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ii que les semi-conducteurs incluent TiO2, CdS, ZnO et WO3. [19][20][21] Bien que les matériaux catalyseurs de type métal-semi-conducteur aient été étudiés de manière approfondie en termes de métal [22][23][24][25][26][27][28][29] ou type de semi-conducteur, 21 méthode de synthèse, [30][31] teneur en métal [32][33][34][35][36][37] et structure hybride, [38][39][40] un nombre limité de travaux ont étudié l'effet du nombre de clusters de métaux et de la taille des particules de métal sur les réactions catalytiques. 41- 44 En contrôlant la méthode de thermoréduction et de photoréduction, Menagen a réussi à fabriquer les bâtonnets de CdS avec des décorations en Au, soit avec de multiples points Au sur toute la surface, soit un gros plot d'Au à la pointe. 41 Dinh a suggéré que la population d'argent à la surface de TiO2 puisse être contrôlée par le degré d'hydrophobie occupé par l'acide oléique (AO), les particules d'argent multiples se sont transformées en un plot lors de l'augmentation de l'occupation de l'AO sur la surface de TiO2. 45 Cependant, aucun d'eux n'a encore effectué d'essai de catalyse.

Dans une étude récente, Nakibli a obtenu des bâtonnets CdSe @ CdS décorés de Pt sur lesquels il était capable de contrôler le nombre de points de Pt (un, deux et plusieurs). Il a constaté que, dans le cas d'une réaction multiélectronique telle que la réduction de l'hydrogène, les bâtonnets décorés avec un seul catalyseur de platine étaient plus actifs que les bâtonnets comportant deux points de platine ou de multiples points. 42 L'auteur a souligné l'importance d'un seul catalyseur en corrélation avec le nombre d'électrons impliqués dans le processus. Kalisman, du même groupe de recherche, a même constaté une efficacité de production record photons-hydrogène de 100% pour la réduction photocatalytique par fractionnement de l'eau avec un bâtonnet CdSe @ CdS à une seule extrémité en Pt, alors que le co-catalyseur à double Pt n'atteignait que 58,5%. 43 Figure 1(a) Efficacité quantique photocatalytique pour la demi-réaction de réduction de l'hydrogène obtenue avec les photocatalyseurs nanobâtonnets CdSe @ CdS décorés avec un, deux ou plusieurs sites de réduction du Pt. 42 (b) Efficacité quantique photocatalytique pour la demiréaction de réduction de l'eau obtenue avec les photocatalyseurs nanobâtonnets CdSe @ CdS décorés avec des extrémités de Ni de tailles différentes. 44 a b

iii Outre le nombre de dépôts métalliques sur le semi-conducteur, la taille du cocatalyseur métallique joue également un rôle clé dans l'optimisation des matériaux. 44 Un ensemble de nanobâtonnets CdSe @ CdS décorés de Ni et présentant différentes tailles de pointe ont été examinés et une taille de métal optimale de 5,2 nm a été obtenue. La nature de la jonction entre le semi-conducteur et la nanoparticule métallique est sensible à la taille du composant métallique, comme en témoigne l'activité rapport à la production d'hydrogène, le rendement quantique d'émission et le taux de séparation de charges. 44 Les travaux de Ben-Shahar confirment encore cette idée, montrant que les matériaux hybrides de type CdS-Au avec des pointes d'Au de taille importante, sont plus efficaces pour le transfert d'électrons vers le centre métallique [46][47][48] Pour un autre semi-conducteur TiO2, Oros-Ruiz et al. ont confirmé que la taille des particules d'or déposées sur les particules de TiO2 avait un effet important sur le taux de photodégradation du 4-chlorophénol. 30 Il ressort de ces études que non seulement la taille des nanoparticules métalliques sur les semi-conducteurs, mais également le nombre de ces NPs peuvent constituer un paramètre crucial et que la controverse n'est pas encore terminée dans la littérature. 30,[42][43][44][46][47][48] En ce qui concerne le TiO2 en tant que substrat, outre le brevet de Delville et al. 49 , deux articles concernant la synthèse d'hétérodimères ont été découverts dans la littérature. [50][51] En 2009, Pradhan a préparé des nanoparticules d'hétérodimères de type bonhomme de neige Au-TiO2 par une synthèse sol-gel de surface de TiO2 sur des nanoparticules Janus en or prémodifiées avec deux groupes fonctionnels différents. 50 En 2013, Byeon a affirmé pouvoir synthétiser des hétérodimères ultra-fins Au-TiO2 en utilisant une décharge étincelle hétérogène ambiante 51 même si les illustrations fournies ne semblent pas convaincantes.

Dans cette thèse, en utilisant TiO2 comme substrat semi-conducteur, nous introduisons ici une méthode de photodéposition utilisant un faisceau laser focalisé comme source de lumière, pour générer des structures Janus de type M-TiO2 (M = Ag, Pd, Au) avec un seul point métallique par NP de TiO2, formant ainsi une nanoparticule de type hétérostructure.

Un modèle de prévision de la croissance du métal photodéposé sur la surface de TiO2 est proposé et justifié par les résultats expérimentaux. Les grandes lignes de la thèse sont les suivantes:

Dans le chapitre 1, nous décrivons la recherche documentaire sur les principes, les mécanismes et les applications de la photodéposition. Cela démontrera que la photodéposition est une technique qui a été utilisée massivement pour charger des iv nanoparticules métalliques sur diverses nanoparticules, mais que, d'un point de vue fondamental, certaines données manquent encore. À titre d'exemple dans cette thèse, nous allons, dans la ligne droite d'un premier travail initial effectué en laboratoire 52 nous concentrer sur la mise en oeuvre d'un laser UV focalisé pour générer des nanodots métalliques à la surface du TiO2 afin de mettre en évidence l'avantage de cette méthode de photodéposition pour la synthèse de particules dimères hétérogènes. Nous y abordons successivement les principes de la photodéposition de nanoparticules à la surface du semiconducteur avec les applications de la photodéposition et leur comparaison à d'autres méthodes. Nous évoquons la photodéposition de nanoparticules à la surface de TiO2 dont celle de nanodots (NDs) d'argent d'or de palladium et d'autres métaux, avant de parler de la photodéposition de particules sur d'autres semi-conducteurs. Nous consacrons également une partie à l'étude de la photodéposition induite par laser.

Le chapitre 2 est consacré à la synthèse du substrat: nanoparticules de TiO2 de type anatase de formes et de tailles variées. La synthèse de l'anatase TiO2 est basée et adaptée à partir des méthodes décrites dans la littérature. [53][54][55][56][57] L'influence du pH du système réactionnel et de la température de traitement sur la morphologie finale du cristal est discutée, ainsi que l'influence des agents structurants. Sont ainsi obtenus les nanoobjets illustrés ci-dessous (Figures 2345). synthétisées avec succès par les deux méthodes de dépôt par voie laser. Le nombre et la distribution de taille des points Ag dépendent des capteurs de trous, du pH et du précurseur de métal. Un modèle de croissance prédit bien la variation de la taille de l'argent dans le processus de photodéposition. La taille de l'argent se comporte comme P 1/6 en puissance, [Ag + ] 1/6 concentration et t 1/3 en temps. Le taux de réduction de l'argent dans le processus de photodéposition est également déduit et correspond au même ordre que les valeurs rapportées dans la littérature. [58][59] Nous avons également étudié les effets d'autres paramètres sur le processus de photodéposition. Deux types de piégeurs de trous, le méthanol et le formiate (HCOONa), ont été étudiés et se sont révélés conduire à un taux élevé de dépôts d'argent à la surface de TiO2.

HCOONa offre de bien meilleurs rendements en hétérodimères, tandis que l'utilisation de méthanol peut entraîner la présence de multi nanodots d'argent. Plusieurs valeurs de pH, comprises entre 3 et 5, ont été utilisées pour en étudier le rôle dans le processus de vii photodéposition. Nous avons constaté qu'un pH plus faible facilite la synthèse d'hétérodimères, alors que des environnements à pH relativement élevé induisent une nucléation à multidots à la surface de TiO2. Au-delà des expériences réalisées avec la configuration à microcanaux, la photodéposition a également été étudiée dans une configuration de cuvettes, éclairée soit par le même laser UV, soit par une lampe UV à haute pression. Des expériences sur des cuvettes utilisant le laser UV ont montré un dépôt de nanoparticules simples ou multiples sur la surface de TiO2 en fonction des conditions expérimentales, tandis que les expériences avec une lampe UV conduisaient systématiquement à la nucléation de minuscules points de diamètre inférieur à 3 nm. Enfin, en fonction de la nature du précurseur métallique, l'acétate d'argent induit une gamme de tailles beaucoup plus réduite que l'AgNO3 habituellement considéré, il est suggéré que la plus petite valeur de KA pour l'AgOAc induit une plus petite taille d'argent.

L'extension de la synthèse à d'autres précurseurs de métaux (KAuCl4, Na2PdCl4 et H2PtCl6) à l'aide des deux configurations est décrite explicitement au chapitre 5 et conduit à la formation d'hétérodimères à base de TiO2 à base d'or, de palladium et de platine. La loi de croissance de l'or peut aussi être raisonnablement prédite, bien qu'elle ne soit pas aussi bonne que dans le cas de l'Ag, alors que notre modèle ne fonctionne pas dans le cas de Pd et de Pt.

Enfin, dans le chapitre 6, nous avons discuté des nanoobjets bimétalliques coeur-écorce structurés (Au @ M) -TiO2 (M = Ag, Pd, Au et Pt) synthétisés par une simple méthode de dépôt au laser UV en deux étapes dans la configuration de la cuvette.

L'or métallique est d'abord photodéposé à la surface de TiO2, puis il est procédé à un second photodépôt d'un autre métal sur Au-TiO2 par introduction d'un autre sel métallique dans la solution (Figure 7). investigated the effect of the number of metal cluster and metal particle size on the catalytic reactions. [42][43][44][45] By the control of thermal and photoreduction method, Menagen succeeded in fabricating the Au decorating CdS rods, with either multi Au dots on the body or a large Au at the tip. 42 Dinh suggested that the population of silver clusters on TiO2 surface can be controlled by the degree of hydrophobicity occupied by oleic acid (OA), the multi silver particles turned to be a single dot when increasing the OA occupation on TiO2 surface. 46 However, neither of them further performed any catalysis test.

In a recent study, Nakibli et al. 43 obtained Pt-decorated CdSe@CdS rods in which he was able to control the number of Pt dots (one, two and multiple). In the case of hydrogen reduction, rods decorated with a single Pt dot catalyst were found to be more active than the rods having two or more Pt dots. The author emphasized the importance of a single dot catalyst in correlation with the number of electrons involved in the process. Kalisman in the same research group even found a record 100 % efficiency of photon-to-hydrogen production for water splitting reduction using a single Pt tipped CdSe@CdS rod, while the double Pt cocatalyst achieved at only 58.5%. 44 

Figure (a) Photocatalytic quantum efficiency for the hydrogen reduction half-reaction obtained with CdSe@CdS nanorod photocatalysts decorated with a single, double, or multiple

Pt reduction sites. 43 (b) Photocatalytic quantum efficiency for the water reduction halfreaction obtained with CdSe@CdS nanorod photocatalysts decorated with different-sized Ni tips. 45 In addition to the number of metal dots on semiconductor, the size of the metal cocatalyst also plays a key role in the optimization of materials. 45 A set of Ni-decorated CdSe@CdS nanorods with various sizes of metal tip were examined, and an optimal size of 5.2 nm was obtained. The nature of junction between the semiconductor and metal nanoparticle is sensitive to the size of the metal component, as reflected in the activity toward hydrogen a b References page 7 production, emission quantum yield and the quantity of charge separation. 45 This is further confirmed by Ben-Shahar's work, showing that hybrid materials, CdS-Au, with large Au tips are advantageous for electron transfer to metal domain. [47][48][49] For another semiconductor TiO2, Oros-Ruiz et al. confirmed that the gold particle size on TiO2 has a strong effect on the photodegradation rate of 4-Chlorophenol. 31 From these studies, it appears that not only the size of the metal on semiconductor but also the number of these metal NPs can be a crucial parameter and that the controversy is not over yet in the literature. 31,[43][44][45][47][48][49] As far as TiO2 as a substrate is concerned, besides the patent by Delville et al., 50 two papers concerning the synthesis of heterodimers were found. 51,52 Pradhan et al.

in 2009 prepared

Au-TiO2 snowman-like heterodimer nanoparticles by a surface sol-gel synthesis of TiO2 on gold Janus nanoparticles pre-modified with two different functional groups. 51 Byeon et al. in 2013 claimed he was able to synthesize ultrafine Au-TiO2 heterodimers using ambient heterogeneous spark discharge, 52 even if the provided illustrations do not seem convincing.

In this thesis, using TiO2 as a semiconductor substrate, we here introduce a photodeposition method using a focusing laser beam as a light source, to generate M-TiO2 (M = Ag, Pd, Au)

Janus structure with a single metal dot per TiO2 NP, thus forming a heterostructure nanoparticle. A growth prediction model of the metal photodeposited on TiO2 surface will be proposed, and will be justified by the experimental results. The outline of the thesis is the following:

In Chapter 1, we will describe the literature research on the principles, mechanisms and applications of photodeposition. It will demonstrate that photodeposition is a technique that has been massively used to load metal NPs on various semiconductors, but that from a fundamental point of view, some data are still missing. As an example in this thesis, we will, following the initial work performed in the laboratory, focus on the implementing a focused UV laser to generate metal nanodots on TiO2 surface to highlight the advantage in heterogeneous particle synthesis using photodeposition method.

Chapter 2 is dedicated to the synthesis of the substrate: anatase TiO2 nanoparticles with varied shapes and sizes. The synthesis of anatase TiO2 is based and adapted from methods depicted in the literature. [53][54][55][56] The influence of the pH of the reaction system and treatment temperature on the final crystal morphology is discussed, as well as the influence of surface directing agents. References page 7

Before further photodeposition studies are discussed, In Chapter 3, we will introduce the three different setups which are built and used to perform the photodeposition of the metal dots onto the semiconductor nanoparticles. A description of specific parameters and configuration of the setups will be fully described. Comparisons will be mentioned in terms of laser intensity, irradiation duration and also the initial photodeposition results.

In Chapter 4 and Chapter 5, four metal precursors with different valence states, i.e. Ag(I), Au (III), Pd(II) and Pt(IV) ions, are photochemically reduced on the surface of TiO2. Nanoheterodimers with one Ag, Au and Pd nanodot per TiO2 are obtained showing that laser deposition seems to be much more efficient in this case than of the usual UV lamp photodeposition, suggesting that the flux of photons matters much more than the deposited energy. Ag-TiO2 heterodimer nanoparticles are successfully synthesized by the two laser deposition methods. The number and size distribution of Ag dots are dependent on hole scavengers, pH and metal precursor. A growth model well predicted the silver size variation in the photodeposition process. Extending the synthesis to other metal precursors (KAuCl4, Na2PdCl4 and H2PtCl6) using both setups is described explicitly in chapter 5, and leads to the formation of gold, palladium and platinum-based heterodimers with TiO2. The growth law of gold can reasonably be predicted as well, although it is not as good as in the case of Ag, while our model did not work in the case of Pd and Pt.

Finally, in Chapter 6, we discussed bimetallic core-shell structured (Au@M)-TiO2 (M=Ag, Pd, Au and Pt) nanoobjects synthesized by a simple two-step UV laser deposition method in the cuvette setup.

This thesis ends up with Conclusions and Perspectives with a reflection about the as-obtained results and some possible improvements for further research.

One may refer to Appendix for a better understanding of the detailed information concerning absorption and heating effect by UV laser (Appendix 1), the proposed model (Appendix 2), the theoretical prediction of the metal size (Appendix 3) and the characterization techniques (Appendix 4). 

Chapter 1

State of the art of photodeposition of metal nanodots on TiO 2

Principles of photodeposition of nanoparticles on the semiconductor surface

Illumination of a mixture solution of semiconductor particles and a metal salt leads to the deposition of a metal or a metal oxide on the surface of the semiconductor, and this phenomenon is generally known as photodeposition. The first example of photodeposition can be dated back to 1965, when Clark et al. 1 succeeded in the formation of metallic silver on titanium dioxide (TiO2), after they illuminated a solution of TiO2 containing silver nitrate (AgNO3) and first used infrared spectroscopy to identify metallic silver. However, the fastgrowing interest in photodeposition has sparked since Kraeutler et al. 2 published their report in 1978. In their study, when the reaction mixture containing the TiO2 powder and the platinizing solution was irradiated with a Hg-Xe lamp, its initially bright orange solution largely faded, and the greyish power significantly darkened, implying the platinum loading on TiO2.

