possible shapes are also addressed (compositions of 0 at.% and 100 at.%).
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 67 Figure 6.7 -Evolution of the average surface metal-metal distance dsur f (M-M) (Å) against the chemical composition x for pure Au, Cu and bimetallic AuCu nanoparticles. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 68 Figure 6.8 -Evolution of the nanocluster surface area A (Å 2 ) against the chemical composition x for pure Au, Cu and bimetallic AuCu nanoparticles. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 611 Figure 6.11 -Stability diagram for ordered AuCu bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2) is plotted against the chemical composition x. The points related to a specific shape and size (rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF], o[START_REF] Manzoor | Endohedrally doped gold nanocages: efficient catalysts for O 2 activation and CO oxidation[END_REF], co[START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF], tt[START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF], ito[START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF], tt[START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF], rto[START_REF] Hohenberg | Inhomogeneous electron gas[END_REF], as presented in Figure6.6) are drawn with different colors. Seven linear trends are obtained for each morphology and size, when the most stable bimetallic nanoparticles (minimal surface energy) are retained for each composition (large colored circles). Those correlations are defined as composition-stability relations. The corresponding regression coefficients R 2 are indicated in each case. The metastable bimetallic nanoparticles (not considered in the linear trends) thus appear with small colored circles. The extension of the different families of bimetallic nanoparticles over the ranges of composition are also depicted on the bottom part of the figure.
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 612 Figure 6.12 -Stability diagram for ordered AuCu bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2 ) is plotted against the chemical composition x. The points related to a specific chemical ordering are drawn with different colors: pure Au and Cu nanoclusters in black; crystalline mixed AuCu nanoparticles in blue (AuCu 3 ), green (AuCu) and purple (Au 3 Cu); non-crystalline core-shell in red; non-crystalline partially mixed skin-(heart) in orange and (skin)-heart in brown.
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 613 Figure 6.13 -Stability diagram for ordered AuCu bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2) is plotted against the chemical composition x. The envelopes of the most stable isomers have been reported together with the linear trends exposed in Figure6.11. Each specific shape and size is recalled. The points related to a specific chemical ordering are drawn with different colors, likewise in Figure6.12: pure Au and Cu nanoclusters in black; crystalline mixed AuCu nanoparticles in blue (AuCu 3 ), green (AuCu) and purple (Au 3 Cu); non-crystalline core-shell in red; non-crystalline partially mixed skin-(heart) in orange and (skin)-heart in brown.
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 614 Figure 6.14 -Composition diagram of the most stable isomers in the AuCu bimetallic nanoclusters (x opt (NP)) as a function of the ideal composition (x ideal (bulk)) in the corresponding AuCu bulk. The colored areas show regions where the nanoparticle tends to enrich itself in Au (yellow area) or in Cu (purple area).In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 618 Figure 6.18 -Evolution of the average surface metal-metal distance dsur f (M-M) (Å) against the chemical composition x for pure Pt, Ni and bimetallic PtNi nanoparticles. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 619 Figure 6.19 -Evolution of the average net spin polarization per Ni atom in the PtNi nanocluster M(Ni at. ) (µ B ) against the chemical composition x for pure Pt, Ni and bimetallic PtNi nanoparticles. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 620 Figure 6.20 -Evolution of the nanocluster surface area A (Å 2 ) against the chemical composition x for pure Pt, Ni and bimetallic PtNi nanoparticles. In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 621 Figure 6.21 -Stability diagram for ordered PtNi bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2) is plotted against the chemical composition x. The points related to a specific shape and size (rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF], o[START_REF] Manzoor | Endohedrally doped gold nanocages: efficient catalysts for O 2 activation and CO oxidation[END_REF], co[START_REF] Hannu Häkkinen | On the electronic and atomic structures of small aun-(n = 4-14) clusters: A photoelectron spectroscopy and density-functional study[END_REF], tt[START_REF] Liao | Structure, bonding, and linear optical properties of a series of silver and gold nanorod clusters: Dft/tddft studies[END_REF], ito[START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF], tt[START_REF] Giordano | Cu, Ag, and Au atoms adsorbed on TiO 2 (110): cluster and periodic calculations[END_REF], rto[START_REF] Hohenberg | Inhomogeneous electron gas[END_REF], as presented in Figure6.6) are drawn with different colors. Seven linear trends are obtained for each morphology and size, when the most stable bimetallic nanoparticles (minimal surface energy) are retained for each composition (large colored circles). Those correlations are defined as composition-stability relations. The corresponding regression coefficients R 2 are indicated in each case. The metastable bimetallic nanoparticles (not considered in the linear trends) thus appear with small colored circles. The extension of the different families of bimetallic nanoparticles over the ranges of composition are also depicted on the bottom part of the figure.
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 622 Figure 6.22 -Stability diagram for ordered PtNi bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2 ) is plotted against the chemical composition x. The points related to a specific chemical ordering are drawn with different colors: pure Pt and Ni nanoclusters in black; crystalline mixed PtNi nanoparticles in blue (PtNi 3 ), green (PtNi) and purple (Pt 3 Ni); non-crystalline core-shell in red; non-crystalline partially mixed skin-(heart) in orange and (skin)-heart in brown.
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 623 Figure 6.23 -Stability diagram for ordered PtNi bimetallic nanoparticles. The nanoparticle surface energy Γ (meV.Å -2 ) is plotted against the chemical composition x. The envelopes of the most stable isomers have been reported together with the linear trends exposed in Figure 6.21. Each specific shape and size is recalled. The points related to a specific chemical ordering are drawn with different colors, likewise in Figure 6.22: pure Pt and Ni nanoclusters in black; crystalline mixed PtNi nanoparticles in blue (PtNi 3 ), green (PtNi) and purple (Pt 3 Ni); non-crystalline core-shell in red; non-crystalline partially mixed skin-(heart) in orange and (skin)-heart in brown.
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 624 Figure 6.24 -Composition diagram of the most stable isomers in the PtNi bimetallic nanoclusters (x opt (NP)) as a function of the ideal composition (x ideal (bulk)) in the corresponding PtNi bulk. The colored areas show regions where the nanoparticle tends to enrich itself in Pt (yellow area) or in Ni (purple area). In the range 0.8 -1.8 nm, 7 different shapes of convex and regular polyhedra (left-hand side) have been considered: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).
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 625 Figure 6.25 -Comparative analysis of the nanoparticle surface energy Γ (black, meV.Å -2 ) and the coordination loss of metallic surface atoms (with respect to bulk) normalized per nanoparticle surface area ∆N b (%.Å -2 ), as a function of the number of atoms N, for all the monometallic Au, Cu, Pt and Ni nanoclusters in the range 0.8 -1.8 nm. The total loss ∆N b (tot) (orange, %.Å -2 ) is decomposed into three components: the partial loss resulting from the nanoparticle corners (or polyhedron vertices) ∆N b (v) (blue, %.Å -2 ), the one coming from the nanoparticle atoms at the edges (or polyhedron edges) ∆N b (e) (red, %.Å -2 ) and that related to the nanoparticle atoms belonging to the various facets (or polyhedron centers) ∆N b (c) (green, %.Å -2 ). In all the cases, the trends in surface energy are remarkably captured by those of the coordination loss at the nanoparticle edges ∆N b (e).
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 626 Figure 6.26 -Comparative analysis of the slopes (γ in meV.Å -2 ) resulting from the linear regressions based on DFT nanoparticle surface energies (see Figures 6.11and 6.21 of the article and Table6.3) and those evaluated rapidly with the analytical model exposed in Eq. 6.15. The slopes are plotted against the nanoparticle size (N, number of atoms). The comparison is developed for AuCu bimetallic nanoclusters (left) and for PtNi nanoalloys (right).