Since the beginning of this century, expanded interest has focused on photodeposition (Figure 1.1). 1960 1965 1970 1975 1980 1985 1990 1995 

Overview of the number of papers published on "photodeposition" as a function of years, as searched

in Scopus on April 9, 2019. Note: not all research related to photodeposition is shown in this picture, as it can also be called "photoreduction" or "photochemical deposition".

Two types of photodeposition need to be distinguished: one is reductive photodeposition, and the other is oxidative photodeposition. The difference is in the point that which kind of photon-excited charge carrier will be used to participate in the reaction with metal ions.

Reductive photodeposition takes place when electrons are used to reduce the metal ions to a metallic cluster. An example 3 is given as: Its counterpart, oxidative photodeposition is a process where the photo-excited holes oxidize the metal ions to form metal oxides. An example 4 of this is illustrated by: Considerations need be taken in order to initiate the photodeposition. First, the incident light needs to own enough photo-energy to induce the band-gap excitation of the semiconductors, that is pg EE  as shown in Figure 1.2. The second consideration is that the edge of the conduction band (CB) must be more negative than the reduction potential of metals, and the valence band (VB) is more positive than the oxidation potential of the species to be oxidized. Thus, the redox potential of either the reduction of metal ions or the oxidation of electron donor should be in between the band positions of CB and VB of the semiconductor (Figure 1.2). 3 Band positions of several common semiconductors on an energy scale in electron volts with reference to vacuum level, or in volts with reference to normal hydrogen electrode (NHE). The lower edge of the conduction band (red colour) and the upper edge of the valence band (green colour) are presented along with the band gap in electron volts, and figure adapted from Gratzel's work. 5 Redox potentials of several aqueous metal solutions relevant for photodeposition are shown using NHE as a reference; the half-wave potential of methanol is also listed. 6,7 Take CB of TiO2 as an example; electrons from the excited TiO2 can reduce most metal ions except Mn 2+ , since the reduction potential of Mn 2+ /Mn is higher than the CB edge of TiO2. Last but not least, the charge carrier separation need to be efficient to result in metal cluster formation; thus, the addition of certain hole scavengers is necessary.
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Applications of photodeposition and comparison to other alternative methods

Metal (oxide) nanoparticles (NPs) on semiconductor surfaces prepared by photodeposition are predominantly utilized in applications including photocatalytic fuel generation synthesis, 8- 11 water pollution treatment, [12][13][14] and air purification. 15,16 Metal (oxide) NPs can significantly improve performance of semiconductors in light-stimulated reactions, including their stability. [17][18][19] With an appropriate loading, these hybrid materials have been proposed to function (i) as a better charge carrier separation upon photoexcitation of the semiconductor, hindering electron-hole recombination; (ii) by providing active sites for charge-transfer reactions; and (iii) by extending light absorption to visible wavelength range due to plasmonic field effects, particularly in the case of Au or Ag. Besides photodeposition, several methods can also be applied to load metal NPs on surfaces of semiconductors, such as hydrothermal reactions, 22,23 , thermal evaporation, 24,25 impregnation, 26 deposition-precipitation, 27 chemical reduction, [28][29][30] electrodeposition, 28,31 atomic-layer deposition 32 and sputtering. 33 The photodeposition method is one of the easiest attractive methods to synthesize noble metal/semiconductor nanocomposites by utilizing the band gap of the semiconductor.

Compared with most other methods that need an elevated temperature, an additional redox agent, electric potential, or multi-step processing, the photoinduced reduction method requires only the irradiation of a light source onto a slurry or a mixture solution. Furthermore, it is easy to control the size of metal NPs by adjusting the concentration of the metal precursor, irradiating intensity and duration. The advantages of photodeposition may also include the fine control over geometrical metal distribution on facet-engineered semiconductor crystals and the material selectivity, whereby noble metal NPs are only deposited on the semiconductor. 34 

Photodeposition of nanoparticles on the surface of TiO2

In this part, a short review on metal NP loaded on the surface of TiO2 NPs using photodeposition method will be introduced. In some research, people could also make metal photodeposition on TiO2 films, [35][36][37][38] which nonetheless will not be discussed in this part.

Photodeposition of silver NDs on the surface of TiO2

Albiter et al. 39 studied the effect of Ag precursor on the photocatalytic properties of Ag-TiO2 composites obtained by photodeposition with regards to the degradation of rhodamine B

(used as a model pollutant) in aqueous solution under simulated solar light. The Ag precursors were respectively silver nitrate (AgNO3), silver perchlorate (AgClO4) and silver acetylacetonate (Ag(acac)). The photocatalytic reduction of Ag + ions to Ag 0 on P25 TiO2 was higher with AgNO3 as a precursor than with AgClO4 or silver acetylacetonate. The authors stated that the Ag-TiO2 hybrid materials exhibited a surface plasmon resonance effect in the visible region (400 -530) nm, indicating that different metal particle sizes were obtained depending on the Ag precursor used. However, the author failed to explain why few silver nanodots (Ag NDs) can be observed when using silver acetylacetonate and silver perchlorate as displayed in the TEM images.

The existence of hole scavengers in the photodepoisition process is necessary in order to improve the photodeposition rate of metals onto the surface of the semiconductor.

Frequently used hole scavengers include alcohols such as methanol 40,41 , ethanol [42][43][44] and isopropanol 45 , or an organic acid such as oxalic acid, 46 humic acid 47 and formic acid 48 .

For the effect of pH, Nishimoto et al. 49 found that during the photodeposition of Ag on TiO2, TiO2 was deactivated when the pH of the reaction mixture decreased down to 2 with irradiation time. Ohtani et al. 50 stated that anatase TiO2 having a high proportion of strongly acidic surface sites rather than readily protonated hydroxyls (OH groups) was favourable for the photocatalytic reactions. However, we should also bear in mind the fact that the basic solution would cause the formation of Ag2O in solution or anchored on TiO2, where the author may neglect this point. Optimum pH control of the aqueous reaction system would enable researchers to obtain the highest activity of semiconductor TiO2. 49 Zhang et al. 51 performed silver photodeposition experiments under three pHs, that is, at acidic solution pH3 and pH 4 -5, basic solution at pH11 -12, and found a deposition of multi-NDs all over the surface of TiO2 (Figure 1.4). However, XPS analysis confirmed a larger ratio of silver oxide in addition to metallic silver with increasing the pH values. In order to inhibit the formation of silver oxide, Cai et al. 3 built a modified protocol called dark deposition, where UV illumination was shed on TiO2 colloidal solution for a long time before the introduction of the silver precursor. Thus the Ag + ions were reduced by the electrons pre-generated on the surface of TiO2 rather than the electrons from bandgap excitation under irradiation. They thus achieved a good size distribution on the whole surface of TiO2 but also tinier NDs than with classical photodeposition. The surface facet of the substrate can also play a role in the photodeposition product. Jiang et al. 52 found that the Ag NDs were likely to deposit on the (101) facets of TiO2 when using a traditional photodeposition method (Figure 1.5a). He performed a modified photodeposition method, in which he first coated TiO2 by AgIO3, then illuminated them by UV light, leading to ultrafine silver particles (~1 nm) well distributed on the surface of TiO2 (Figure 1.5b) due to the low release rate of Ag + from AgIO3. D'Arienzo et al. 53 have studied the properties of the photogenerated defects, and in particular, their dependence on the exposed crystal faces in shape controlled anatase. They suggested that {001} surfaces could be considered essentially as oxidation sites with a critical role in the photooxidation, while the {101} surfaces provided preferential reductive sites for metal ion reduction.

The photodeposition site will also vary with the shape of the semiconductor and then the nature of the most exposed facets. As can be seen from Figure 1.6, the Ag NDs are well distributed on the whole surface of the symmetrical shaped TiO2 (Figure 1.6a) or the near-tip site of the nanorods-shape TiO2 (Figure 1.6b), depending on the specific facet energy of the TiO2 with a particular shape. 54 and (c) TiO2 nanorod 55 .

The initial reaction rate of Ag photodeposition is proportional to the light intensity applied to the reaction system, implying that the second-order recombination of electrons and holes is not preponderant in the process. 56 Chan et al. 57 found that the silver size during the photodeposition process is dependent on the photon energy and durations. As shown in Figure 1.7, higher photon energy and duration resulted in larger mean size Ag NDs. Most of the research concerning silver photodeposition reported on the deposition of multi silver clusters on the surface of the TiO2 NPs. 29,42,54,[58][59][60][61][62][63] Very few are the papers which claim that the number of Ag NDs can be controlled by varying the physical or chemical conditions.

Dinh et al. 42 , for example, proceeded to the formation of hybrid Ag/TiO2 nanocrystals in which the Ag nanodots (NDs) were uniformly deposited on the individual TiO2 surface using hydrophobic surfactant (oleic acid)-capped TiO2 NPs in combination with a classical photodeposition technique. The population of Ag clusters on the TiO2 surface was controlled by the degree of hydrophobicity (e.g., the number of vacant sites) on the TiO2 surface while their size was altered simply by varying the irradiation time. They, however, did not reach the one to one heterodimer ratio between TiO2 and Ag dot. Lu et al. 55 are the first ones to claim a This is justified by the fact that the size of the Ag NDs can be precisely controlled by varying the irradiation time and the amount of alcohol additive.

Photodeposition of gold NDs on the surface of TiO2

In general, people use AuCl4 -ions type salts as the metal precursors for the photodeposition of gold. Gartner et al. 64 synthesized gold nanodots (Au NDs) on TiO2 commercial product using different Au metal salts. The highest deposition is achieved by using NaAuCl4 (0.97 wt%) followed by AuCl3 (0.96 wt%), AuCl (0.65 wt%) and [Au(PPh3)]Cl (almost 0). The average particle size remained almost the same (3-12 nm) in all these cases. 64 Sangeetha et al. 65 also made a comparison between HAuCl4 and AuCl3 and found no significant difference in metal loading.

Kenens et al. 66 investigated the effect of hole scavengers on the photodeposition of Au on TiO2 and found that ethylene glycol showed better efficiency than ethanol at hole consumption, making it an efficient hole scavenger. It was demonstrated that Au NDs made by photodeposition using ethanol were large (50 -100 nm for 0.4 wt%) and aggregated, and those using ethylene glycol were small (5 -15 nm for 0.4 wt%) and more abundant. 66 By studying the effect of pH, Yang et al. noted that the surface property of the semiconductor substrate was related to the solution environment. 67 At low pH values (below the isoelectric point of TiO2 6.2), the surface of the TiO2 is positively charged, and the species in solution are anionic. Hence an electrostatic mechanism can explain the deposition of Au. The uptake is rapid, large particles form and the catalysts have low catalytic activity. As the pH value increased, the amount of gold deposited on the support decreased. 67 However, depending on the pH of the reaction system, others noted that metal complex species in solution, such as Au(OH)xCl4-x -(x = 0, 1, 2, 3, 4), could be found and provide a discrete concentration of adsorbed metal precursors on TiO2. 68 It is believed that the size control of Au NDs is vital in photocatalytic reactions. 20,69 Wang et al. 69 found that the size of Au NDs can be easily regulated by changing the concentration of gold precursor from 0.05 to 0.25 mM or the Au loading in the range of 0.3 to 1.5 wt% using photodeposition method. Deepagan et al. 70 indicated that the size of Au NDs could be adjusted by varying the irradiation time when illuminated by a 256 nm light. An exposure time as short as 3 min resulted in the formation of unimodal small Au NDs (< 2 nm) on the surface of TiO2. The exposure time of 10 min irradiation led to the appearance of large Au NDs (> 5 nm) with the coexistence of the small ones. Prolonged exposure over 12 h resulted in the growth of large Au NDs with complete disappearance of small ones (Figure 1.9). Therefore, by controlling the exposure time, the author obtained three representative composites of TiO2 nanoparticle with small, bimodal and large Au NDs. 70 In another work, Wei et al. 20 emphasized the importance of the morphology of semiconductor. It was demonstrated that better morphology of titania (larger content of faceted particles) resulted in the formation of larger Au NDs, while small Au NDs were deposited on structural defects. References page 33 As for the number of gold deposits on the surface of TiO2, most of the work concerning gold photodeposition found few Au NDs distributed on each TiO2 particle, no matter the gold content loading, the kind of TiO2 or its morphologies (Figure 1.10). [START_REF] Yan | Synergetic promotion of the photocatalytic activity of TiO2 by gold deposition under UV-visible light irradiation[END_REF][START_REF] Sato | A new bimetallic plasmonic photocatalyst consisting of gold(core)copper(shell) nanoparticle and titanium(IV) oxide support[END_REF][START_REF] Dobosz | Water detoxification: Photocatalytic decomposition of phenol on Au/TiO2[END_REF][START_REF] Tong | Efficiently Enhancing Visible Light Photocatalytic Activity of Faceted TiO2 Nanocrystals by Synergistic Effects of Core-Shell Structured Au@CdS Nanoparticles and Their Selective Deposition[END_REF] Figure 1.10 Microscopic graphes of gold deposited TiO2 particles. Image are taken from references of (a) ref. [START_REF] Yan | Synergetic promotion of the photocatalytic activity of TiO2 by gold deposition under UV-visible light irradiation[END_REF] ;(b) ref. [START_REF] Sato | A new bimetallic plasmonic photocatalyst consisting of gold(core)copper(shell) nanoparticle and titanium(IV) oxide support[END_REF] ;(c) ref. [START_REF] Dobosz | Water detoxification: Photocatalytic decomposition of phenol on Au/TiO2[END_REF] and (d) ref. [START_REF] Tong | Efficiently Enhancing Visible Light Photocatalytic Activity of Faceted TiO2 Nanocrystals by Synergistic Effects of Core-Shell Structured Au@CdS Nanoparticles and Their Selective Deposition[END_REF] The effect of the illumination source and light intensity on the photodeposition process were also an important point to study. Hidalgo et al. [START_REF] Hidalgo | Photodeposition of gold on titanium dioxide for photocatalytic phenol oxidation[END_REF] made a comparison of the photodeposition process using either high light intensity or low light intensity. They found that the former condition led to large and heterogeneously distributed gold deposits while the latter resulted in smaller gold deposits on the surface of TiO2. Hippargi et al. [START_REF] Hippargi | Titania Gold Composite: Effect of Illumination on Size of Gold Nanoparticles with Consequent Implication on Photocatalytic Water Splitting[END_REF] than the growth of gold on TiO2 (Figure 1.11). [START_REF] Hippargi | Titania Gold Composite: Effect of Illumination on Size of Gold Nanoparticles with Consequent Implication on Photocatalytic Water Splitting[END_REF] Figure 1.11 Graphical representation of light spectrum vs. particle size. [START_REF] Hippargi | Titania Gold Composite: Effect of Illumination on Size of Gold Nanoparticles with Consequent Implication on Photocatalytic Water Splitting[END_REF] In another work, the authors stated that the influence of light source intensity and was not established. 64 The effect of light source/intensity on photodeposition needs to be well established and considered in the future works.

Photodepositon of palladium NDs on the surface of TiO2.

The photodeposition of palladium was first reported by Kelly et al. in 1975. The palladium nanodots (Pd NDs) were successfully deposited on a TiO2 film when illuminated by a Mercury lamp. [START_REF] Kelly | The Nucleation Reaction on Photosensitive TiO2 Films[END_REF] Pd NDs can also be loaded on various semiconductors by photodeposition method. [START_REF] Mori | A new application of photocatalysts: synthesis of nano-sized metal and alloy catalysts by a photo-assisted deposition method[END_REF] It was found that the Pd size varied dramatically depending on the semiconductor, 1.8 nm Pd NDs were distributed on anatase while 51.8 nm Pd NDs on V2O5 substrate despite the same Pd loading. The author argued that the position of the reduction potential of each semiconductor played a crucial role in facilitating efficient deposition.

Several palladium precursors have been reported for the photodeposition of palladium. 45,[START_REF] Hippargi | Chloride ion: A promising hole scavenger for photocatalytic hydrogen generation[END_REF][START_REF] Fan | Photodeposited Pd Nanoparticles with Disordered Structure for Phenylacetylene Semihydrogenation[END_REF] Espino et al. 45 used Pd(NO3)2 to deposit Pd NDs on the surface of TiO2, and found tiny metallic Pd dots on the whole surface of TiO2 NPs. In Leong's work, [START_REF] Leong | Palladium nanoparticles anchored to anatase TiO2 for enhanced surface plasmon resonance-stimulated, visible-light-driven photocatalytic activity[END_REF] he used Na2PdCl4 as the metal precursor and obtained much larger palladium size in the 17 -29 nm. Even though these two results cannot be simply compared because other parameters like the light source, the hole scavenger are different; it still seems to be surprising since the nominal metal loading was the same (1 wt% Pd-TiO2) in both cases.