  Figure 6.26 -Comparative analysis of the slopes (γ in meV.Å -2 ) resulting from the linear regressions based on DFT nanoparticle surface energies (see Figures 6.11and 6.21 of the article and Table6.3) and those evaluated rapidly with the analytical model exposed in Eq. 6.15. The slopes are plotted against the nanoparticle size (N, number of atoms). The comparison is developed for AuCu bimetallic nanoclusters (left) and for PtNi nanoalloys (right).
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 71 Figure 7.1 -(a) Top and (b) side views for (6 × 3) supercell for the stoichiometric TiO 2 (110) support. The considered slab is composed of 3 Ti 2 O 4 trilayers. Ti atoms are represented in blue, O in red.

NP/TiO 2 deposition

 2 >, is based on the first one, normalized by the number of bonds between the nanoparticle and the TiO 2 (N NP-TiO 2 b

NP/TiO 2 deposition

 2 and < ∆E NP/TiO 2 deposition >, respectively), nanoparticle deformation energy (∆E NP de f orm ), TiO 2 relaxation energy (∆E TiO 2 de f orm ), total and normalized interaction energy between the nanoparticle and the support (∆E NP * /TiO 2 * interaction and < ∆E NP * /TiO 2 * interaction >, respectively) are presented in Tables 7.1 and 7.2.

AuCu 3

 3 CuSkin-Heart (SH) nanoparticles on the rutile stoichiometric TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support.
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 72 Figure 7.2 -Representation of rto(38) Au Au (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Au in yellow.
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 73 Figure 7.3 -Representation of Au 38 from the growth model presented in Chapter 5 (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Au in yellow (outer shell) and purple (inner shell in (a) and (b)).
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 74 Figure 7.4 -Representation of rto(38) Cu Cu (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Cu in dark orange.
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 75 Figure 7.5 -Representation of Cu 38 from the growth model presented in Chapter 6 (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Cu in dark orange.
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 76 Figure 7.6 -Representation of rto(38) Cu Au Core-Shell nanoparticle (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Au in yellow and Cu in dark orange.

Figure 7 . 7 - 3 AuCu 3

 7733 Figure 7.7 -Representation of rto(38) AuCu 3 AuCu 3 Regular Alloyed nanoparticle (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also drawn with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Au in yellow and Cu in dark orange.

Figure 7 . 7

 77 (a)) came back in the nanoparticle surface plan (Figure 7.7 (b)) after the geometric optimization. In the relaxed nanoparticle, one can see at the bottom of the Figure 7.7 (b) that the square facet has been deformed. The deformation energy of the nanoparticle in that case is one of the highest in this study (68 kJ.mol -1 ). The deposition of the rto(38) AuCu3
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 78 Figure 7.8 -Representation of rto(38) Au 3 Cu Cu Skin-Heart nanoparticle (a) before and (b) after deposition on the rutile stoichiometric TiO 2 (110) support. The deposited nanoparticle is also pictured with (c) top and (d) lateral views. Ti atoms are represented in blue, O in red, Au in yellow and Cu in dark orange.

  (a), (b) and 7.5 (a), (b), as rto(38) Cu

  (a), (b) and 7.8 (a), (b) respectively). However, their deformation energies are in the same range (from 43 to 68 kJ.mol -1 , see Table
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 79 Figure 7.9 -Diagram showing the evolution between the deposition energy of a nanoparticle as a function of its net interaction energy (both in kJ.mol -1 ).
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 710 Figure 7.10 -Diagram showing the evolution between the average deposition energy of a nanoparticle as a function of its net average interaction energy (both in kJ.mol -1 ).

Figure 7 . 11 -

 711 Figure 7.11 -Comparison between the nucleation, growth, coalescence and deposition energetics (in kJ.mol -1 ) for both pure Au 38 and Cu 38 nanoparticles. Those energies are extracted for Chapters 3, 5 and 7.

  nanoparticles. Considering the rto(38) AuCu 3 Cu skin-heart nanoparticle, some facets are different from each

Figure 8 . 1 - 3 AuCu 3 3

 81333 Figure 8.1 -Definition of the CO top (circles) and hollow (triangle) adsorption sites for each studied nanoparticle: crystalline rto(201) Au Au and rto(201) Cu Cu , rto(38) Au Au and rto(38) Cu Cu , rto(38) AuCu 3 AuCu 3 regular alloyed, non-crystalline rto(38) Cu Au core-shell and rto(38) AuCu 3 Cu skin-heart nanoparticles.