The effect of hole scavenger was studied. Jones et al. [START_REF] Jones | A comparison of photocatalytic reforming reactions of methanol and triethanolamine with References page 33 Pd supported on titania and graphitic carbon nitride[END_REF] found that the size of Pd NDs differed References page 33 when using methanol or triethanolamine (TEOA) as hole scavengers, owing to their difference in electronic structure. The photodeposition using methanol as a hole scavenger led to Pd size in 2 -3 nm, while the one with TEOA gave Pd size of 4 -7 nm, (see Figure 1.12). Dadsetan et al. [START_REF] Dadsetan | Photodeposition of Pd nanoparticles on TiO2 using sacrificial organic alcohols[END_REF] made a detailed work on the effect of organic alcohols on photodeposition. They tested four alcohols, i.e., methanol, ethanol, ethylene glycol, and 1-propanol, and the highest photodeposition rate was found with methanol. The results proved that the alcohols with lower carbon numbers and molar weights resulted in a higher reduction rate of Pd on TiO2.

Kriek et al. [START_REF] Kriek | Dependency on chloride concentration and 'in-sphere' oxidation of H2O for the effective TiO2-photocatalysed electron transfer from H2O to [PdCln(H2O)4-n] 2-n (n=0-4) in the absence of an added sacrificial reducing agent[END_REF] also suggested that without any external hole scavengers it is also possible to proceed the photodeposition of Pd on TiO2 surface. Borgarello studied the effect of pH values on the photodeposition rate and found the most efficient rate in the pH range 3 -5. [START_REF] Borgarello | Light-induced reduction of rhodium(III) and palladium(II) on titanium dioxide dispersions and the selective photochemical separation and recovery of gold(III), platinum(IV), and rhodium(III) in chloride media[END_REF] The PdCl2 solution turned turbid and a precipitate soon formed at pH > 7. It was also noticed that in the presence of hole scavenger (here methanol), the presence of O2 seems to be not detrimental to the photoreduction of Pd 2+ ions.

In situ XPS study by Fernandez demonstrated an efficient reduction of Pd ions during the photodeposition process irradiated by a Xe lamp. [START_REF] Fernández | In situ" XPS study of the photoassisted reduction of noblemetal cations on TiO2[END_REF] Almost all the Pd 2+ ions had been reduced

to Pd 0 within 15 min illumination. Jacobs studied the photochemical nucleation and growth of Pd on TiO2 films by a UV laser. [START_REF] Jacobs | Photochemical nucleation and growth of palladium on titanium dioxide films studied with electron microscopy and quantitative analytical techniques[END_REF][START_REF] Jacobs | Specimen preparation technique for high resolution transmission electron microscopy studies on model supported metal catalysts[END_REF] It was demonstrated that a decrease in light intensity resulted in a reduction of the number of Pd particles deposited on the TiO2 film. An increase of irradiation time from 3 ms to 10 ms caused the existing Pd nuclei (2 -4 nm) to grow in size, but the density of Pd cluster only slightly increased. [START_REF] Jacobs | Photochemical nucleation and growth of palladium on titanium dioxide films studied with electron microscopy and quantitative analytical techniques[END_REF] Dadsetan et al. [START_REF] Dadsetan | Photodeposition of Pd nanoparticles on TiO2 utilizing a channel type quartz reactor[END_REF] built a channel type quartz reactor to improve the loading amount of the metals. However, the Pd NDs made in this setup showed a large size distribution, besides large Pd particles with 8 nm, several small particles of 2.5 nm were also observed. 

Photodeposition of other metal/particles on the surface of

TiO2

In addition to the three noble metals mentioned above, other works concerning metal and particles deposited onto the surface of TiO2 were investigated by many researchers. In the case of platinum nanodots (Pt NDs) on TiO2, one can refer to the excellent review made by Wenderich, 34 who reviewed the effect of various parameters on the photodeposition process.

The concerned nanoparticles also include Cu, [START_REF] Jacobs | Copper Photodeposition on TiO2 Studied with HREM and EXAFS[END_REF][START_REF] Foster | Effect of Organics on the Photodeposition of Copper in Titanium Dioxide Aqueous Suspensions[END_REF][START_REF] Kazuma | Growth behaviour and plasmon resonance properties of photocatalytically deposited Cu nanoparticles[END_REF][START_REF] Wu | Low temperature CO oxidation on Cu-Cu2O/TiO2 catalyst prepared by photodeposition[END_REF][START_REF] Lennox | In situ photodeposition of copper nanoparticles on TiO2: Novel catalysts with facile light-induced redox cycling[END_REF] Ni, [START_REF] Morishita | Photoelectrochemical Deposition of Nickel onto TiO2 Particles. Formation of Nickel Patterns without Resists[END_REF][START_REF] Lin | Photocatalytic Removal of Nickel from Aqueous Solutions Using Ultraviolet-Irradiated TiO2[END_REF][START_REF] Giuffrida | Nickel nanostructured materials from liquid phase photodeposition[END_REF][START_REF] Rodríguez | Photodeposition of Ni nanoparticles on TiO2 and their application in the catalytic ozonation of 2,4-dichlorophenoxyacetic acid[END_REF] Cr [START_REF] Dozzi | Cr(VI) photocatalytic reduction: Effects of simultaneous organics oxidation and of gold nanoparticles photodeposition on TiO2[END_REF] and Ru; 4,19,100,101 metal oxides such as PbO2 102 and RuO2 4,103,104 . In some cases, photodeposition has also been employed to obtain core-shell particles, 105-107 alloy particles [108][109][110][111] or even trimetallic particles. 

a) ZnO

Similar to what was discussed for TiO2, the presence of a sacrificial electron donor has a strong influence on the rate of photodeposition and morphology of the metal on ZnO. 114,115 The presence of ethanol was found to significantly improve the Ag size, from the initial size of 10 -20 nm to huge clusters of 500 nm. 115 An opposite result was found that the silver content on ZnO using ethanol as hole scavenger is close to the one without using any hole scavenger. 114 We assumed that the nature of the substrate might also play a role in the deposit size. Some researchers observed that Ag quantities increased, with increasing irradiation time, as well as the Ag particle size. 116,117 Ag deposits can also help to prevent photo-corrosion of ZnO, thus improving the stability of the semiconductor. 118,119 Other studies describe the photodeposition of gold [120][121][122][123] and also of palladium, 124-126 cadmium sulfide (CdS), 127,128 copper, 129-132 platinum, 133,134 and nickel 135,136 on ZnO. Controlled deposition of mainly Au and Pd on ZnO was also studied, to prepare active photocatalysts. Au/ZnO catalysts have been predominantly used in CO oxidation, 137-139 dye photodegradation, 120, 140 and removal of bacteria. 140 Pd has been used for gas sensing 141,142 and generally enhancing photocatalytic activity. 125,126 An increase in photocatalytic activity of ZnO after deposition of Au or Pd is References page 33 attributed to enhanced charge-carrier separation and enhanced rates of electron-transfer reactions. 120,126,140 . Wenderich et al. 34 made a summary statement that (i) low HAuCl4 concentration, (ii) high surface area of ZnO, and (iii) long illumination time are beneficial to obtain small, individual Au NDs, whereas the oxidation state usually is Au 0 , irrespective of the presence of a hole scavenger.

Precursors for the photodeposition of Pd on ZnO include PdCl2 

b) WO3

WO3 is another semiconductor extensively studied recently. It is nontoxic, stable under acidic conditions, and has a relatively narrow band gap. [144][145][146] The latter makes the material very suitable for solar-driven photocatalysis, for example, in the purification of water 147, 148 or air. 149,150 Also of interest is the implementation of WO3 in a Z-scheme for full water splitting. 146,151,152 WO3 can be loaded through photodeposition with Pt, 149, 153-156 Pd, 157-159 Ag, 160,161 and Au 162,163 . In many cases, an increase in photocatalytic activity has been observed. 153,159,161,162 c) CdS

CdS is also a promising semiconductor material. Due to its instability, a hole scavenger needs to be present during the photodeposition process. Photodeposition has been applied to functionalize CdS with a variety of metal NPs. The effect of reaction conditions on Pt morphology on CdS has been investigated extensively A surprisingly large amount of research has been performed on the formation of H2 during in situ photodeposition of Pt on CdS. [164][165][166] Several researchers have tried to find an optimum loading of Pt on CdS for hydrogen evolution from water. 165,[167][168][169] For instance, the highest optimal Pt loading in H2 production was found by Bao et al. 169 to be 13 wt %, whereas the lowest optimal loading was found by Li et al. 170 to be 0.025 wt %. Berr et al. 17 the influence of photodeposition time (λ = 366 nm) on the morphology of Pt on CdS nanorods and correlated morphology to activity in H2 production. The authors concluded that the photocatalytic activity was determined by the subnanometer-sized Pt particles rather than the large particles. Cocatalysts other than platinum include gold, 171-173 rhodium, [START_REF] Borgarello | Light-induced reduction of rhodium(III) and palladium(II) on titanium dioxide dispersions and the selective photochemical separation and recovery of gold(III), platinum(IV), and rhodium(III) in chloride media[END_REF]174,175 cadmium, 176 nickel (oxides), 176-178 ruthenium, 179 and palladium. 180 

Study of laser-induced photodeposition

When looking over the experimental processes involved in the photodeposition, one can find that most of the researchers used UV lamps as the light source to load metal/metal oxide on the surface of the semiconductor. A limited number of papers use another kind of light source, such as UV laser.

Jacob [START_REF] Jacobs | Photochemical nucleation and growth of palladium on titanium dioxide films studied with electron microscopy and quantitative analytical techniques[END_REF]181 initially launched photodeposition experiments using a continuous Ar + UV laser.

The wavelength of the UV laser ranged from 351.1 -363.8 nm, with a spot size of 13 μm.

Thanks to the small exposure area, the intensity can be increased up to 1.6×10 6 mW/cm 2 . Pd NDs were deposited onto the surface of TiO2 film under such a UV laser irradiation. [START_REF] Jacobs | Photochemical nucleation and growth of palladium on titanium dioxide films studied with electron microscopy and quantitative analytical techniques[END_REF] It was found that 3 ms irradiation time was sufficient to this high-intensity laser to induce instantaneous Pd deposition onto the surface of TiO2. It was also evident that higher intensities resulted in much larger Pd size (4 nm) than lower ones. It is interesting to note that, under low light intensity, the extended irradiation time caused Pd agglomerates (5 -25 nm), which consisted of a few smaller Pd clusters in the size of 2 -4 nm. Copper nanodots (Cu NDs) were also photodeposited on TiO2 using the same UV laser. [START_REF] Jacobs | Copper Photodeposition on TiO2 Studied with HREM and EXAFS[END_REF] Jacobs showed the formation of small Cu2O particles (< 3 nm) in the initial stage but also observed the metallic Cu when extending the irradiation time.

The photodeposition of silver on TiO2 film using UV laser (257 nm) was investigated in Bade's work. 182 The evolution of the deposit spot in size was directly observed. The immediate formation of metallic Ag on the surface of TiO2 was also found with a laser flash. 183 Interestingly, the authors claimed that large Ag particles formed at a low light intensity, which they attributed to an antenna effect, where Ag + is reduced by electrons transferred through TiO2. Piwonski et al. 38 performed the silver photodeposition experiments on a TiO2 film using two UV sources. The UV xenon lamp and the excimer laser, both operated at the same wavelength 351±5 nm. The AFM topography of Ag-TiO2 nanocomposites revealed that Ag References page 33 NDs could be synthesized by both sources of illumination and that the photocatalysis carried out by UV light from xenon lamp illumination led to larger Ag NDs than those synthesized using the laser beam. It was found that increasing the silver ions concentration in the initial solution increased the number of Ag NDs on the titania surface, while longer irradiation times resulted in the growth of larger nanoparticle size.

CdS based semiconductors are as well used to be a substrate to load metal particles. In Banin's group, they succeeded in triggering the photodeposition of Au and Pt NDs on the surface of CdS and CdSe/CdS nanorods with the aid of a 473 nm laser. 172,184 The light-induced Au growth leads to a selective deposition on one end of the rods; the temperature effect was investigated as well. 172 The growth of Pt NDs onto CdSe nanorods in aqueous media was demonstrated, and different morphologies could be obtained by altering the pH conditions. 184 Pt NDs with morphologies of nano-nets and nanodots were formed under acidic and basic conditions, respectively. A bunch of Pt dots (number > 20) were distributed on the surface of each CdS. Dukovic et al., 166 however, obtained a much lower number of Pt NDs (number 1 -6) on each CdS rod, using a UV laser at 458 nm. By contrast, most CdSe/CdS core/shell nanorods feature only one metal nanoparticle located near the CdSe core (see Figure 1.13). Furthermore, the author observed that the photodeposition process of Pt was a slow rate-limiting step, while slow oxidation or reduction steps, fast back-reactions, or inaccessibility of a CdS nanocrystal surface remain to be determined. 166 Although light intensity can be a critical parameter in the photodeposition process, the incident laser power cannot be increased unlimitedly, because the thermal effect may be induced near the exposure area. 185 This effect will disturb the formation of deposits. For References page 33 example, the incident light may be scattered because of the bubbles formed near the laser irradiation area or the excessive heating may cause the ablation of previous deposits.

To the best of our knowledge, research using a laser as a light source for the photodeposition process has scarcely been reported except those mentioned above, which makes it a unique tool to study the photodeposition of metal on a semiconductor like TiO2. More future works are needed to have this field well established.
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Conclusions

In this chapter, a brief review was given concerning the photodeposition of metal/metal oxide on the surface of semiconductors, especially TiO2. Most researchers investigating photodeposition utilized low-intensity lamp as light source, whereas few focused on lasers to excite semiconductors. In many cases, the experimental sections often failed in giving all the necessary details to reproduce the experiments (UV lamp brand, power, the distance between lamp and sample etc.), so that experiments are not necessarily reproducible. This is why in this work we wanted to establish specific detailed setups based on a UV laser as a monochromatic source to perform the further investigations which are required to explore and establish the mechanisms behind the photodeposition of metal on semiconductors, to synthesize Janus nano-heterodimers and find the conditions when this system shifts from the dimer to the multi-dots. The aim thus inspires us to build this project to address these issues. 

Chapter 2 TiO 2 Nano-objects with controlled morphologies

Introduction to TiO2 as a potential material for applications

Titanium dioxide (TiO2) as a nanomaterial is known for its numerous and diverse applications which range from sunscreens, pigments to photovoltaic cells, water purification photocatalysis and drug delivery. [1][2][3][4][5][6] Due to its merits, including elemental abundance, excellent stability and photo activity, TiO2 has attracted keen research interest worldwide.

TiO2 synthesis methods and crystal facet featured shapes

Developing TiO2 crystals with specific morphology/facet is also necessary to finely control the TiO2 based heterostructures. Facets owning different surface reactivity will exhibit distinct properties. A typical example is the selective photodeposition of Pt dots on the (110) facets and that of PbO2 on the (011) facets of rutile TiO2 because of the different surface energy levels of the two facets. 7 Three main crystal phases are identified for TiO2, i.e., rutile, anatase and brookite in nature.

See Table 1 for their structural and thermodynamic properties. Coordination number While rutile is the thermodynamically stable phase, anatase and brookite are metastable and irreversibly transform to rutile at high temperature (750 -915 °C). 9 Although rutile is the most common form in nature, below 100 nm anatase becomes the most thermodynamically stable phase 10,11 Among the three natural phases, anatase is the most studied TiO2 in catalysis, photocatalysis and dye-sensitized solar cells. Most applications of anatase are sensitive to the surface properties, and numerous studies have therefore focused on controlling the shape of the anatase crystals. The equilibrium shape of an anatase crystal according to the Wulff construction is a slightly truncated bipyramid enclosed by more than 94% (101) and fewer 6%

[Ti 4+ ] = 6 [O 2-] = 3 [Ti 4+ ] = 6 [O 2-] = 3 [Ti 4+ ] = 6 [O 2-] =
(001) facets (Figure 2.1). 12 Our concern in this chapter will focus on the synthesis of anatase TiO2, then to use it as the semiconductor substrate to load metal particles using photodeposition method, as mentioned previously (Chapter 1). 

Common routes to synthesize TiO2 crystals

TiO2 nanocrystals can be synthesized by many synthesis methods 4, 13, 14 15, 16 including wetchemistry (hydrothermal, solvothermal and nonhydrolytic), gas oxidation, topotactic transformation, crystallization transformation from amorphous TiO2, and epitaxial growth.