Figure 8 . 2 - 6 × 9 + 3

 82693 Figure 8.2 -Definition of the generalized coordination number for three typical adsorption sites on a (111) facet: (a) top, (b) bridge and (c) hollow sites. The first layer is in purple, the second one in blue. The metallic atoms involved in the adsorption site are colored in red, their neighbors in the first layer are depicted in pink, and their neighbors in the second layer in green.

Figure 8 . 3 ,

 83 are depicted the top positions at the surface of the rto(201) nanoparticle. Each color represents a different site, with a different CN(top). Referring to Figure 8.3, one can remark that for a top site, the generalized coordination number varies from 4.3 to 7.5.
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 83 Figure 8.3 -Definition of the generalized coordination numbers CN(top) for top sites at the surface of a rto(201) nanoparticle, for both hexagonal (HF) and square facets (SF).

Figure 8 . 4 -

 84 Figure 8.4 -Evolution of the average Au-C distances as a function of the generalized coordination number for both top (blue diamonds) and bridge (red squares) CO adsorption sites on rto(201) Au Au nanoparticle.
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 85 Figure 8.5 -Best adsorption sites of CO on rto(201) Au Au nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (h) the less stable. Au atoms are depicted in yellow, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.
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 86 Figure 8.6 -Best adsorption sites of CO on rto(38) Au Au nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (c) the less stable. Au atoms are depicted in yellow, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.
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 87 Figure 8.7 -Plot showing ∆E ads as a function of the generalized coordination number for the adsorption of CO on rto(201) Au Au and rto(38) Au Au nanoparticle. For each point presented in this graph, the corresponding structure has been recalled. Red circles correspond to CO adsorption structures on rto(38) Au Au , blue circles on rto(201) Au Au . Those structures are depicted in Figure 8.5 for rto(201) Au Au and Figure 8.6 for rto(38) Au Au .
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 88 Figure 8.8 -Best adsorption sites of CO on rto(201) Cu Cu nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (i) the less stable. Cu atoms are depicted in dark orange, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.
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 89 Figure 8.9 -Plot showing ∆E ads as a function of the generalized coordination number for the adsorption of CO on rto(201) Cu Cu nanoparticle. For each point presented in this graph, the corresponding structure has been recalled. Those structures are depicted in Figure 8.8.

Figure 8 . 10 - 3 AuCu 3

 81033 Figure 8.10 -Best adsorption sites of CO on rto(38) AuCu 3 AuCu 3 Regular Alloyed nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (g) the less stable. Au atoms are depicted in yellow, Cu in dark orange, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.
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 811 Figure 8.11 -Best adsorption sites of CO on rto(38) Cu Au Core-Shell nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (h) the less stable. Au atoms are depicted in yellow, Cu in dark orange, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.
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 812 Figure 8.12 -Best adsorption sites of CO on rto(38) Cu AuCu 3 Skin-Heart nanoparticle. The adsorption sites have been classified in order of stability with (a) the most stable and (f) the less stable. Au atoms are depicted in yellow, Cu in dark orange, C in black and O in red. The hexagonal (HF) and square facets (SF) are recalled in all the structure in order to help the readability.

Figure 9 . 1 -

 91 Figure 9.1 -Representation of the considered interfacial adsorption sites for CO molecule on the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. 8 top sites were tested, on the right half of the particle. On the middle and right panels, the considered adsorption sites on the second and the first layer are marked with color circles and a number has been attributed for each position. To help the readability, in those cases, the atoms of the top layers of the Au nanoparticle have been masked in the structures in (b) and (c). Au atoms are depicted in yellow, Ti in blue, O in red and H in white.

  , in eV), Au-C mean distances (in Å) and Au-C-O angle (in • ) for each tested adsorption site on rto(38) Au Au nanoparticle deposited on a cluster of stoichiometric rutile TiO 2 (110). The initial and final adsorption sites have been recalled. The line in red font represents the most stable CO adsorption position.

Figure 9 . 2 -

 92 Figure 9.2 -(a) Top and (b), (c) side views of the CO adsorption on the site 1 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 3 -

 93 Figure 9.3 -(a) Top and (b), (c) side views of the CO adsorption on the site 2 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 4 -

 94 Figure 9.4 -(a) Top and (b), (c) side views of the CO adsorption on the site 3 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 5 -

 95 Figure 9.5 -(a) Top and (b), (c) side views of the CO adsorption on the site 4 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

3

  of the deposited rto(38) Au Au nanoparticle. One can see, referring to Figure 9.4 (a), that the molecule is not bended. Indeed, looking at Table 9.1, the Au-C-O angle is close to 180 • (171.0 • ). Considering the lateral view in Figure 9.4 (b), the CO molecule seems parallel to the support surface, and bonded to a kink atom. The nanoparticle morphology has not changed during the relaxation path.

Figure 9 . 6

 96 presents the top (a) and lateral ((b) and (c)) views regarding the adsorption structure of the CO molecule on the most stable adsorption site. In Figure 9.6 (a), one can see that the molecule has not been deformed by the adsorption process. Looking at Figure 9.6 (b), the CO points up. This behavior may be favorable for the adsorption strength.

Figure 9 . 6 -

 96 Figure 9.6 -(a) Top and (b), (c) side views of the CO adsorption on the site 5 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 7 -

 97 Figure 9.7 -(a) Top and (b), (c) side views of the CO adsorption on the site 6 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. CO has diffused to a bridging position. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 8

 98 shows how the CO chemisorbed on the position 7 has diffused to a bridge site. CO is chemisorbed over an atom of the first layer and a kink atom of the second layer and points through the vacuum. During the adsorption path, the bonding Au atom of the first layer has been extracted from the nanoparticle by the adsorbate. The deformation occured mostly in the O2C rows direction of the support.At last, Figure9.9 shows both top and lateral views of the diffused CO on the deposited Au nanoparticle. The molecule points out towards the vacuum. It has diffused

Figure 9 . 8 -

 98 Figure 9.8 -(a) Top and (b), (c) side views of the CO adsorption on the site 7 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. CO has diffused to a bridging position. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

Figure 9 . 9 -

 99 Figure 9.9 -(a) Top and (b), (c) side views of the CO adsorption on the site 8 of the rto(38) Au Au nanoparticle supported on a cluster of stoichiometric rutile TiO 2 (110) support. CO has diffused to a bridging position. Au atoms are depicted in yellow, Ti in blue, C in black, O in red and H in white.

  Nucléation, Croissance et Morphologie de Nanoparticules d'Or et d'Or-Cuivre sur Support Rutile par la Théorie de la Fonctionnelle de la Densité Résumé Dans cette étude, la nucléation, la croissance, la morphologie et la réactivité de nanoparticules Au, Cu et AuCu sont examinées sur support rutile TiO 2 (110) stoechiométrique, réduit et hydraté. En premier lieu, la nucléation a été modélisée via l'adsorption et la diffusion d'atomes Au et Cu, à l'aide de calculs de type théorie de la fonctionnelle de la densité (DFT), et de diagrammes d'énergie libre en condition réaliste. Les résultats DFT+U ont montré le rôle promoteur des espèces hydroxyles en surface sur la nucléation, en accord avec les mesures expérimentales de microscopie STM. Ensuite, les propriétés thermodynamiques de croissance et de coalescence de clusters Au et Cu (de 1 à 38 atomes) ont été étudiées par une approche systématique qui a déterminé précisément la stabilité relative d'un grand nombre de structures, tout en soulignant la différence de compétition nucléation/croissance entre les deux métaux. Pour des tailles de particules comprises entre 38 et 201 atomes, et des morphologies variées, la stabilité absolue d'agrégats purs Au et Cu et de nanoalliages AuCu a été évaluée à l'aide de calculs d'énergie de surface. Cette approche a révélé l'existence de relations linéaires entre composition chimique et stabilité. Enfin, la réactivité de nanoparticules Au, Cu et AuCu a été examinée suivant deux aspects : le dépôt de clusters de 38 atomes sur support rutile stoechiométrique, et l'adsorption du monoxyde de carbone à l'interface entre le métal et le support. Cette adsorption est une étape clé pour la réaction d'oxydation du CO ; un procédé important en catalyse hétérogène.

  

  

  

  

  

Table 1 .

 1 

	Support	Stoichiometric	Surface reduced
	GGA-Method	Site	∆E ads	Site	∆E ads
	PBE [5]	Top Ti5C	0.61	O v	1.14
	PBE, rPBE [30]	Br O2C-Ti5C	0.35	Top Ti5C	1.31
	PBE [157]	Top Ti5C	0.38	Top Ti5C	0.95
	PW91 [108]	Br Ti5C-Ti5C	0.6	O v	2.78
	PW91 [158]	Br O2C-Ti5C	0.45	O v	2.47
	PBE [159]	Top Ti5C	0.103	O v	1.904
	PBE [160]	Br O2C-Ti5C	0.55	O v	2.18
	PBE [161]	Br O2C-O2C	0.6	-	-
	PW91 [162]	Br O2C-Ti5C	0.45	O v	1.81
	PBE [163]	-	-	O v	2.54
	PBE+U, U=4.2 eV [19] Br O2C-Ti5C	0.58	O v	1.54
	PBE+U, U=4.2 eV [20] Br O2C-Ti5C	-	O v	-
	PBE+U, U=5.8 eV [18]	Top O2C	1.02	O v	2.55
	Exp. [164, 165]		0.52		

1 -Adsorption energies (∆E ads ) (eV) for Au atom on stoichiometric and surface reduced TiO 2

[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] 

supports. In this table, one can find several previously published results, using various GGA functionals and DFT+U methods. The experimental value is also recalled. In all the cases, the energies of the most stable adsorption sites (top, bridge noted Br and oxygen vacancy noted O v ) have been addressed.

Table 1 . 2 -

 12 Adsorption energies (∆E ads ) (eV) for Cu atom on stoichiometric TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] support. In this table, one can find previously published results, using various GGA functionals and DFT+U methods. In all the cases, the energies of the most stable adsorption sites (bridge noted Br and oxygen vacancy noted O v ) have been addressed.

	Support	Stoichiometric	Surface reduced
	GGA-Method	Site	∆E ads Site	∆E ads
	PW91 [180]	Br O2C-O2C	2.39	-	-
	PBE [161]	Br O2C-O2C	2.58	-	-
	PBE+U, U=5.8 eV [18] Br O2C-O2C	2.75	O v	1.92

1.4 Cu Adsorption on Rutile TiO 2

[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] 

  .2(a)): the minimum at -213 kJ.mol -1 corresponding to a top position above the oxygen vacancy

	Adsorbate			Au	
	Support	Stoichiometric	Reduced
				Red	sRed
	Method	UGGA UGGA+U	UGGA+U
	Structure				
	Top Ti5C	-33 (s)	-29 (s)	-120 (s * x ) -125 (m)
	Top O2C	-33 (s)	-20 (s * x )	-118 (s)	-24 (s)
	Br Ti5C-O2C	-40 (m)	-46 (m)	(u)	(u)
	Br O2C-O2C	-13 (s)	-18 (s)	1 (s * y )	-11 (s)
	Br O3C-O3C	-25 (s)	-26 (s * y )	-87 (s)	-90 (s * y )
	Top Vacancy	-	-	-213 (m) -17 (s * x )
	Exp. [164, 165]		49.8	
	Table 3.1 -Adsorption energies (kJ.mol -1 ) for Au atom on the stoichiometric, surface reduced (Red) and
	sub-surface reduced (sRed) TiO 2 (110) supports. Two differents methods have been considered: unrestricted
	GGA formalism for Au on the stoichiometric support and unrestricted GGA+U method in all the cases. All
	the geometries of the stationary points obtained in the PEMs (see Figures 3.1-3.3,3.6) have been completely
	relaxed afterwards and the corresponding adsorption energies reported in this table. There exist two types
	of structures: top and bridge (Br). All the adsorption sites are defined in Figures 3.1-3.3,3.6. The station-
	ary points can be local minima (m) or N-order saddle-points (s). Saddle-points used to calculate diffusion
	activation barriers are noted s * . Those connecting local minima along x (y) axis are noted s * x (s * y ).When
	the adsorption structure extracted from the PEMs was unstable during the geometry optimization, the used
	notation is (u).				