Among them, the hydrothermal and solvothermal methods are the most widely used to tailor the exposure of crystal facets due to easy manipulation and versatility.

The hydrothermal (or solvothermal) term refers to any reaction in an aqueous (non-aqueous) solvent under high pressure and high temperature (below the critical condition). The hydrothermal syntheses are often carried out in a sealed Teflon vessel surrounded by a stainless steel autoclave. The extreme conditions inside the autoclave allow the dissolution and the recrystallization of compounds, which are insoluble at room temperature and atmospheric pressure. As in the sol-gel process, titanium alkoxides can be used as precursors.

The starting reagents are introduced in the autoclave, which is then sealed and heated in an oven. Several parameters can be controlled such as the precursor concentration, the filling ratio of the autoclave, the pH, the reaction time, and the temperature, and these parameters influence the autogenous pressure inside the autoclave if not externally controlled. The pressure inside the autoclave may play a vital role in the solubility and the crystal growth rates of the NPs in the case of low boiling point solvents. Therefore, adjusting these parameters leads to various shapes and morphologies. 11,17 This method has been widely used to synthesize TiO2 near-spherical nanoparticles, [18][19][20] nanotubes, [21][22][23][24] nanorods, [25][26][27] and nanoplates. [28][29][30][31] Another method called gel-sol method was developed by Sugimoto, [32][33][34][35][36] The synthesis starts with the replacement of the isopropoxy groups on titanium by the ethoxy groups of the triethanolamine generating a gel useful to slow down the hydrolysis rate. The gel is then heated to form a second gel composed mainly of titanium hydroxide, with specific ageing time, anatase particles with spherical or spindle-like morphology are finally produced.

The gel-sol process is an excellent synthesis method to control the size and the morphology of nanoparticles. 33,34 One of the main drawbacks of this method is the use of expensive precursors, such as alkoxides.

Crystal facet control by surface directing agents

Surface energies of the different surfaces can be effectively decreased by the selective adsorption of appropriate surface directing agents (SDA) so that the growth rates along different orientations can be controlled. [37][38][39][40] This consequently leads to the formation of crystals with tunable percentages of different facets, as indicated by The principle of NP morphology control by SDA is the blocking of the growth of given facets in one or several directions. The SDAs are specifically adsorbed on one or several crystal surfaces inducing a steric hindrance and preventing their further growth. For instance, as shown in preventing the growth rate perpendicular to facet "B" while the facet "A" grows smaller meantime. In the end, the crystal formed with the dominant facet "B". Similarly, another type of SDA may cause facet "A" dominate the crystal facet as in solvent 2.

The choice of SDA is critical in controlling the facets growth of the crystals. To date, the organic agents play a predominant role in controlling the shape of TiO2 crystals, mainly owing to the diversity of organic functions. For example, oleic acid (OA) and oleylamine (OM) with different binding strengths can act as SDAs of the anatase (001) and (101) facets, respectively (Figure 2.4). 26,29,42,43 Figure 2.4 Schematic illustration of the overall formation and shape evolution of TiO2 nanocrystals. 29 Chapter 2
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By varying the ratio between OA and OM, as well as the water content, it is possible to obtain TiO2 with distinct morphologies such as rhombic, truncated rhombic, spherical, dog-bone, truncated and elongated rhombic, and bar. 29 Controlling the shape of TiO2 with inorganic agents, particularly for the formation of specific crystal facets, has been increasingly reported in recent years. 37,38 One impressive example is the use of F -as a SDA to obtain a large percentage of anatase (001) facets. 37 Another relevant parameter to modify NPs morphology is the pH modification of the reaction conditions. The pH can play a role in modifying the surface chemistry, as well as the precursor's reactivity. In their paper, the authors showed that when H + is dominant on the surface (acidic condition), there is little change in the shape of the nanocrystals as compared to the (neutral) water terminated nanoparticles; however, when OH or oxygen groups are dominant on the surface, the nanoparticles become elongated, which is consistent with experimental findings. 44,45 

Synthesis methods and results

According to the literature discussed above, the morphology of TiO2 can be adjusted by adding SDAs, including organic ligands, or just by pH variations. In the following part, five kinds of TiO2 morphologies, i.e., TiO2 polyhedrons, nanoneedles, nanoplates, nanocubes and bipyramids, will be introduced to play with not only the morphology of the nanoobjects but also their size,

and their aspect ratio. The synthesis methods and the results are described in the following sections.

Neutral Acidic Basic
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TiO2 polyhedrons

In this section, the gel-sol method 36 published by Sugimoto et al. was used to synthesize anatase TiO2 polyhedrons with a targeted size of 30 nm with slight modifications. In short, titanium isopropoxide (TTIP) and triethanolamine (TEOA) were mixed in a molar ratio of 1:2 under an Ar atmosphere. After being stirred for 24 h, the mixture was aged at 100 ℃ for 24 h

for gelation and then continued to be heated at 140 ℃ for another 72 h. The product was then washed with 30 mL of a pH 12 NaOH solution, 30 mL of a 2 M HNO3 solution and pure water, three times for each, respectively.

TEM result (Figure 2.6a,b) showed that polyhedron-like TiO2 nanoparticles were successfully obtained. The size distribution mainly focused in the range from 22 to 45 nm, with a mean value of 33 nm (Figure 2.6c). The shape of these nanoparticles is ill-defined and by comparison with the other ones, we decided to name them polyhedrons. The X-ray diffraction (XRD) analysis was performed to check the phase structure (Figure 2.7). planes, respectively. No other phase is detected in this sample. The ATR spectrum also showed the absence of any ligand at the surface of the particles.

The colloidal stability of theseTiO2 polyhedrons in solution was studied by zetametry (Figure 2.8). The zero charge point of the TiO2 polyhedrons, is found at 6.0, consistent with what is reported for TiO2 nanoparticles in the literature [46][47][48] with a colloidal instability over a pH range of 2. We thus chose to keep our anatase particles in a pH 3 solution for future use. Figure 2.9 a and b show that most of the particles exhibit a needle shape. The mean size of length and width are 110 and 28 nm, respectively. The aspect ratio of the TiO2 nanoneedles is 4:1. Playing with the pH is then a helpful tool to control the size and shape of the TiO2 polyhedrons going from 32 nm diameter particles to rods with an aspect ratio of 4.

Indirect synthesis method of TiO2 nanoneedles

Another method to synthesize TiO2 with nanoneedles shape consists of using a commercial nanopowder provided by Evonik (P25) as a precursor for the controlled synthesis of pure anatase nanoobjects with controlled morphologies. This powder is produced by tons and is so cheap that the smallest packaging is 5 kg. As shown in Figure 2.10. P25 is a mixture of anatase and rutile phases, which can be destroyed by a basic hydrothermal treatment at 130°C overnight. 22,23 The general approach to making these nanoneedles from P 25 is shown below in The first step is a transformation of P25 into scrolled nanosheets (SNSs). These scrolled nanosheets synthesis is adapted from the initial work by Kasuga et al.. [22][23][24] In a 50 mL Teflon container, 2 g of TiO2 P25 and 28 mL of a freshly prepared 10 M NaOH solution are mixed. The Teflon container is closed and manually shaken and then placed in the stainless steel autoclave and placed in an oven to heat at 130°C for 23 h. 44 The synthesis of nanoneedles using the scrolled nanosheets previously prepared is inspired by Nian, 25 who claimed that hydrothermal treatment of titanate nanotube or scrolled nanosheet suspensions under an acidic environment resulted in the formation of single-crystalline anatase nanorods with a specific crystal-elongation direction. We recently extended the range of parameters and showed that milder hydrothermal conditions used for the treatment of titanate scrolled nanosheets (SNSs) suspensions (140 °C, 72 h) resulted in a large variety of anatase TiO2 anisotropic nano-objects depending on the studied parameters 44 :

(i) influence of the medium pH, (ii) the presence or not of surface directing agents.

We show that such a hydrothermal treatment of the SNSs, whatever the pH, resulted in the formation of single-crystalline anatase nanoneedles (NNs) with a specific crystal-elongation direction and a pH-dependent morphological anisotropy with aspect ratios (AR) from 1 to 8.

The crystal size of the anatase TiO2 obtained from this hydrothermal treatment increased with the pH of the suspensions, from 15 nm nanoparticles (NPs; AR = 1) at pH 2.2 to 500 nm NNs (AR = 8) at a pH 10.8 with a long axis systematically along the anatase [001] direction.

Triethanolamine and oleic acid were used as SDAs. Their respective influence, when acting on their own, had little influence on the control of the size, shape, or polydispersity of the NNs.

However, their concomitant use provided a better control of not only the size and polydispersity, but also on (i) the shape and morphology giving rise to a controlled access to well-defined nanorods as opposed to nanoneedles and (ii) the crystal phase purity eliminating the few percent brookite still visible in the XRD patterns of samples prepared in SA-free conditions. This aspect will not be treated here, and the reader could refer to reference 44 for more information.

Our focus here was to obtain nanoneedles with a specific aspect ratio.

In order to reach the required pH, a 1M NaOH solution is added dropwise to one-third of the scrolled nanosheets suspension corresponding to 0.7 g of powder, The volume is then adjusted to 30 mL and added to a 50 mL Teflon vessel in the stainless steel autoclave. The autoclave is placed in an oven at 140 °C for 72 hours, after which the mixture is naturally cooled down and washed with distilled water until pH 7 (centrifugation steps: 9000 rpm, 10 min).

The TEM images of the intermediate product, scrolled nanosheets, are shown in Figure 2.11.

Figure 2.11 TEM images of scrolled nanosheets at three magnifications. 44 As we can see, each scrolled nanosheet consists of a thin curved structure of several layers of a single nanosheet wrapped on itself, along with the c-axis, leading to a nanotube with an average external diameter of ∼8 nm with a multiwall thickness of ∼2 nm and a length of several hundred nanometers. The interlayer spacing of these nanotubes is 0.7 nm, close to the values reported in the literature. 8,49 When a suspension of scrolled nanosheets underwent reaction at 140 °C for 72 h at pH 9.8 treatment, nanoneedles, as shown in Figure 2.12a, are obtained. The XRD analysis (Figure 2.12b) shows the characteristic peaks of the well-crystallized anatase structure (JCPDS 21-1272) are dominant with a few per cent of brookite (JCPDS 029-1360) barely detectable. (c,d) statistical distribution of nanoneedle lengths and widths, respectively. 44 The statistical distribution of their lengths and widths measured on at least 300 nanoparticles (Figure 2.12c,d) provided an average length of 350 (± 130) nm, a width of 46 (± 10 ) nm, and an aspect ratio of 7.5.

TiO2 nanoplates

In this part, TiO2 nanoparticles with plate shape were fabricated to expose the (001) facets for photodeposition preferably. The synthesis method we used follows reference 30 published by Shaffer's group. In short, TTIP dissolved in isopropanol was mixed with hydrofluoric acid to get a ratio of Ti:F=1:1. The mixture was then stirred, followed by heating at 180 ℃ for 24 h in an autoclave. The white product was washed by isopropanol and water for at least three times, and finally, we kept the particles in pH 3 solution adjusted by HNO3.

As shown in Figure 2.13, TEM results showed well-distributed plate-shape TiO2 nanoparticles on the grid, with lateral dimensions of around 30 nm and thickness of about 9 nm, with an aspect ratio of 3. It needs to be noted that some of the plate particles tend to stack along [001] direction, forming aggregates on the grid (see Figure 2.13b). XRD analysis (Figure 2.14) confirmed that the obtained white product was highly crystalline TiO2 anatase. 

anatase The zetametry experiment of nanoplates sample was made and shown in Figure 2.15. The zeta potential showed a good Boltzmann fitting curve as a function of pH values. The isoelectric point is at pH 6.1, which is close to what we got for TiO2 polyhedrons.

TiO2 nanocubes

In addition to the TiO2 polyhedrons and nanoplates, nanocube shape TiO2 nanoparticles were also synthesized using a similar method as for nanoplates, 30 except for the ratio of Ti: F which now equals 1:0.2. The TEM results in Figure 2.16a and b have confirmed the formation of nanocubes, with the mean edge size of 12 nm, with a standard deviation of 2 nm (Figure 2.16c). 

TiO2 bipyramids

Bipyramid shape anatase was also made by a solvothermal method according to Liu's work in 2015. 50 In brief, Titanium butoxide (TBOT) dissolved in ethanol was mixed with oleylamine (OM). OM was proven effective as a surfactant to prepare TiO2 nanosheets and rhombicshaped TiO2 nanocrystals. The well-mixed mixture was then transferred to Teflon-lined stainless steel autoclave containing water. The autoclave was then heated at 180℃ for 14 h.

The product was collected by washing the precipitate thoroughly with absolute ethanol and deionized water for at least five times to remove the residual contamination. The product particles were finally kept in solution at pH 3. The size of these nano-bipyramids is not uniform with a length in c-axis ranging from 20-45 nm, the mean size of which is around 31 nm (Figure 2.17c), the width is 12 (± 2)nm.

As illustrated in

The XRD pattern (Figure 2.18) also confirmed the formation of anatase phase; no other phase was detected. 

Conclusions

In this chapter, we have introduced and used general routes to synthesize TiO2 nanoparticles with different morphologies. The surface directing agents have an important role in shape control of the product. First, TiO2 polyhedrons were obtained through a gel-sol method using TEOA as a surface directing agent. Addition of NaOH solution into the mixture of TTIP and TEOA led to TiO2 nanoneedles. In other cases, the TiO2 nanoneedles can also be made using P25 as precursor particles through an indirect procedure with NaOH acting as shape controller.

TEOA was also used as a surface directing agent, but this was not detailed here. 44 TiO2 nanoplates and nanocubes were fabricated by a hydrothermal method, using HF as a surface directing agent. The shape can be altered by the control of the ratio between Ti 4+ and F -ions.

Last, TiO2 bipyramids are synthesized through a solvothermal method, using oleylamine as a surface directing agent and ethanol as the solvent. All the nano-sized TiO2 particles are characterized by TEM technique, and most are confirmed as anatase phase by XRD analysis.

The well-shaped TiO2 nanoparticles with different morphologies provide substrates to load metal particles by photodeposition method, allowing us to study the shape effect on the preferential deposition sites during the photodeposition process, which will be mainly discussed in Chapter 4. In this chapter, we will describe three different setups built and used to perform the photochemical deposition of the metallic dots onto the semiconductor nanoparticles (NPs).

Chapter 3 Setup Configuration and Laser Control

The first one uses a UV laser with a beam waist focused inside a microchannel, later called microchannel setup, the second one uses the same UV laser with a waist large enough to correctly illuminate a 1 cm wide PMMA cuvette, later called "cuvette setup using UV laser" and finally a classical UV lamp setup where a PMMA cuvette is exposed to a collimated 1 cm wide UV beam produced by a high-pressure mercury lamp. The setups either use different light sources (UV laser or UV lamp of very close wavelengths) or variable reaction vessels (microchannel or UV cuvette). The photochemical deposition induced by focused lasers in the microchannel setup involves neither mask nor asymmetric environment: the experiment is carried out in volume (and not at the interface between two media, for instance). The method is contactless since it is based on the localized excitation of semiconductor nanoparticles in suspension for the generation of electron-hole pairs. Special care should nonetheless be taken to get accurate control of the UV laser beam size and power and on the microchannel inner surface modification. The results obtained from cuvette setups using either UV laser or UV lamp will be presented and discussed.

Microchannel setup for photodeposition

The microfluidic setup consists of building a dedicated microchannel and laser exposure system to perform the Janus synthesis in a continuous flow. The precursor solution is driven by a syringe pump into the microchannel. The UV laser goes through the microchannel, irradiates the mixture solution and excites the TiO2 NPs. Electronhole pairs are produced in the TiO2 NPs; they can then recombine in bulk, be trapped in the bulk and surface defects or migrate to the surface and react at the interface with species in solution. The electrons can be used to reduce metal ions flowing in the TiO2 suspension, and the holes can oxidize hole scavengers also in solution. The white light illumination and the CCD camera help to detect the laser beam position inside the microchannel and to observe the photochemical deposition on the nanoparticles in the microchannel. At high laser intensities, dissymmetric dimers are formed in the solution, with a single metal particle deposited onto the surface of each TiO2 NP as illustrated in Figure 3.1. The wavelength of the UV laser is 363.8 nm, used to excite TiO2 anatase semiconductor, for which the band gap is around 3.2 eV (for bulk TiO2) 1 , corresponding to 380 nm. The nominal power given by the apparatus ranges from 5 to 200 mW, with a maximum current achievable of 50 A.

Global view of the microfluidic setup

UV lens and positioning

Considering the distance from the laser head to the expected channel position, three UV lenses focus the laser beam, with minimum power losses, at the microchannel location with the desired size. All the information about the UV lens is listed in Table 3.1. The focal length fi (I = 1, 2, 3) of Lens1, Lens2 and Lens3 are 300, 100 and 500 mm, respectively. Considering the beam size and divergence at the exit of the laser head, the distance between the laser head and the microchannel location on the one hand, and the chosen size of the microchannel, on the other hand, the goal is to produce a beam diameter that correctly fills the microchannel width, here around 500 µm. The system Lens2/lense3 is a magnification system (5X) that increases the beam waist created by Lens1 at a distance -f2 from Lens2. Then Lens1 is chosen to create a first intermediate beam waist small enough to be increased by a factor of 5 at the right size in the microchannel. Since the combination of lenses can be treated as a whole focusing system, the transmission of each lens is not measured experimentally. However, both the excellent transmission of uncoated fused silica (Lens4) and combined antireflection coating of Lens1-3 favour very good UV laser transmission through the optical path, and reduce energy loss (Figure 3.4). ) when lens4 is added to the system, thus causing an even higher intensity in the beam area.

Imaging system

A CCD camera Hamamatsu C5405 is installed in order to check the laser location in the microchannel and, also to get some insights on the processing of the photochemical reaction.

A Glan prism is used to remove UV light as much as possible and prevent potential damages In the main window, a darkly shaded drop of solution is forming at the exit of the round channel located inside the square microchannel (see below for details on the microchannel fabrication). A real-time monitor can help us to calibrate and check the flow conditions, in the microchannel as a function of the flow rates imposed to the syringe pumps. The images recorded by the software can be merged and converted to a short video. So this simple software combined to the CCD camera is frequently used to check operating conditions and monitor the in situ photochemical processes inside the microchannel.

Single microchannel configuration

The first type of microchannel is a simple square glass capillary (from the Vitrocom company), with wall thickness of 120 μm and an internal 600x600 μm 2 area. Preliminary laser irradiation of flowing solutions in such a microchannel showed that photodeposition occurred on the TiO2 NPs but also the internal surface of the channel, altering the beam transmission and then the photoproduction of Janus particles. We performed several experiments with this type of microchannel, and observed low reproducibility, which is likely We also tried another channel material, Purified Terephthalic Acid (PTA) tube (Diameter 1.5 mm) a hydrophobic material, in order to solve this problem of photodeposition on internal surfaces. However, the same issue still showed up around the laser crossing area. Glass and PTA, even though dielectric materials, may release electrons when activated by UV that can react with flowing metallic ions to produce metallic deposits on the surfaces at the beam location.

Transmission measurements of both glass and PTA channels were also performed. From To solve this problem, in the following part, we first suggest a surface modification via a silanization process 3 to modify the surface properties of the glass channel and make it more hydrophobic; and then managed a two-fluid approach to avoid the deposition problem on the inner surface.

Double microchannel configuration

Silanization of the square glass channel

The aim of the silanization of the glass channel is to form a dense hydrophobic layer on the inner surface of the microchannel, in order to avoid any contact between the silica surface and the reactive solution during the photoexcitation process. The principle consists in using a functionalized alkoxysilane which will provide the targeted surface with the desired property.

The mechanism of the surface modification is depicted in Figure 3.9. The surface modification takes place in four steps 3 . The first step is physisorption, in which the silane molecules get physisorbed at the hydrated silica surface. In the second step, the silane head-groups arriving close to the substrate hydrolyze-in the presence of the adsorbed water layer on the surface-into highly polar trihydroxysilane Si(OH)3. These polar Si(OH)3 groups react by condensation to form Si-O-Si covalent bonds not only with the hydroxyl groups on the SiO2 surface (third step) but also with the remaining silanol functions of the neighbouring molecules. Self-assembly is driven by the lipophilic interactions between the linear alkane moieties. At longer times, the surface coverage eventually reaches the point where a wellordered and compact monolayer is obtained (step four, Figure 3.9d).

The silanization process of the channels was performed using the following method. Firstly, the square glass channels were immersed in pure water in a plastic Falcone tube and were sonicated for 30 min. to remove impurities on the inner surface. Then the square channels were dried at 80 °C overnight. Secondly, the channels were pre-irradiated under UV light to form more OH groups on the inner surface for 2 min in a plasma cleaner and subsequently plunged into a chloroform solution containing 2 vol.% of octyltrichlorosilane. The tube containing the channels and the octyltrichlorosilane solution was sealed and rolled on a roller machine for 24h. The channels were eventually taken out and rinsed with chloroform three times to remove the remaining silane solution, and then dried at 80 °C in an oven. In the end, the glass capillaries are totally silanized, and in particular the inner surface. This induced hydrophobicity should help to prevent the photodeposition on the inner surface of the microchannel. However, new experiments with simple silanized square channels showed that the silanization alone was not sufficient to do so. Therefore, we decided to use two-fluid flows in order to coat the glass surface with an inert liquid so as to remove this tedious difficulty.

Fabrication method

The need to create a thicker inert layer that prevents photodeposition on the glass surface led us to design a double microchannel system (Figure 3.10). The external square silanized one is used to flow an oil (here n-dodecane, transparent at the used UV wavelength, and considered as a good dielectric) with a non-ionic surfactant (here sorbitan oleate (SPAN80)). The internal one will flow the water solution containing the reactants. Indeed, as the oil is attracted by surfaces made hydrophobic by the silanization, it should tend to wrap a co-flowing aqueous solution and form large water-in-oil drops inside the microchannel, due to the Rayleigh instability of liquid threads. 4 As can be seen from Figure 3.10, a round channel (ID/OD, 400/550 µm) was embedded partially into the silanized square channel, from which the aqueous solution comes out. The oil is injected through the four corners between the square and round channel. The two square and round channels were respectively connected with oil and aqueous solution reservoirs, by plastic tubes. The channels and the plastic tubes were both supported onto a glass slide. Syringe pumps drive the fluidic flow to proceed in the microchannel.

Fluid velocity vs. flow rate

Once the UV laser waist size is fixed, the exposure duration of the solution when passing the UV region can be determined by the velocity of the aqueous solution. Due to the uniform cross-section of the square channel, the velocity can be adjusted by the flow rate set on the syringe pumps. The double microchannel system here contains one long square and one round microchannel, into which the oil and the aqueous solution were injected, respectively. The flow rate ratio between aqueous and oil part solutions was set as 4:1. That is, the volumetric ratio is also 4:1.

At this ratio, the aqueous solution, wrapped by the oil part, form separated long drops inside the square channel. Thus, it provides us with an opportunity to observe the mean drop flow inside the square channel.

In order to measure the velocity of solution drop in the microchannel, we recorded images at three time points, where the length of drop A advances from l1 to l3 during the period from time t1 to time t3, as shown in Figure 3.11 on the CCD camera window. The velocity of drop A is then defined by 

Laser size control

In practical terms, even with perfectly aberration-free lenses, a Gaussian beam cannot be focused to a geometric point. The position where the beam owns the smallest size along the References page 96 beam propagation direction is called beam waist (w0). At the beam waist, the beam owns the most considerable photon intensity. In our setup, the beam waist produced by Lens1-3, is already adjusted at the channel position. Moreover in order to create a "light bar", just before arriving at microchannel setup, the UV laser is also focused in one direction by a well- As seen in Figure 3.14, along with the propagation direction z, the irradiance profile turns to broaden around x,y plane when increasing the distance to the beam waist. If we define the radius of the laser beam at position z as wz. it follows equation behaviour given by:
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Where λ is the optical wavelength in vacuum.

In order to carry out the size measurement of the two beam waists at the channel position, a power meter (Milles Griot brand) equipped with a spectral filter, is mounted at the place where the distance is z = 75 cm between the iris on the power meter and the beam waists position (see Figure 3.15). Displacement dimension (mm)

x: parallel to the table y: perpendicular to the table distance from waist to detector 75 cm

Figure 3.15 Measurement of the laser beam waists in the microchannel and the related fitting curves

The power meter was able to move parallel and perpendicular to the vertical table, in a step of 0.05 and 0.1 mm corresponding to x and y-axis, respectively. The measured data show a fitting to a Gaussian curve of the beam power at z = 75 cm. The fitting results indicate wz,x = 1.84 mm and wz,y = 0.91 mm. Thus, in addition to a first Glan prism, as illustrated on the optical setup, it can be used to adjust the applied power in the channel. Figure 3.17 shows the laser power incident to the microchannel versus the half-wave plate angle. From the result, we get: Here follows the calculation of P1/2 power depending on the panel power Ppanel (in light control mode), when the microchannel is filled with TiO2 solution. For a fixed panel power, one can calculate the angle of the half-wave plate to obtain the expected power P1/2 in the middle of the microchannel. Then, we perfectly characterized the properties of the UV laser beam, waists and power that goes through the microchannel for photodeposition experiments.

According to

UV cuvette setup using large UV laser exposure

In this section, we discuss the other experimental setup used during the present work. While still keeping the UV laser as the light source, we use a UV cuvette instead of glass microchannel as a reaction vessel. The exposure area was designed to be around 1 cm in diameter to fill a 1 References page 96 cm wide cuvette, while the microchannel setup owns an area in sub-millimeter scale; thus the intensities between these two setups largely differ for an identical laser power. Instead of the short exposure durations of the flowing solutions flow in the microchannel due to the small range of variation of the flow rate, the UV cuvette setup allows large duration experiments on demand. The much larger available solution volume in cuvette setup would also enable magnetic stirring inside the vessel, making sure that photochemical reactions are performed in well-controlled conditions. The UV cuvette setup is complementary to the microchannel one.

For the same light energy deposited in the solution, in the microchannel configuration, this is the flux of photons that matters while in the cuvette setup it is more the time during which the photodeposition occurs. After coming out from the laser head, the beam is reflected by one mirror and then elevated by two other mirrors at the same height of the reaction cuvette. The objective and the lens then enlarge and collimate the laser light onto the UV cuvette, leading a laser spot with 1 cm in diameter. The UV cuvette was placed on a magnetic stirring machine to continuously homogenize the particle solution and prevent sedimentation; the stirring speed was set at 300 rpm unless otherwise stated. All experiments made in the UV cuvette were performed under room temperature. As shown from Figure 3.21, the PMMA cuvette shows a quite similar transmission as that of the Quartz cuvette, both displaying a good transmission quality (around 90%). The power inside the cuvette can be written as: Where Pinc is the incident power before arriving at the UV cuvette.

Schematic picture of the UV cuvette setup

Transmission measurement of the UV cuvette

Since our reaction system mainly contains an aqueous solution or a mixture of water and alcohol the PMMA cuvette can be used without any problem. Therefore, most of our experiments using cuvette setup were performed in such disposable PMMA cuvettes for their good transmission and sake of simplicity.

Power in the UV cuvette vs Power on Panel

Before arriving at the UV cuvette, the UV laser is reflected by mirrors, and passes through the lens and the objective, so that the energy losses are inevitable. A clear linear relationship between the incident power and the panel power was obtained (Figure 3.22). In this way, the applied power inside the cuvette can be adjusted by changing the panel power.

UV cuvette setup using a UV lamp

The previous two setups utilize a UV laser as the light source. In order to compare our results with already published data, we also exposed our samples to the UV wavelength of a highpressure Hg lamp (365 nm, close to that of the laser). Most works about photodeposition use indeed a UV lamp (mostly Hg or Xe lamp) rather than a UV laser, for simplicity and convenience; note nonetheless that reachable photon fluxes are tremendously smaller than those obtained with a laser. It should also be noted that in many papers, the exact modus operandi is most of the time not specifically mentioned so that comparison from one paper to the other is often complicated and tedious.

Schematic picture of the UV cuvette setup using a UV lamp

The cuvette setup using a UV lamp is shown in Figure 3.23. area of a 1 cm diameter on the cuvette (Figure 3.23). The filter cuts those lights with wavelength shorter than 365 nm, but allow the visible light to pass. The distance from the round hole to the cuvette is approximately 5 cm put the value on the figure. The measured power inside the cuvette is 0.28 mW. Unfortunately, the power of the UV lamp is fixed so we can only perform experiments only at this power.

UV lamp and its wavelength distribution

The UV emission spectrum of the UV Hg lamp is shown in Figure 3.24. Unlike the UV laser with a single wavelength of 363.8 nm, the Hg lamp emits multi-wavelength light, ranging from 250 to 580 nm, with the main peak at 365 nm. From the UV-vis spectrum of TiO2 NPs, the shorter wavelengths (less than 365 nm) can photoactivate TiO2 very efficiently.

Even though the filter helps to block the shortest wavelengths, the visible light may affect the electron transfer behaviour, but for already formed Janus nanoparticles. For instance, Au-TiO2 NPs can be affected by the 550 nm visible wavelength, because of the surface plasmon resonance band of gold nanoparticles. We can then say that the single wavelength-operating mode of a laser would favour us a better understanding of the light effect on the photodeposition process. References page 96

Power intensity and work duration comparison

Although the type and power of lamps used are usually mentioned in experimental procedures of photodeposition [5][6][7][8][9][10] , the photon flux (in mW/cm 2 ) arriving at the semiconductor particles is not. This should be measured and provided, since the photon flux does primarily affect the rate of deposition and the resulting size of the deposited metallic nanoparticles. Reporting of the photon flux is also essential to allow comparison of studies aimed at determining the effects of process parameters on photodeposition rates.

For most of the papers [11][12][13][14][15][16][17][18][19][20] which mentioned the power intensity, the values vary from 1 to 5 mW/cm 2 (in our UV lamp setup, 0.28 mW/cm 2 ), and the exposure duration for the photodeposition process using a UV lamp takes hours, which may be a drawback for materials synthesis. Moreover, the photodeposition process using a UV lamp produces multinanoparticles deposition on each semiconductor nanoparticle, and most of the deposited particles are quite small (around 1-3 nm). In one single case, prolonging UV exposure seemed to increase the size of the deposited particles up to obtaining a single particle on each semiconductor 21 , but this result is far from being well-established.

We also performed a few photodeposition experiments using the Hg UV lamp and found similar behaviours as those published in the literature. A mixture of AgNO3 and TiO2 in methanol/H2O solution was irradiated under the UV lamp for 280 min. The TEM results (Figure 3.25) showed that dozens of Ag nanodots were deposited onto each TiO2 surface. 

Introduction to photodeposition of Ag nanodots onto

TiO2 nanoparticles surface

Metallic silver decorated TiO2 nanoparticles (NPs) are significant hybrid materials that have received extensive study over the past decades. Due to the special light-active features of the semiconductor TiO2, surface plasmon resonance of Ag nanoparticles and also the combined metal-semiconductor structure, these heterostructured materials can be used in many fields, such as water splitting, 1, 2 pollution photodegradation, 3-6 sensors 7, 8 and photovoltaic cells. 9,10 Many methods have been used to synthesize Ag decorated TiO2 NPs, including chemical reduction, 11,12 physical vapour deposition, 13,14 impregnation-deposition 15,16 and photodeposition [17][18][19][20] , and so forth, among which the photodeposition method has been widely used for its simplicity, low energy cost and contactless approach. For more detailed references, the reader could refer to the following reviews. [21][22][23] In 1982, Hiroshi et al. found that UV light at 365 nm could activate TiO2 NPs to generate electrons which reduce Ag + ions on the TiO2 surface. 24 Afterwards, Ohtani et al. 25 investigated the pH effect on the photocatalytic reaction rate of Ag metal production, showing that the reaction rate decreased with decreasing pH, but gave neither silver size nor morphology information. The pH effect was also studied by Zhang et al., 26 who showed that Ag multi dots were deposited on each TiO2 NP for a broad pH range (pH 3 ~ 12), proposing that Ag2O forms at relatively high pH range (pH 11 ~ 12) and can act as an Ag 0 reservoir to keep local Ag + concentration extremely low on TiO2 surface. The photodeposition of Ag onto either TiO2 NPs or nanotubes was also probed, although the morphology of the final product is not wellestablished, 27 in terms of size distribution and Janus yield.

Deep UV laser (λ = 257 nm) was first introduced to deposit silver onto a Ti/TiO2 film, and the silver deposits turned visibly larger and larger with increasing the laser exposure time. 28 Beyond the usually considered Ag precursors, silver nitrate (AgNO3), silver acetate (AgOAc)

were also tried as precursor using photodeposition method and succeeded in synthesizing Ag-P25 composites without external hole scavengers. Several researchers paid attention to the study of multicolour photochromic behaviours of Ag-TiO2 film made by photodeposition method. 19,[29][30][31] As for the energy supply, most of the research concerning photodeposition of Ag on TiO2 were driven by a high-pressure Hg lamp as light source, which as mentioned in chapter 3 is limited in terms of photon flux. Furthermore, the information about the intensity applied to the mixture is often missing, while it is an essential parameter, as demonstrated in this thesis. Still, the reactions are mainly performed in fixed-volume vessels, usually magnetically stirred, with illumination time always of a few to dozens of hours. A new design of reaction vessel is thus highly in demand to improve the hybrid materials synthesis.