Table 3 .

 3 2 -Spin polarization properties for Au and Cu best adsorption structures on stoichiometric, surface reduced (Red) and sub-surface reduced (sRed) TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] supports. The adsorption energy (∆E ads , kJ.mol -1 ) is recalled. The total spin polarization (M, µ B ) is addressed with the spin properties projected on the adsorbates (Au or Cu) and the Ti atoms layer by layer.

Table 3 .

 3 

3 -Adsorption energies (kJ.mol -1 ) for Cu atom on the stoichiometric, surface reduced (Red) and sub-surface reduced (sRed) TiO 2

[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] 

supports. Two differents methods have been considered: unrestricted GGA formalism for Cu on the stoichiometric support and unrestricted GGA+U method in all the cases. All the geometries of the stationary points obtained in the PEMs (see

3.6) 

have been completely relaxed afterwards and the corresponding adsorption energies reported in this table. There exist two types of structures: top and bridge (Br). All the adsorption sites are defined in Figures 3.1

Table 3 .

 3 

	Adsorbate		Au			Cu	
	Support	Stoichiometric	Surface reduced	Stoichiometric
	GGA-Method	Site	∆E ads Site	∆E ads	Site	∆E ads
	This work	Br O2C-Ti5C	0.48	O v	2.21	Br O2C-O2C	1.54
	PW91 [180]	-	-	-	-	Br O2C-O2C	2.39
	PW91 [108]	Br Ti5C-Ti5C	0.6	O v	2.78	-	-
	PW91 [158]	Br O2C-Ti5C	0.45	O v	2.47	-	-
	PBE [159]	Top Ti5C	0.103	O v	1.904	-	-
	PBE [160]	Br O2C-Ti5C	0.55	O v	2.18	-	-
	PBE [161]	Br O2C-O2C	0.6	-	-	Br O2C-O2C	2.58
	PW91 [162]	Br O2C-Ti5C	0.45	O v	1.81	-	-
	PBE [163]	-	-	O v	2.54	-	-
	PBE+U, U=4.2 eV [19] Br O2C-Ti5C	0.58	O v	1.54	-	-
	PBE+U, U=4.2 eV [20] Br O2C-Ti5C	-	O v	-	-	-
	PBE+U, U=5.8 eV [18]	Top O2C	1.02	O v	2.55	Br O2C-O2C	2.75
	Exp. [164, 165]		0.52			-	-

5 -Adsorption energies (∆E ads ) (eV) for Au and Cu atoms on stoichiometric, surface reduced TiO 2

[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] 

supports. In this table, our PBE+U values are reported and compared with several previously published results, using various GGA functionals and DFT+U methods. The experimental value is also recalled. In all the cases, the energies of the most stable adsorption sites (top, bridge noted Br and oxygen vacancy noted O v ) have been addressed.

  1, only 7 nanoparticles have grown. From a larger scale image, we have measured a cluster density of 0.02 nanoparticle/nm 2 . As a consequence, grown Cu nanoparticles are bigger. Their mean height is 0.5 nm, which corresponds approximately to 50 atoms for hemispherical nanoparticles. Cu nanoparticles are found to nucleate almost exclusively at step edges and on TiO x clusters. No influence of the vacancies or hydroxyl groups can be found on the nucleation sites. This shows that, at room temperature, O v and OH groups are not efficient for trapping Cu atoms.

Table 4 .

 4 1 -Adsorption energies of Au and Cu atoms on non-hydrated, E stoichiometric and surface reduced TiO 2[START_REF] Yang | Structure and shape variations in intermediate-size copper clusters[END_REF] surfaces (the nature of the metal M varying between Au and Cu, n being the number of dissociated water molecules on the surface). The hydration ener-

	M/TiO 2 ads	, and hydrated,

,

  back to Figures 5.7 and 5.15, one can see that blue curves are tending to a value, that have been estimated -2.5 eV for Au and -2.8 eV for Cu aggregates. A test have been made for larger nanoparticles, to estimate the asymptotic value for both Au and Cu plots. ∆E coh have been calculated for Au 200 , Au 201 , Cu 200 and Cu 201 . For both Au 200 , Au 201 , the cohesion energy is -2.63 eV, while for Cu 200 and Cu 201 this value is -3.06 eV.

Table 6 . 1 -

 61 Parameters of the polynomial fits for the normalized numbers of bonds N b and bonding energies E b

		a 0	a 1	a 2	a 3	a 4	a 5	a 6	a 7	a 8
	N b (Au-Au)	0.0	-3.2	149.8	-1949.9	10559.9	-27797.8	38002.4	-25904.8	6955.7
	N b (Cu-Cu)	12.0	-23.1	474.2	-5206.9	21833.3	-45731.6	51426.9	-29740.4	6955.7
	N b (Au-Cu)	0.0	26.3	-624.0	7156.8	-32393.2	73529.4	-89429.3	55645.3	-13911.3
	E b (Au-Au)	-0.05 -0.58	0.32	0.75	-1.19	0.49	*	*	*
	E b (Cu-Cu)	-0.29 -0.02	0.24	-0.43	0.43	-0.17	*	*	*
	Ẽb (Au-Cu)	-0.25	0.51	-6.25	21.27	-31.41	21.041	-5.19	*	*
	E b (Pt-Pt)	-0.23 -0.78	1.28	-1.45	1.10	-0.37	*	*	*
	E b (Ni-Ni)	-0.40 -0.02	0.27	-0.47	0.44	-0.16	*	*	*
	Ẽb (Pt-Ni)	-0.45 -0.55	4.59	-13.59	18.19	-11.08	2.49	*	*

  .2. In this study, homotops, i.e. disordered bimetallic nanoparticles of equivalent compositions x and alternate geometrical arrangements will not be considered.