Moreover, few people investigated the pH effect on the growth and morphology evolution of silver particles on TiO2 in order to clarify its role in photodeposition. Finally, as far as we know, a growth model to predict metal size evolution is still missing, while recent studies showed that control of the dot size is a key parameter for photocatalysis, [32][33][34][35][36][37] ; modelling for given reaction conditions and optical excitation would also rise a predictive approach for the engineering of nano-heterodimers.

In this chapter, we use the setups designed in chapter 3 as powerful light sources to initiate the photodeposition process. We are able to study photodeposition under well-controlled conditions in terms of intensity or illumination time, owing to high intensity and the monochromic wavelength below the band gap of TiO2. The microchannel setup is initially built to study the fluidic photoreaction that takes place inside a microchannel where the flowing mixture is actively irradiated by a focused UV laser. It will also be compared with the other two cuvette setups using either enlarged UV laser or high-pressure Hg lamp.

Characterization techniques, including X-ray photoelectron spectroscopy (XPS), UV-vis spectroscopy and High-Resolution Transmission Electron Microscope (HRTEM), confirmed the formation of metallic silver, the existence of Ag nanodots (Ag NDs) and good affinity bond between TiO2 and Ag at the interface, respectively. The results also show that high-intensity UV laser exposure in a microchannel setup can help produce good quality hybrid Ag-TiO2

heterodimers with a single dot on each TiO2 and relatively high Janus yield, while cuvette setup using Hg lamp leads to multi silver dots on each TiO2. The effects of the hole scavengers, the pH of the solution and the silver precursor are also investigated.

The data concerning the silver size obtained under different conditions are then plotted together and show a good fit to our proposed model (Appendix 2), indicating that engineering of nano-heterodimers by laser photodeposition should be foreseen.

vol. % methanol aqueous solution. The pH of the mixture solution is adjusted at pH 3 using nitric acid (pH = 1). The acidic solution helps to obtain a stable TiO2 dispersion (isoelectric point of TiO2: 6.1) and avoid precipitation of Ag2O formed from the combination of Ag + ions with OH -under basic conditions: 2Ag + + 2OH -→Ag2O↓+H2O.

In any circumstances, the final concentrations of TiO2 and AgNO3 in the solution going through the UV light are 5.5 mM and 2 mM (in atomic concentration), respectively. When sodium formate (HCOONa) is used as a hole scavenger instead of methanol, its concentration is also 2 mM.

For the TiO2 substrate, we used mainly three shapes in this study, i.e., polyhedrons, nanoplates and nanoneedles. Since the NPs do not have the same size, it should be mentioned that the molar concentration of 5.5 mM TiO2 corresponds to a different concentration in nano-objects as mentioned below:

5.5 mM in atomic concentration correspond to 

Experimental methods in microchannel setup

The aqueous solution is then purged with Ar for at least 10 minutes to remove the dissolved oxygen in the solution before transfer to a glass syringe (5 mL, SGE). The oil part is loaded in another glass syringe (2.5 mL, SGE). Both syringes are connected to the microchannel setup and each pumped by a syringe pump (KD Scientific). All the process during the experiment avoids the use of metal part (such as metal syringe needle for instance) to avoid the possible The product of the photodeposition gathered in a glass vial showed a brown colour in the aqueous part at the bottom, with a thin oil layer at the top. A rapid phase transfer occurred after gently shaking the vial for a few seconds. The brown colour moved to the upper oil part due to phase transfer with surfactant SPAN 80. The oil part containing Ag-TiO2 is then diluted with 1 mL heptane.

The TEM grid preparation follows the procedures: the solution is sonicated for 10 min to disperse the nanoparticles, and then one drop is taken to be deposited on a TEM grid (carbon film face up). A few more heptane drops are added on the top and adsorbed through the carbon film to wash away the excessive surfactant. For the statistics of silver size, at least 200 Ag NDs were measured unless otherwise specified.

Experimental methods in cuvette setup

As in the previous case, the aqueous solution is purged with Ar for at least 10 min, to remove the dissolved oxygen in the solution before transfer to a cuvette. The laser exposure area is designed to be circular with a 1 cm diameter in order to fill a 1 cm wide square cuvette, so the volume of the solution is always kept to 1 cm 3 to be sure that the solution is exposed to the laser light. The cuvette is then capped under Ar, and the solution is continuously stirred at a speed of 300 rpm by a magnetic stirrer. The power and illumination time of the experiment The TEM grid preparation is performed according to the following procedures: The solution is sonicated for 10 min to disperse the nanoparticles, and then one drop is deposited on a TEM grid (pre-activated by UV light, carbon film face up). A paper tissue can help absorb the liquid from the carbon film side from the back side of the grid, which allows only the liquid to pass through, and leaves the nanoparticles on the top side. Two or more nitric acid drops (at pH 3) are also deposited onside, to wash away the remaining unreacted metal salts if any on TiO2

NPs.

Results and discussions

In this part, we first discuss the general characterization of the Ag-TiO2 NPs produced in the microchannel setup, to confirm the existence of metallic silver photodeposition on TiO2 surface and to verify the feasibility of synthesizing heterodimers using high-intensity UV laser.

Due to optical absorption of TiO2 at 364 nm, we show in Appendix 1 that the laser heating of the solution is negligible. The experimental data are also fitted to a growth model developed in Appendix 2. For the following sections, several parameters, including applied power, type of hole scavengers and pH values, are investigated to clarify their roles in the photodeposition process. We also discuss the comparison of product solutions synthesized in different setups, highlighting the importance of high-intensity microchannel setup for the production of heterodimers. The substrate morphology and the metal precursor effect will also be discussed.

General approach of photodeposition: towards Ag-TiO2 nanoparticles

The general conditions, which will be fixed in the following are c[Ag + ] = 2 mM, c[TiO2] = 5.5 mM; while the pH value, the type of hole scavenger, the laser power and the illumination time are the parameters which will be varied. We will not come back here on the control experiments, which were performed by Laetitia Vauriot during her PhD. 38 She conclusively showed that in these same conditions when she removed one of the reactants, she did not obtain the same results. The absence of a hole scavenger (MeOH) led to smaller silver dots and a much lower Janus yield, water becoming itself the hole scavenger, but a slow one. We can also observe this change with the CCD camera. This is illustrated in XPS is an instrumental technique, which provides a sensitive measure of the chemical state in the near surface region of materials and is applied to study metal and metal oxide surface.

The XPS analysis of the samples on Ag3d before and after etching is given as a representative illustration for all the obtained Ag-TiO2 NPs (Figure 4.6). The observed binding energies (BE)

are denoted beside the peak with Ti 2p as a reference (458.9 eV for Ti 2p3/2 and 464.4 eV for Ti 2p1/2).

The high-resolution Ag 3d XPS spectrum before the etching process (Figure 4.6a) shows the two distinct peaks at 367.9 and 373.8 eV. After 6 s etching process, the position of two peaks slightly was shifted by 0. eV for Ag3d5/2, and 374.3 eV for Ag3d3/2), the peaks are slightly shifted to the lower binding energy. The electron transfer can explain this small shift from the TiO2 to the Ag NDs. 40 These results confirm the formation of metallic silver during the photodeposition process. electrons to react at the interface with metal ions in solution by reducing the recombination of the electron-hole pairs. Several alcohols [41][42][43] (methanol, ethanol for instance), organic agent or salts 21 are often chosen as sacrificial reagents. As our reaction takes place in aqueous solution, the hole scavenger has to be miscible/dissolvable in water solution. In our study, methanol and HCOONa are chosen to play this role.

Methanol is frequently used in photodeposition experiments as a hole scavenger agent because it has a much higher reaction rate during photodeposition than other alcohols and its role as a hole scavenger in the presence of TiO2 under UV activation is widely known. [44][45][46][47][48][49][50] Another hole scavenger, HCOONa, is also introduced in our investigations because the side product CO2 is a gas which is easy to get rid of, and also to propose a comparison with methanol. The hole scavenging mechanism follows the equations depending on the hole scavenger. From these equations, we can see that methanol consumes the holes and produces formaldehyde or even CO2 at the end, and formate leads to the production of carbon dioxide.

Here we regard the formation of CH2O as the primary reaction product, although researchers 48 claimed that other side products like methyl formate (HCOOCH3) also formed in the reaction with methanol.

To check the role of the hole scavenger, we chose to keep all the parameters identical and as UV-vis spectroscopy was performed and characterized in Figure 4.9. A characteristic but broad band of Ag NDs corresponding to the surface plasmon band shown at 410 nm also appears 51 and becomes more and more evident when increasing the power, indicating the formation of Ag NDs in the photodeposition process. An extra contribution tends to grow at a wavelength larger than 410 nm when powers as high as 23.25 mW are used indicating an increase of silver size, which is consistent with the size distribution observed in the histogram in Figure 4.8.

Role of methanol as a hole scavenger

Interestingly, the photodeposition turned to be a bit different when we changed to another hole scavenger, methanol (Figure 4.10 and Table 4. as experiments performed with formate as a hole scavenger. However, the difference between the two hole scavengers comes from the silver particle distributions. Besides the large silver particle, in the case of methanol, other much smaller Ag NDs appear on each TiO2 nanoparticle, with a size ranging from 2 to 4 nm, which leads to a bi-modal distribution of silver particles. The number of small silver dots increases when increasing the applied power.

An option to control this aspect as shown later on in chapter 5 on the photodeposition of gold NDs, is to decrease the methanol content in the water solution; indeed a 50 vol. % ratio provides a really large excess of hole scavenger ( To conclude, nearly all the TiO2 NPs were decorated with Ag NDs, using either methanol or HCOONa as a hole scavenger, leading to at least around 80 % Janus yield for both cases of scavenging. It appears that an equivalent amount of silver nitrate and HCOONa in the precursor solution is the most reliable choice for a single dot deposition with a high yield. Since the by-product is easier to eliminate when using HCOONa as a hole scavenger, we did not try to focus on the best conditions to eliminate the germination of the tiny dots in the presence of methanol.

pH effect on Ag photodeposition in the microchannel setup

In this part, we would like to discuss the pH effect on the photodeposition process of Ag on TiO2 NPs. People found that pH value plays a significant role in determining the morphology and composition of metal on the semiconductor. [52][53][54] Here, we investigated the pH effect on the photodeposition of silver on TiO2. The chosen pH values were lower than 5, in order to stay in the domain of colloidal stability of TiO2 and to avoid the precipitation of silver oxide at higher pH values as observed experimentally. Two kinds of TiO2 shape, polyhedrons and nanoneedles, were selected to test the effect of the pH.

pH effect on photodeposition of Ag on TiO2 polyhedrons

We first performed the silver photodeposition experiment on TiO2 polyhedrons at different The surface charge of TiO2 being less positive with increasing pH values allows better accessibility of the Ag + cations to the interface, which can be reduced by the photogenerated electrons. 26,55 These experiments were repeated with different powers, and we listed all the size data in The silver diameter variation with the power follows the same trend whatever the pH, and tends to increase with increasing power (see §4.3.9 for the model). The main difference consists in the formation of tiny dots even at higher powers. The size of tiny dots reaches 3 -4 nm in diameter. In this case, we also observed a size increase with increasing the applied power. The difference is much smaller than in the case of TiO2 polyhedrons, possibly due to the larger size of the TiO2 nanoneedles.

In conclusion, we have performed photodeposition of silver on TiO2 using UV laser in a microchannel setup, succeeding in illustrating the weak role of pH on the nanodot diameter within the chosen pH range and a slight influence on the number of Ag NDs on TiO2. Larger pH values may indeed favour interaction of the TiO2 surface with cationic Ag + and induce an additional "secondary" nucleation with multidots on the TiO2 surface. For our following experiments, to get Janus-like nanoparticles consisting in single Ag ND on the TiO2 surface, we will keep the pH at a low value, like pH 3, unless stated elsewhere.
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Comparison between the three setups on Ag photodeposition

In this part, we are about to discuss the effect of experimental setups on the photodeposition process. As mentioned in chapter 3, instead of commonly used Hg or Xe high-pressure UV lamps, we built a so-called "cuvette setup" also using a UV laser as the light source. For the microchannel and cuvette setups both using UV laser, the intensities can nonetheless differ by two orders of magnitude, owing to the large difference in the exposure area.

To compare the three setups, we chose the following conditions: an overall 1 mL solution, TiO2 nanoneedles as a substrate, 50 vol. % methanol as a hole scavenger, c[Ag + ] = 2 mM, c[TiO2] = 5.5 mM and pH 3, while we vary the illumination time and intensity in order to get the same order of energy per unit volume. The results are listed in Figure 4.17 The flux of photons seems much more important than the deposited energy to produce wellcalibrated Janus particles.

Since most researchers working on photodeposition customarily used a high-pressure Hg lamp as light source, we also implemented a UV lamp setup to reproduce photodeposition experiments. Here the intensity we had is only 0.4 mW/cm 2 , which is 50 times less than that reached in the cuvette setup using UV laser. Once again we kept the same order of magnitude in deposited energy. We found many tiny Ag NDs distributed all over the TiO2 surface, with a size of 3 ~ 4 nm (Figure 4.17c). The presence of tiny dots was in line with the results of other researchers in their experiments using a Hg lamp. 39,56,57 Consequently, though we do our best to keep the energy density at the same level, these different results indicate that the magnitude of the intensity is likely at the origin of the induced photodeposited pattern and possibly explains all these different silver dot depositions.

Experiments performed in cuvette setup

We then focused on the silver photodeposition experiments performed with the cuvette setup using UV laser, to study the effect of illumination time on the photodeposition process.

In these experiments, methanol was used as a hole scavenger, TiO2 nanoneedles as substrate, The Ag diameter variation, as well as the Janus yield with the illumination time, are shown in .19 shows the silver size and Janus yield when experiments are performed in the cuvette setup using UV laser, as a function of the applied illumination time, by fixing the power at 13.88 mW. In the case of the cuvette setup, the exposure always corresponds to the cuvette size, i.e., 1 cm 2 . According to Table 4.4, the Ag dots were detectable only after illumination times as long as 60 s. All the attempts made at shorter illumination times led to unsuccessful observations on TEM grids despite our repeated efforts. The observable sizes otherwise vary from 18 nm to 21 nm with no apparent growth trend. It then seems that beyond 60 s, the growth process has already reached saturation. It can also be seen that whatever the long illumination time, it is still hard to get appreciable Janus yield in the cuvette setup. 58 This is probably due to the fact that, other than the Ag-TiO2 heterodimers, we could also detect some micro-sized larger silver particles in some places on the TEM grid (Figure 4.20a). This phenomenon was even more frequent when the illumination time lasted longer.

The TEM samples made in the microchannel setup ( In short, working with such a small power, or let us say low intensity in the cuvette setup case, seems to be hard to control the variation of the Ag NDs size as well as the Janus yield. microchannel setup as compared to the cuvette one using relatively low intensity but longer illumination time.

TiO2 morphology effect on Ag photodeposition

Another parameter which may play a key role in applications in photocatalysis is the morphology of the TiO2 NPs since depending on the morphology we get access to specific facets of the crystal structure and then specific redox properties. We will then discuss in the following the role of the TiO2 morphology on the photodeposition process. Many researchers paid much more attention to the metal size or weight loading ratio 37, 60-62 on the semiconductor, but few of them discuss the preferred deposition site for the metal-TiO2. 63,64 In this case, we compare the TiO2 polyhedrons, nanoneedles and nanoplates, which are made NDs tend to deposit on the edge of the plate, 65 corresponding to crystal facet of (101) which is the most stable surface presenting 50 % 6-fold coordinated Ti (Ti6c) and 50 % Ti5c atoms and already recognized to provide reductive sites which do not directly assist the oxidative processes. 58 For TiO2 nanoneedles (Figure 4.21b), the preferred site of nucleation is mainly In conclusion, the morphology of TiO2 plays a role in the photodeposition process, leading to silver deposition on preferential sites, considering minimization of surface energy and also atomic matching at the interface between TiO2 and Ag ND.

Metal precursor effect on Ag photodeposition

The last parameter to test is the chemical nature of the silver precursor. Beyond the common and widely used AgNO3 in most silver-concerned photodeposition research, another silver precursor that we decided to use is silver acetate (AgOAc).

a) Presence of a hole scavenger

The photodeposition experiments using a AgOAc precursor solution were performed in the microchannel setup, with HCOONa as hole scavenger, at pH 3, with TiO2 polyhedrons as the substrate. 