	Nanocluster N F rto(38) 14 8 (h22) 6 (s22) N HF N SF o(44) 8 0 0 co(55) 14 0 6 (s33) 8 (t33) 24 12 N TF N e N v 0 36 24 8 (t44) 12 6 tt(68) 8 4 (h33) 0 4 (t33) 18 12 ito(79) 14 8 (h32) 6 (s22) 0 36 24 (24 + 702 A [{s}, {m}, d(x)] (6 + 12 √ 3)(2 d(x)) 2 2 √ 3(4 d(x)) 2 (6 + 2 √ 3)(3 d(x)) 2 (7 √ 3)(3 d(x)) 2 √ 3/11)( d(x)) 2 tt(180) 8 4 (h44) 0 4 (t44) 18 12 (7 √ 3)(4 d(x)) 2
	rto(201)	14 8 (h33) 6 (s33)	0	36 24	(6 + 12

  .6. At the lowest and uppermost size limits, two regular truncated octahedra rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] and rto[START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] have been modeled with 38 and 201 metallic atoms, respectively. They possess 6 square facets composed of 4 and 9 atoms (s22 and s33, for 38 and 201 nanoclusters, respectively) and 8 hexagonal facets, composed of 7 and 19 atoms (h22 and h33, for 38 and 201 nanoclusters,

respectively). One irregular truncated octahedron ito

[START_REF] Mancera | An alternative methodology to assess the quality of empirical potentials for small gold clusters[END_REF] 

has been considered, where the hexagonal facets are irregular with 12 atoms (h32) while the square facets are equivalent to rto(38) (s22). One octahedron o(44), having 8 triangular facets composed of 10 atoms (t44), has been retained in the set, as well as one cuboctahedron co(55) with 6 square facets composed of 9 atoms (s33) and 8 triangular facets with 6 atoms (t33). Two truncated tetrahedra tt(68) and tt(180) have modeled. They possess 4 hexagonal facets with 19 and 37 atoms, respectively (h33 and h44), and 4 triangular facets composed of 6 and 10 atoms, respectively (t33 and t44

  3 )-heart(Au) (i.e. Au 39 Cu 141 , Au 26 Cu 154 , Au 116 Cu 64 and Au 84 Cu 96 nanoparticles in Figures 6.9 and 6.10, respectively). The whole set of explored nanoparticles (7 morphologies and 7 composition families) is composed of almost 200 systems in the range 0.8 -1.8 nm. Once the average metalmetal distance d(x) in the outer shell is calculated on the basis of the relaxed geometries, the surface area of the nanocluster A [{s}, {m}, d(x)] can be evaluated (see Table 6.2). Both functions can be plotted against the chemical composition x and monotonous evolutions are obtained (see Figures 6.7 and 6.8). The final step is the evaluation of the nanoparticle surface energy Γ({s}, {m}, x) which has been exposed against the composition x in Figure 6.11 for each pure Au, Cu and alloy AuCu aggregate. While the points of the pure Au and Cu particles appear at x = 1 and x = 0, respectively, the points related to regular alloy clusters extend in the ranges [0.18 -0.30] for Cu 3 Au, [0.45 -0.55] for AuCu and [0.70 -0.82] for Au 3 Cu composition (see the bottom part of the graphic). The points corresponding to core-shell particles extend in the ranges [0.15 -0.40] for core(Au)-shell(Cu) and [0.60 -0.85] for core(Cu)-shell(Au) systems. Those related to skin-(heart) clusters appear in the ranges [0.03 -0.30] and [0.70 -0.97], whereas the points associated with (skin)-heart particles expand in the range of composition [0.15 -0.85]. In this figure, a specific color has been used for separating the points of the 7 various sizes and morphologies.

Table 6 . 3 -

 63 Parameters of the linear fits (slopes γ, offsets σ and squares of regression coefficients R 2 ) related to the relations between the nanoparticle surface energy Γ and the chemical composition x for both AuCu and PtNi bimetallic nanoparticles, and for each of the 7 considered morphologies and sizes: regular truncated octahedron "rto" (38 and 201 atoms), octahedron "o" (44 atoms), cuboctahedron "co" (55 atoms), truncated tetrahedron "tt" (68 and 180 atoms), irregular truncated octahedron "ito" (79 atoms).

	38)	-17	44	0.910	-12	66	0.837
	o(44)	-42	97	0.913	-35	142	0.909
	co(55)	-28	71	0.898	-20	106	0.891
	tt(68)	-28	65	0.911	-24	96	0.914
	ito(79)	-22	55	0.896	-16	79	0.885
	tt(180)	-30	68	0.864	-24	97	0.887
	rto(201)	-21	53	0.810	-17	77	0.841

Table 7 .

 7 AuCu 3 Regular Alloyed (RA) and rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] 

	(kJ.mol -1 )	∆E deposition NP/TiO 2	∆E NP de f orm	∆E de f orm TiO 2	NP * /TiO 2 interaction Σ∆E de f orm ∆E	*
	System					
	rto(38) Au Au	-201	14	144	158	-360
	Au 38 GM	-1337	53	116	169	-1506
	rto(38) Cu Cu	-493	34	302	336	-829
	Cu 38 GM	-557	127	148	275	-832
	rto(38) Cu Au CS rto(38) AuCu 3 AuCu 3 RA rto(38) AuCu 3 Cu SH	-698 -473 -440	47 68 43	168 200 223	215 268 266	-913 -741 -705
	1 -∆E deposition , ∆E NP NP/TiO 2 de f orm , ∆E de f orm , Σ∆E de f orm and ∆E TiO 2 interaction (in kJ.mol -1 ) for deposited NP * /TiO 2 *
	rto(38) Au Au , Au 38 from our growth model (GM), rto(38) Cu Cu , Cu 38 GM, rto(38) Cu Au Core-Shell (CS), rto(38) AuCu 3 AuCu 3 Cu Skin-Heart (SH) nanoparticles on the rutile stoi-
	chiometric TiO 2 (110) support.				
	(kJ.mol -1 )	< ∆E deposition > < ∆E NP/TiO 2 interaction > N NP * /TiO 2 * b NP-TiO 2
	System					
	rto(38) Au Au		-43	-51		7
	Au 38 GM		-122	-137	11
	rto(38) Cu Cu		-70	-118	7
	Cu 38 GM		-123	-166	5
	rto(38) Cu Au CS rto(38) AuCu 3 AuCu 3 RA rto(38) AuCu 3 Cu SH		-116 -68 -88	-152 -106 -141	6 7 5

Table 7 .

 7 2 -< ∆E

	NP/TiO 2 deposition >, < ∆E interaction > (in kJ.mol -1 ) and N NP * /TiO 2 * b NP-TiO 2	for deposited rto(38) Au Au ,
	Au 38 from our growth model (GM), rto(38) Cu Cu , Cu 38 GM, rto(38) Cu Au Core-Shell (CS), rto(38)	AuCu 3 AuCu 3 Regu-
	lar Alloyed (RA) and rto(38)	

  Au Au and rto(38) Cu Cu over TiO 2

Table 7 .

 7 1. ∆E NP de f orm is four times bigger for the Cu 38 GM nanoparticle (127 kJ.mol -1 vs 34 kJ.mol -1 for Cu 38 GM and rto(38) Cu

  AuCu 3 AuCu 3 regular alloyed, rto(38) Cu Au core-shell and rto(38) AuCu 3

	Cu	skin-heart
	nanoparticles.	

  .1, are exposed the general coordination numbers, adsorption energies and Au-C mean distances for each tested CO adsorption position on rto(38) Au Au and rto(201) Au Au nanoparticles. In the case of CO adsorption on the rto(38) Au Au nanoparticle, there are two values for the adsorption energy. The first one refers to rto(38) Au

  .1, is the one with the lowest CN(i): 4.25 for rto(201) Au Au and 4.00 for rto(38) Au Au . The Au-C distances in those cases are the same for both sizes of nanoparticle (1.96 Å), even if the adsorption strength is different (-0.54 for rto(201) Au Au vs -0.98 eV on rto(38) Au Au ). The least stable structure for rto(201) Au

  energetic reference, the second one referring to Au 38 GM as the thermodynamic reference. When CO initial position on the nanoparticle was not a local minima, the Au-C distance appears with **. The line in red font represents the most stable adsorption position for CO on the rto(201) Au

	Position	Site	CN(i) ∆E ads (eV) ∆E bind (eV) Distance Au-C (Å)
		rto(201) Au Au			
	Top	Center HF	7.50	0.11	-	2.06
	Top	Middle-row HF	6.92	0.04	-	2.05
	Top	Kink	4.25	-0.54	-	1.96
	Top	Center SF	6.33	-0.27	-	1.99
	Top	HF/HF edge	5.00	-0.37	-	1.97
	Top	HF/SF edge	5.17	-0.33	-	1.99
	Bridge	Middle-row -HF/HF edge	5.56	0.02	-	2.14
	Bridge	Middle-row -Kink	5.17	-0.06	-	2.12
	Bridge	Middle-row -HF/SF edge	5.67	-0.02	-	2.13
	Bridge	Center HF -Middle-row	6.94	0.14	-	2.14
	Bridge	Middle-row -Middle-row vs HF	6.67	0.04	-	2.12
	Bridge	Middle-row -Middle-row vs SF	6.67	0.10	-	2.12
	Bridge	Center SF -HF/SF edge	5.50	-0.31	-	2.13
	Bridge	HF/HF edge -Kink	4.44	-0.30	-	2.12
	Bridge	HF/SF edge -Kink	4.39	-0.32	-	2.11
	Hollow fcc	External vs HF	5.95	0.11	-	2.23
	Hollow fcc	External vs SF	5.09	-0.05	-	2.22
	Hollow fcc	Center HF	5.45	0.07	-	**
	Hollow hcp	External vs HF	5.95	-0.28	-	**
	Hollow hcp	External vs SF	5.09	0.14	-	2.27
	Hollow hcp	Center HF	5.45	0.09	-	**
	Hollow	SF	5.50	-0.35	-	**
		rto(38) Au Au			
	Top	Center HF	6.00	-0.46	0.55	2.00
	Top	Kink	4.00	-0.98	0.03	1.96
	Bridge	HF/HF edge	3.67	-0.88	0.13	2.12
	Bridge	HF/SF edge	3.50	-0.95	0.06	2.12
	Bridge	HF	4.50	-0.79	0.23	2.12
	Hollow fcc	HF	3.68	-0.87	0.14	**
	Hollow hcp	HF	4.09	-0.94	0.07	**
	Hollow	SF	2.77	-0.32	0.70	2.44
	Table 8.1 -General coordination number (CN(i)), adsorption energy (∆E ads , in eV) and Au-C mean dis-
	tances (in Å) for each adsorption site on rto(201) Au Au and rto(38) Au Au nanoparticles. In the case of rto(38) Au Au
	nanoparticle, two adsorption energies have been reported: the first one considering the rto(38) Au Au nanopar-
	ticle as the Au and rto(38) Au Au
	nanoparticles. The lines in bold font are the most stable structures that are kept for the energetic analysis
	and depicted in Figures 8.5 and 8.6 for rto(201) Au Au and rto(38) Au Au , respectively.		

  Cu Cu and rto(201) Cu Cu nanoparticles. The lines in bold font represent the best adsorption structures for a generalized coordination number. For the adsorption of CO on both rto(38) Cu Cu and rto(201) Cu Cu nanoparticles, the most stable adsorption site is still the top structure upon the particle's kink atom. The Cu-C distances are the same in those cases (1.85 Å), whereas the adsorption strength are different (-0.99 for rto(38) Cu Cu and -1.58 eV for rto(201) Cu Cu ). Comparing the same type of sites, the Cu-C distances in the case of rto(38) Cu Cu and rto(201) Cu Cu nanoparticles are the same. In the case of Cu particles, one can notice that the adsorption energies are stronger on the rto(201) Cu Cu nanoparticle than on the rto(38) Cu Cu one. Due to the lower stability of the CO adsorption structures upon rto(38) Cu
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 83 Adsorption energy (∆E ads , in eV) and M-C (M= Au, Cu) mean distances (in Å) for each tested adsorption site on rto(38) Skin-Heart nanoparticles. When CO has diffused towards the nanoparticle surface, the M-C distance have not been measured. Those cases are noted **. The lines in red font represent the most stable adsorption position for CO on the rto(38) Skin-Heart nanoparticles. The stable structures that have not diffused are depicted inFigures 8.10, 8.11 and 8.12 for rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] 