Power (mW) Ag diameter (SD) (nm) AgNO3

Janus yield % Ag diameter(SD) (nm) AgOAc Janus yield % The Janus yield of the Ag-TiO2 product is high, up to at least 80 % for the tested powers (Table 4.5). The silver size goes from 7.2 to 9.1 nm when increasing the power from 3.1 to 23.25 mW. NDs of the same size on each TiO2, with a similar diameter of 5.9 nm (Figure 4.24d). The large intensity difference between the two setups may justify the number of Ag NDs on TiO2, that is, higher intensity facilitates the single silver dot deposition on TiO2.

Modelling fit of silver size data

Over the past decade, the variation of the size growth of the Ag NDs on the TiO2 NPs has been studied as a function of many parameters (physical ones, chemical ones as well as human ones). 38,66 There was then a real need to find a model which would optimize and provide a general trend for all these data. The detailed part of this model is given in Appendix 2, and here, we will only briefly summarize the spirit of this growth prediction model.

The main stages to describe the growth law of Ag ND, will be set according to the different parameters involved in the photodeposition process. The sketch is the following:

(a) Electron-hole pairs are produced in the bulk and at the surface of the TiO2 particle when TiO2 is excited by the light within its band gap.

(b) The fate of electrons is either to recombine with holes, or to be trapped on defects, or to reduce Ag + ions at the surface of TiO2; correspondingly, the holes may recombine with electrons, or may be trapped on defects or may oxidize species on the surface of TiO2.

(c) Reduction of Ag + ions produces Ag 0 atoms. Beyond a certain amount of Ag 0 atoms, an Ag ND is nucleated at the surface of TiO2. The Ag ND grows as a function of (i) the production of electrons related to the laser absorption and intensity, (ii) the Ag + ions concentration and (iii) the illumination time.

Two growth mechanisms may be possible, i.e., (i) growth under a flux of metal atoms and (ii)

growth by diffusion of metal atoms at the surface of TiO2. The measured growth laws based on experimental data should allow the differentiation between the two mechanisms. We show in Appendix 2 that the growth of Ag ND is compatible with growth under a flux of metal atoms, considering time variation and scaling.

Two sections will be involved in the deduction of the growth model. The first stage consists in setting the different equations to determine the Ag 0 atoms concentration at the surface of TiO2, by determinating the electron production due to light absorption. In a second step, the Ag 0 atoms concentration is used to predict the growth of an Ag ND deposited onto the surface of TiO2. Where kr is the recombination rate, k'A = kA[Ag + ] is the effective rate for the production of Ag 0 , k'HS = kHS [HS] is the rate of hole scavenging, g is the electron source term proportional to the absorption coefficient of TiO2 and the beam intensity, Ω and κ are respectively a characteristic volume factor and a dimensionless factor related to the contact angle of the silver dot on the TiO2 surface.

According to the prediction shown above, the silver dot diameter (D = 2R) should behave as P 1/6 in power, [Ag + ] 1/6 in concentration, and t 1/3 in illumination time.

To In Figure 4.25a, the variation of the Ag size is plotted as a function of the power; the data on this graph are obtained in conditions: c[Ag + ] = 2 mM in bulk, illumination time 0.13 s, with either methanol or HCOONa as a hole scavenger, dodecane as the oil with or without SPAN 80. These data seem to follow a single trend. When they are all fitted together with a powerlaw D = A*P 1/6 , the correlation coefficient between the silver size and the power is as high as 0.93, indicating a good fit with the prediction in power. The fit also shows that critical radii (of diameter D0) are extremely small and can be neglected. As shown in Figure 4.26, the power variation leads to a silver size growth evolution which follows the same trend and type of law as P 1/6 , with a correlation coefficient of 0.93, indicating a good fit of the experimental data with the model. Although these parameters may cause variations in the mean size distribution, the silver size still behaves as P 1/6 in power.

Modelling and fit of all the silver size data

In order to better understand the modelling, we made some transformation of Equation 4.1, as shown below in Equation 4.2:
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where t is the illumination time, ( )
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is a characteristic time for the growth, which is related to the Ag + ions concentration at the interface and the power.

However, as we do not know accurately the production rate kAg of Ag atom, we assume a theoretical slope Since this slope is equal to 

Conclusions

In this chapter, we performed the photodeposition of silver on TiO2 in the microchannel setup.

Techniques including TEM, XPS and UV-vis spectroscopy have confirmed the existence of metallic Ag NDs deposited on the TiO2 surface and the formation of heterodimer structures with single Ag ND on each TiO2.

The growth model successfully predicted the silver size variation in the photodeposition process. The silver size behaves as P 1/6 in power, [Ag + ]ads 1/6 in concentration, and t 1/3 in time.

The silver reduction rate in the photodeposition process is also deduced, and it is in the same order of the reported values.

We have also studied the effects of other parameters on the photodeposition process. Two kinds of hole scavengers, methanol and HCOONa, have been investigated and found to lead to a high ratio of silver deposits on TiO2 surface. HCOONa offers much better yields in heterodimers, while using methanol may lead to multi Ag NDs onside. Several pH values, within a range from pH 3 to 5, were varied to investigate the role of the pH value in the photodeposition process. We found that lower pH facilitates the synthesis of heterodimers, while relatively high pH environments induce multi dots nucleation on the TiO2 surface.

Beyond experiments performed with the microchannel setup, the photodeposition was also investigated in a cuvette setup, illuminated by either the same UV laser or a high-pressure UV lamp. Cuvette experiments using the UV laser showed either single nanoparticle or multi nanoparticles deposition on TiO2 surface depending on experimental conditions, while the UV lamp experiments lead systematically to the nucleation of tiny dots with a diameter smaller than 3 nm. Finally, depending on the nature of the metal precursor, silver acetate induces a much smaller size range as compared to the usually considered AgNO3, it is suggested that the smaller value of KAg for AgOAc induces the smaller silver size. References pages 198 photodeposition using ethanol were large (50-100 nm for 0.4 wt.% HAuCl4) and aggregated, while those using ethylene glycol were small (5-15 nm for 0.4 wt.%) and abundant. 4 It is also believed that the size control of Au NDs is vital in photocatalytic reactions. 5,6 Wang et al. 5 found that the size of Au NDs could be easily regulated by changing the concentration of gold precursor from 0.05 to 0.25 mM or the Au loading in the range of 0.3 to 1.5 wt.% using photodeposition method. Deepagan et al. 7 indicated that the size of Au NDs could be adjusted by varying the irradiation time when illuminated with a 256 nm UV light. An exposure time as short as 3 min resulted in the formation of unimodal small Au NDs (< 2 nm) on the surface of TiO2. An exposure time of 10 min irradiation led to the formation of large Au NDs (> 5 nm)

with the coexistence of smaller ones. Prolonged exposure over 12 h resulted in the growth of large Au NDs with complete disappearance of small ones. Therefore, by controlling the exposure time, the author obtained three representative composites of TiO2 nanoparticle with small, bimodal, and large Au NDs . 7 Nonetheless, most of the works concerning gold photodeposition at the surface of TiO2 always found the presence of gold multidots more or less homogeneously distributed on each TiO2 particle, no matter the gold content loading or the kind of TiO2 or its morphology. [8][9][10][11] In this part, we continue to implement our UV laser exposition as a powerful light source to initiate the photodeposition of a single gold ND per TiO2 particle. The effect of the laser power and the illumination time in both the microchannel and the cuvette setups on the Au size distribution and Janus yield are investigated. The fit of the data of Au size variation is also made to verify the validity of the model proposed for Ag photodeposition.

Experimental methods

Experimental methods in microchannel setup

The semiconductor supports to be used are the TiO2 polyhedrons all along with this chapter.

The reaction solution is prepared by mixing an already made TiO2-water solution and freshly 0.1 -1 mM. Then the oxygen-free hole scavenger methanol is added to get the final solution (50 vol. %). The pH of the mixture is adjusted at pH 3 using nitric acid (pH = 1). The acidic solution helps to obtain a good TiO2 dispersion because pH 3 is below the isoelectric point of TiO2 (pH 6.1).

As in the case of silver deposition within the microchannel reactor, the product in the aqueous solution and the dodecane containing 15 mM SPAN 80 are collected in a glass vial and then gently shaken to initiate a phase transfer process, during which the Au-TiO2 NPs are transferred to the oil part. The oil part containing Au-TiO2 is then diluted by the addition of 1 mL heptane.

To make a TEM grid, the solution is sonicated for 10 min to disperse the NPs, and then one drop is cast on a TEM grid (carbon film face up). A few more heptane drops are continuously cast on top of the grid, to wash away the remaining excessive surfactant. For the statistics of Au size, at least 200 Au NDs were measured unless otherwise specified.

Experimental methods in cuvette setup

As in the previous case, the aqueous solution is purged with Ar gas for at least 10 min, to remove the dissolved oxygen in the solution before transfer to a cuvette. The laser exposure area is designed to be circular of 1 cm in diameter in order to fill a 1 cm wide square cuvette, so the volume of the solution is always kept to 1 cm 3 to be sure that the solution is exposed to laser light. The cuvette is capped, and the solution is continuously stirred at a speed of 300 rpm by a magnetic stirrer. The power and illumination time of the experiment can be easily adjusted. All experiments are performed at room temperature.

The TEM grid preparation is performed according to the following procedures: The solution is sonicated for 10 min to disperse the nanoparticles, and then one drop is cast on a TEM grid (previously activated by UV light, carbon film face up). A paper tissue can help absorb the liquid from the carbon film side to the back side of the grid, which only allows the liquid to pass through and leaves the nanoparticles on the top side. Two or more nitric acid drops (at pH 3) are also cast to clean the sample particles. 150 References pages 198

Results and discussions

In this part, we first discuss the general characterization of the Au-TiO2 NPs produced in the microchannel setup, to confirm the existence of metallic Au photodeposition on TiO2 surface and to verify the feasibility of synthesizing heterodimers using a high-intensity UV laser. The experimental data are also fitted according to the growth model developed in Appendix 2. The effect of laser power, precursor concentration and illumination time on the photodeposition process are investigated in detail. When the gold NP is small enough, it is a monocrystal as in Figure 5.2a. As a soft material to accommodate and compensate for the a/a interface lattice mismatch with the oxide particles, it tends to induce the formation of a dislocation network. It is represented by the additional reticular half-planes shown on the inset of Figure 5.2b. A dislocation can be seen every 2 or 3 lattice planes, which is in good agreement with the evaluated misfit value of about 39 %. 12 The XPS analysis of the samples carried out in the Au 4f region is given as a representative illustration for all the obtained Au-TiO2 NPs (Figure 5.3). The fit of the XPS spectra clearly shows peaks centered at 83.5 and 87.2 eV before etching process which are characteristics of the metallic Au 0 formed during photodeposition, 13 without any gold oxide (Au 3+ expected at 86.3 and 89.6 eV) 14 on TiO2 surface. After 6 s etching, no variation of the peak position was observed (Figure 5.3b), combined with the spectra under even longer etching time up to 16 s as shown in Figure 5.4, it confirmed that the deposited gold was effectively in metallic form. The spectrum exhibits an absorption band with a maximum peak located at the wavelength of 550 nm, which corresponds to the specific extinction peak of Au NDs due to the surface plasmon resonance (SPR) effect; 4,15,16 the band gap of TiO2 is around 380 nm. This confirms the presence of Au NDs after the photodeposition process. The first parameter to test is the effect of power on the photodeposition process of Au on TiO2. The size distribution becomes narrow with increasing power. Besides the three powers we applied, we also experimented a smaller one, 3.1 mW. However, no Au NDs were found in this case. We suggest that for the gold photodeposition, a threshold power is needed to As we can see in Figure 5.7, the size of the Au NDs tends to decrease with the applied power, while the Janus yield increases. The trend of size and Janus yield could be explained by the competition between the effect of nucleation on the surface defects, and the effect of intensity applied on the TiO2 for nucleation sites. A huge amount of electrons on the surface of TiO2, due to the excitation of high-intensity (here larger power) laser, favors the nucleation of metal dots anywhere on TiO2 surface rather than staying on the surface defects, thus leading to a higher Janus yield but a generally smaller size due to fixed amount of gold precursor. It can be seen that, with the Au 3+ concentration, the Au size becomes larger, so does the size distribution (Table 5.2). The Au size obtained is always smaller than the theoretical ones (see Appendix 3, A3.1), assuming that all the precursor was reduced and the Janus yield of Au-TiO2 was 100 %. The Janus yield nonetheless shows a stable trend, with a narrow range from 40-50 % (Figure 5.9). This is a general trend whatever the power, as already shown earlier in the In short conclusion, we discussed the effect of power and concentration on the photodeposition process of gold on TiO2, which related to the two important parameters regarding the prediction model. High intensity facilitates a high nucleation rate of gold on the surface of TiO2, leading to a high Janus yield and a relatively smaller size. A high concentration of gold precursor resulted in a larger gold size given the same power and exposure time.

Power

Au-TiO2 nanoparticles made in the cuvette setup

As for the photodeposition of silver nanodots, we also used the cuvette setup to perform the experiments the UV laser. The effect of three parameters, including the amount of hole scavenger, power and illumination time, will be discussed. The hole scavenger chosen for these experiments is methanol and the first parameter we test here is its amount with regard to the gold precursor. Here we choose three different volumetric ratios of methanol, i.e., 2.5 %, 50 % and 75 % while the other parameters are kept the same.

The TEM results of Au-TiO2 NPs using these different ratios of methanol are shown in Figure 5.10 and Table 5.3. It is observed that at the lowest ratio of 2.5 % methanol, the Au size tends to be much larger with a much lower Janus yield. At relatively high ratio (50 % or 75 %), the Au size turns smaller with a much larger Janus yield around 40 %. In fact, the lowest ratio of methanol still represents a large molar excess (2500 times) as compared to the Au 3+ precursor. The low yield may be explained by the respective dilution of the reactants and the slow diffusion of methanol to the TiO2 surface as compared to the reactions taking place at the NP under illumination. This is illustrated with a higher ratio of methanol, leading to a higher yield of Janus particles. According to Figure 5.11, the volumetric ratio of 50 % seems to result in the best yield with invariable size. Thus we keep this ratio for the following cuvette experiments. The effect of power was then investigated. Here we fix the illumination time at 4 min and vary the applied laser power to see its influence on both the size and the Janus yield. The TEM results of Au-TiO2 as a function of the different applied powers are illustrated in Figure 5.12 and Table 5 It can be seen from the TEM images that Au-TiO2 heterodimers with only one Au ND on each TiO2 nanoparticle are successfully synthesized in the cuvette setup. The Au size slightly decreased with the applied power, but the Janus yield increases when increasing the power suggesting an increase of the nucleation probability with increasing Laser power.

The UV-vis spectra of the Au-TiO2 heterodimers are illustrated in Figure 5.14. The extinction peak exhibits a blue shift from 580 to 550 nm for powers increasing from 6.94 to 13.88 mW.

The highest power also led to higher peak intensity, meaning that a larger amount of Au NDs is formed in the same volume solution. (c) Illumination time effect

Here we turn to the effect of illumination time on the photodeposition process of Au onto the TiO2 surface. In this section, we vary the illumination time inside the cuvette setup while the applied power was fixed at 13.88 mW. The TEM results of Au-TiO2 NPs from 60 to 960 s are shown in Figure 5.15 and Table 5.5.

Based on these data, it looks like the Au size and the Janus yield seem to increase and reach a plateau for a 240 s and longer illumination time (Figure 5.16). The unchanged size and Janus yield are probably due to the complete consumption of the gold ions in the reaction solution.

The Au size obtained (15.9 nm) at 960 s is rather close to the estimated theoretical value (18.7 nm) assuming that a gold hemisphere was obtained and all the gold ions were reduced with a Janus yield of 50 % (see calculations in Appendix 3, A3.1)

162 References pages 198 In short conclusion, we discussed in this section of the effect of the amount of methanol, power and illumination time on the photodeposition of Au on TiO2 in the cuvette setup. Large applied powers do not vary much about the gold size but increase the Janus yield. There exists an incubation time to trigger the Au photodeposition on TiO2 (at least > 60 s), while the gold size tends to quickly reach a stable stage after only 5 min.