	Position	Site	∆E ads (eV) Distance M-C (Å)
		rto(38)	AuCu 3 AuCu 3 Regular Alloyed
	Top	Center HF	-0.40	1.99
	Top	Kink	-1.04	1.84
	Bridge	HF/HF edge	-0.78	1.98
	Bridge	HF/SF edge	-0.99	1.97
	Bridge	HF		-0.90	**
	Hollow fcc	HF		-0.93	2.10
	Hollow hcp	HF		-1.03	2.00
	Hollow	SF		-0.70	2.14
		rto(38) Cu Au Core-Shell
	Top	Center HF	-0.53	1.86
	Top	Kink	-0.93	1.83
	Bridge	HF/HF edge	-0.90	1.96
	Bridge	HF/SF edge	-0.73	1.99
	Bridge	HF		-0.61	1.99
	Hollow fcc	HF		-0.73	2.05
	Hollow hcp	HF		-0.61	2.08
	Hollow	SF		-0.29	2.19
		rto(38) Cu AuCu 3 Skin-Heart
	Top	Center HF Cu	-0.46	1.88
	Top	Kink Au	-0.75	1.97
	Top	Kink Cu	-0.91	1.85
	Bridge	HF/HF edge Au-Cu	-0.85	**
	Bridge	HF/HF edge Cu-Cu	-0.86	1.96
	Bridge	HF/SF edge Au-Cu	-0.88	**
	Bridge	HF/SF edge Cu-Cu	-0.93	1.97
	Bridge	HF Au-Cu	-0.42	**
	Bridge	HF Cu-Cu	-0.87	**
	Hollow fcc	HF Au-Cu 2	-0.89	**
	Hollow fcc	HF Cu 3	-0.79	**
	Hollow hcp	HF Au-Cu 2	-0.38	**
	Hollow hcp	HF Cu 3	-0.88	**
	Hollow	SF Au 2 -Cu 2	-0.82	**
	Hollow	SF Cu 4	-0.83	2.13
	AuCu 3 AuCu 3 Regular Alloyed, rto(38) Cu Au Core-Shell and rto(38) Cu AuCu 3 AuCu 3 AuCu 3 Regular Alloyed, rto(38) Cu Au Core-Shell and rto(38) Cu AuCu 3 AuCu 3
	Regular Alloyed, rto(38) Cu Au Core-Shell and rto(38) Cu AuCu		AuCu 3

[START_REF] Maeda | Size and density of Au particles deposited on TiO 2 (110)-(1x1) and cross-linked (1x2) surfaces[END_REF] 

Skin-Heart nanoparticles, respectively.

  .1 are exposed the binding and adsorption strengths of CO on the rto(38)Au Au and rto[START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] Au Au . The first remarkable trend is that the CO binding energies are more stabilizing in the case of the rto[START_REF] Langel | Car-parrinello simulation of H 2 O dissociation on rutile[END_REF] Au Au nanoparticle (from -0.98 to -0.32 eV for rto(38) Au Au and -0.54 -+0.14 eV for rto(201) Au Au ). In both cases, the more stabilizing adsorption site is the top position over kink atom. Whatever the size of the nanoparticle, the three-and four-fold coordinated sites are either diffusing during the optimization path or metastable. Comparing now the adsorption structures on the rto(38) Au Au and rto(201) Au Au nanoparticles (see Figures 8.5 and 8.6, respectively), it is remarkable that Au nanoparticles can deform more easily at a sub-nanometer size. In Figure8.6 (c), the center Au atom of the hexagonal facet remains bonded to 3 Au atoms, instead of 9 at the beginning of the optimization. However, the adsorption of CO on the rto[START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] particle is also extracting Au atoms from the facets, more slightly (0.1 -0.2 Å). In Figure8.7, the binding and adsorption energies if the more stable CO adsorption positions are plotted as a function of the generalized coordination numbers. In this graph, the linear correlation is evidenced. Though, the generalized coordination number is shown to be a descriptor that can easily help to determine the most stable adsorption sites on a monometallic nanoparticle. A previous DFT study have been lead on the adsorption of CO on the Au 13 nanoparticle, where CO binds with an energy of 1.24 eV[START_REF] Wells | Gas binding to Au 13 , Au 12 Pd, and Au 11 Pd 2 nanoclusters in the context of catalytic oxidation and reduction reactions[END_REF]. Considering the graph in Figure8.7, the intercept is for an energy of -1.88 eV. The Au 13 cluster relative generalized coordination numbers are under 3.0, so this adsorption value is confirmed by our results. In Table8.2 are recalled the adsorption energies for both rto(38) Cu Cu and rto(201) Cu Cu nanoparticles. The relative energies for the adsorption of CO on the rto(201) Cu Cu nanoparticle are much stronger than on the rto(38) Cu
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 91 Position Initial Final ∆E ads (eV) Distance Au-C (Å) Angle Au-C-O ( • ) Adsorption energy (∆E ads

				Second layer		
	1	top	top	-0.52	2.02	160.1
	2	top	top	-0.91	1.98	171.4
	3	top	top	-0.91	1.97	171.0
	4	top	top	-0.40	2.03	175.0
	5	top	top	-0.95	1.97	174.8
				First layer		
	6	top	bridge	-0.26	2.15	170.3
	7	top	bridge	-0.74	2.05	178.3
	8	top	bridge	-0.85	2.14	179.4

Récemment, la nucléation, la croissance et la morphologie des particules d'or, de cuivre et d'or-cuivre déposées sur support rutile TiO 2 ont été étudiées via de nombreuses techniques, comme la microscopie, la diffraction ou la spectroscopie de surface. Malgré la précision de ces méthodes, il reste toujours des questions ouvertes liées aux mécanismes à l'origine de la croissance des particules, au rôle du support oxyde en synergie avec la particule métallique, à la présence de défauts comme les lacunes d'oxygène en surface et en sous-surface du support, et à l'effet de l'hydratation du support. Ces questions sont d'autant plus vraies pour un système catalytique fonctionnant en condition operando.
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