Power (mW) Illumination time (s) Au diameter (SD) (nm)

Modelling fit of gold size data

As we mentioned above, we have obtained data of gold size in microchannel setup under different conditions like laser power, illumination time and precursor concentration. We then tried to model the nucleation growth of the gold NDs using the model developed in Appendix 2. According to this model, the late growth stage in the high field case regime of Au ND should respect the following equation:
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Where kr is the recombination rate, k'Au = kAu[Au 3+ ]ads is the effective rate for the production of In order to better understand the modelling, we re-wrote Equation 5.1, as shown below:
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where t is the illumination time and Although our experiments mainly showed a tendency to saturation in the growth process with the presence of a plateau at the largest powers, most of the experiments performed previously were set up with parameters (power, and illumination time) which allowed access to a large range of the gold size (7-27nm). This overall set of data showed, on the contrary, a reasonable growth rate with time, with nonetheless a much higher variability than that observed for silver and a tendency to lower yields. The variability in dot diameters is likely due to the requirement of three electrons for the full reduction of a gold ion the involvement of Au(I) intermediate species, and therefore, mechanisms which are statistically much more complex than for silver ions that just need one electron.

In the present investigation, our goal was to focus on this yield, instead of the growth, and try to increase it by drastically varying some parameters. We reasonably succeeded, but the price seems to be that the growth is disturbed in an uncontrolled way when shifting conditions from a sort of main mean set. Back to Figure 5.18a, since the slope should be equal to The elements of group 10 in the element periodic table, i.e. platinum group, including palladium and platinum, will be the subject of the following part. The photodeposition of Pd nanodots (Pd NDs) on the surface of TiO2 is indeed another important research topic. In 1975, Kelly investigated the nucleation reaction of Pd by photodeposition when TiO2 films were in contact with palladium ions and exposed to UV light. 18 Polycrystalline metallic Pd particles were found on the TiO2 films.

The effect of hole scavenger on the Pd photodeposition was also studied. Very recently, Jones et al. 19 found that the size of Pd NDs differed when using methanol or triethanolamine (TEOA) as hole scavengers, owing to their difference in the electronic structure and basic character.

The photodeposition using methanol gave Pd size in 2-3 nm range, while that of TEOA led to a Pd size of 4-7 nm, with a difference of two times. Dadsetan et al. 20 made a detailed work on the effect of organic alcohols on palladium photodeposition. They tested four kinds of alcohol, i.e., methanol, ethanol, ethylene glycol, and 1-propanol, and found that methanol resulted in the highest photodeposition rate. They suggested that the alcohols with lowest carbon numbers and molar weights did lead to a higher reduction rate of Pd on TiO2.

Several palladium precursors, including palladium chloride (PdCl2), palladium nitrate (Pd(NO3)2) and disodium tetrachloropalladate (Na2PdCl4), have been reported to be used as the metal precursor for the photodeposition of palladium. [21][22][23][24][25][26][27] PdCl2 is the most commonly used palladium precursor for photodeposition experiments. [23][24][25][26][27] Note that when using PdCl2 as the precursor, a certain amount of concentrated hydrochloric acid is necessary to allow a better solubility of the PdCl2. In Fan's study 23 , PdCl2 was used to load Pd NDs on TiO2 and they found tiny metallic ones (1-2 nm) well distributed on the surface of TiO2. Also, Espino et al. 21 168 References pages 198 found a similar size distribution (1-3 nm) when using Pd(NO3)2 as Pd metal salt while Leong obtained much larger palladium sizes of 17-29 nm on TiO2 using Na2PdCl4 as the precursor. 28 In these papers, the nominal metal loading was the same (1 wt.% Pd-TiO2), however, we observe a large difference in the size of the photodeposited NDs; a conclusion on the effect of the Pd precursor is then difficult to draw probably because the other applied conditions (including light intensity, illumination time, solvent, hole scavenger, etc.) in these studies were also different.

Unlike the studies reviewed above, which all used a cuvette or flask as a reactor, Dadsetan et al. 27 built in 2017 a channel type quartz reactor (see Figure 5.19) to improve the loading amount of the metals. The reactant solution in this system can repeatedly react in the quartz tube by UV irradiation. However, the Pd NDs synthesized with this setup showed large size distribution of the NDs on the surface of TiO2; besides large Pd particles with 8 nm in size, several smaller dots of 2.5 nm were also observed. reactor. 27 Strictly speaking, few people investigated the growth and morphology evolution of Pd particles on TiO2 under a confined intensity and illumination time. Furthermore, modelling of the growth is also missing while recent studies 29,30 showed that the control of the dot size is an important parameter for photocatalysis; modelling for given reaction conditions and optical excitation would also rise a predictive approach for the engineering of nano-heterodimers. In this chapter, we implement the UV laser exposition as a powerful light source to initiate the photodeposition of Pd NDs on TiO2. Thanks to its monochromic excitation below the band gap of TiO2 and the high intensity, the study of the photochemical reaction will be performed under well-controlled conditions in terms of intensity or illumination time, to investigate the growth of heterodimers based on palladium.

The use of two metal precursors, Na2PdCl4 and palladium acetate (Pd(OAc)2) will be analyzed.

The effect of hole scavengers including methanol, HCOONa, or just water will also be discussed.

Modelling of the data will also be performed.

Experimental methods

The experimental procedures for the Pd photodeposition performed in a microchannel or cuvette setup are the same as those for Au photodeposition in part 5.1.2, except that the hole scavenger used are now methanol, HCOONa and water itself, and the metal precursors used are sodium tetrachloropalladate(II) (Na2PdCl4) or palladium acetate (Pd(OAc)2), one may refer to the previous part for more details.

The semiconductor supports to be used are TiO2 polyhedrons all along with this chapter. The reaction solution is prepared by mixing an already made TiO2 water solution and freshly prepared under Ar, sodium tetrachloropalladate(II) (Na2PdCl4) or palladium acetate (Pd(OAc)2), then the oxygen-free hole scavenger (either methanol or sodium formate solution or just water itself) is added to make the initial aqueous solution. The pH of the mixture is adjusted at pH 3 using nitric acid (pH = 1) in order to obtain an excellent TiO2 dispersion. Unless otherwise specified, the final concentrations of TiO2 and Na2PdCl4 in solution were generally 5.5 mM and 1 mM (atomic concentration), respectively.

Results and discussions

In this part, we first discuss the general characterization of the Pd-TiO2, to confirm the existence of metallic Pd photodeposition on TiO2 surface and to verify the feasibility and the reproducibility of synthesizing heterodimers using either microchannel or cuvette setup. For The XPS analysis of the samples carried out in the Pd 3d region is given as a representative illustration for all the obtained Pd-TiO2 NPs (Figure 5.21). In these conditions, and in both cases, the palladium is co-localized with the TiO2 particles. The clear difference lies in the number of Pd NDs deposited on each TiO2, that is, Na2PdCl4 leads to several Pd NDs per TiO2 with a mean size of 6.6 nm while Pd(OAc)2 leads to single Pd ND per TiO2 with a size around 7.5 nm. The Janus yield obtained using Pd(OAc)2 is below 25 %, which is not good merit for the efficiency of the metal loading. However, it is hard to draw any conclusions comparing these two precursors since they are dissolved in different mixture systems. Na2PdCl4 can be more easily dissolved in the mixture of methanol/H2O system even if not totally, while Pd(OAc)2 cannot without the presence of acetone (or other organic agents miscible with water). The addition of acetone may cause more variables to the photodeposition process, which drove us to use the water-soluble precursor Na2PdCl4.

In the following section, we also test the photodeposition of Pd using Na2PdCl4 without any external hole scavenger (methanol), show it is possible making the photodeposition process simpler and that additionally, we can produce nano heterodimers. Therefore, for our photodeposition experiments, we will keep using Na2PdCl4 as the metal precursor unless stated elsewhere. Like what we have discussed about Ag photodeposition in Chapter 4, the nature of the hole scavenger should also play a key role in the photodeposition process of Pd on TiO2. If efficiently enough, it consumes the holes generated in the TiO2 by the UV irradiation and leaves much more free electrons to react at the interface with the metal ions in solution by reducing the recombination of the electron-hole pairs. Alcohol including methanol 20 and isopropanol 23 or organic agent TEOA 19 have been used as hole scavengers for Pd photodeposition. In our study, we kept the same two hole scavengers as for silver photodeposition: methanol and HCOONa.

Since, as opposed to the photodeposition of gold or silver, people already showed that H2O could be itself an efficient hole scavenger for the Pd(II)-chloride complexes, 24 which means that no external hole scavenger like alcohols needs be considered for the reduction, we also performed Pd photodeposition experiments in pure water.

To check the role of the hole scavenger, we chose to keep all the parameters identical and as follows, TiO2 polyhedrons as substrate, c[Pd 2+ ] = 1 mM, c[TiO2] = 5.5 mM, solution velocity v = 960 μm/s (illumination time 0.2 s), and pH = 3. Three types of hole scavengers, i.e., methanol (50 vol.%) and HCOONa (2 mM) and H2O itself, will be evaluated.

The TEM results of Pd-TiO2 NDs performed in the microchannel setup using HCOONa, methanol and H2O as a hole scavenger are shown in Figure 5.24. Pd NDs were successfully deposited onto the TiO2 polyhedrons, which is quantified in Table 5.7 and Figure 5.25.

Interestingly, we find that a single Pd ND was successfully deposited on TiO2 polyhedrons only when H2O itself was used as a hole scavenger, while both methanol and HCOONa are found to lead to multiple Pd NDs loading on TiO2 surface even for the lowest power. These two hole scavengers will then be disregarded, and we will focus on the role of water as a hole scavenger. The only additional thing which can be said is that the diameter of the Pd NDs seems to increase with increasing applied power in the microchannel and follows the same trend for all these three hole scavengers. However, the difference between the hole scavengers comes from the Pd particle distributions. The mean size of Pd NDs obtained using H2O is larger than those obtained using methanol or HCOONa. Kriek suggested that in the absence of an added hole scavenger, the Pd(II) complex can be reduced. 24 The Pd(II) complex-formation of the [PdCln(H2O)4-n] n-4 (n = 0-4) system is pH dependent, and the complex form PdCl2(H2O)2 at near pH 3 is evident to exhibit the largest photoreduction rate. 24 The addition of external hole scavengers (methanol or HCOONa) provides a strong enhancement of the photodeposition process as stated by Dadsetan et al. generating swifter nucleation and the presence of multidots. 20 These authors showed among others that comparing a series of alcohols there was a strong dependence of the hole scavenging rate on the mobility and diffusivity of the hole scavenger. Surprisingly, a power law fit of the growth of the palladium dots for the three hole scavenging processes, while very similar, shows a growth exponent 0.12 -0.14 significantly smaller than 178 References pages 198 

Pd-TiO2 nanoparticles made in cuvette setup

We then focused on the Pd photodeposition experiments performed with the cuvette setup using UV laser, to study the effect of the laser power, illumination time and hole scavengers on the photodeposition process. In these experiments, TiO2 polyhedrons were used as substrates, c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM. The Pd diameter variation, as well as the Janus yield with the applied power, are shown in Table 5.9 and Figure 5.29. The size of the Pd NDs also increases regularly, still with an exponent smaller than that expected for the photodeposition of M 2+ , as well as the corresponding Janus yield with the power. Both the largest Pd size and the highest Janus yield are obtained at the applied power 112 mW. However, compared to the results obtained in the microchannel setup, the cuvette setup results in much lower Janus yield for any applied power. The Pd diameter variation, as well as the Janus yield with various illumination time, are shown in Table 5 Once again both the size of the Pd NDs and the corresponding Janus yield increase regularly with illumination time, with a sort of saturation or plateau for the longer duration. The largest Pd size (11.9 nm) we obtained is still smaller than our estimated value of 17.8 nm, assuming all Pd ions are reduced and Janus yield is 100 %. Interestingly, we find that a single Pd ND was successfully deposited on TiO2 NDs only when H2O itself was used as a hole scavenger, while both methanol and HCOONa are found to lead to multiple Pd NDs loading on TiO2 surface even for the lowest power. These findings obtained in cuvette setup are similar to the experiments made performed in the microchannel setup in terms of deposits number on each TiO2, even though the intensities of the two setups differ from 100 to 1000 times.

Power

Modelling fit of palladium size data

Over the past decades, the variation of the size growth of the Pd NDs on the TiO2 NDs has been studied as a function of many parameters. 21,23,[25][26][27][37][38][39][40][41][42] There was then a real need to find a model which would optimize and provide a general trend for all these data.

According to the model presented in Appendix 2, in the high and low field cases, the late growth stage regime of Pd ND should respect the following Equation 5.3 and Equation 5.4, respectively: Where kr is the recombination rate, k'Pd = kPd[Pd 2+ ] is the effective rate for the production of Pd 0 , k'HS = kHS [HS] is the rate of hole scavenging, g is the electron source term proportional to the absorption coefficient of TiO2 and the beam intensity, Ω and κ are respectively a characteristic volume factor and a dimensionless factor related to the contact angle of a Pd dot on the TiO2 surface.

( )  ( )
According to the prediction shown above, the Pd ND diameter (D = 2R) should behave at a fixed time as P 2/9 for the high field regime and P 1/3 in power for the low field regime, respectively; and t 1/3 in illumination time for either high or low field regime.

Figure 5.33 shows the size dependence of these Pd NDs synthesized in the microchannel setup with power and time (conditions given in above section 5.2.3.2). coefficients for the Pd size versus expected power law with power (or time) to be 0.39 (or 0.8), indicating again a very poor fit agreement with the prediction; pure power law fits give respectively D = A*P 0.11 and D = A*t 0.18 (with respective correlations R = 0.99 and R = 0.96), i.e.

half the expected exponents again. What is remarkable is the robustness of these power law exponents whatever the setup used. Moreover, to probe this reliability we plotted in Figure 5.32 the whole set of data, from the cuvette and microchannel setups, as a function of the rescaled time expected for both the high and the low field regimes on a single curve. They stay separated with the high field scaling indicating that data do not belong to this regime.

Conversely, they all collapse perfectly on the behaviour D = A*(gt) 0.13 (correlation R = 0.94) over five decades in rescaled time using the low field scaling, showing meantime surprising robustness and a global power law exponent 1/3 of the expected value. Nonetheless, the conclusion is that the growth of palladium dot on TiO2, even if very stable, definitely does not follow, at least for this precursor, the predictions of the growth model. A possible explanation relies on the complicated nature of the precursor itself. Indeed, palladium(II) is known to form stable complexes with chloride. The complexation equilibria of Na2PdCl4 in water is strongly pH 43 . and pCl 24 

Conclusions

In this section, we investigated the photodeposition of palladium on TiO2 with both the microchannel and the cuvette setups. Techniques including TEM and XPS have confirmed the existence of metallic-Pd NDs deposited on the TiO2 surface and the formation of heterodimer structures with single Pd ND on each TiO2.

Metal precursor effects were investigated with both Pd(OAc)2 and Na2PdCl4. It was found that Pd(OAc)2 could lead to single Pd ND on TiO2 but it needs the addition of organic agent like acetone to be well dissolved in aqueous solution. The water-soluble Na2PdCl4 was then considered as a better choice as a metal precursor for Pd photodeposition.

We have also studied the effects of other parameters on the photodeposition process. Two types of hole scavengers, methanol and HCOONa, were investigated and their use showed synthesize Pt-TiO2 NPs, as such heterostructures are widely used for alcohol oxidation [44][45][46] , hydrogen generation 47,48 and water splitting. 49,50 In 1985, Curran et al. 51 firstly confirmed the existence of Pt NDs distributed on the surface of TiO2 P25 when the mixture solution of H2PtCl6 and TiO2 particles were irradiated by UV light.

The significance of the presence of a hole scavenger in the photodeposition process of Pt on anatase was demonstrated by Sungbom et al. 52 The authors showed that the presence or absence of a combination of CH3COOH and CH3COONa largely affected the obtained oxidation state of Pt, as analyzed by X-ray photoelectron spectroscopy (XPS). The authors found that Pt II and Pt IV formed, rather than Pt 0 , at low concentrations of CH3COOH-CH3COONa, while a higher concentration of CH3COOH-CH3COONa resulted in a high concentration of Pt 0 . This suggested that the extent of reduction of the Pt precursor is largely dependent on the rate of hole scavenging, which is typically higher in the conversion of an organic molecule as compared to the oxidation of water. Interestingly, when photocatalytic methanol decomposition was performed with as-obtained Pt-loaded TiO2, oxidized platinum was readily reduced to metallic Pt 0 in situ. Illumination in methanol-containing solutions is thus expected to be very effective in reducing platinum oxides to Pt. A comparison of hole scavengers in determining Pt particle size and dispersion was reported by Nakamatsu et al. 54 The Pt-Pt particle nearest-neighbour distance as a function of the hole scavenger used is illustrated in Figure 5.37a. In agreement with Lee and Choi, 53 the authors propose a model where the radicals of the organic compounds used (methanol, ethanol, 2propanol, and acetic acid), provide electrons for the reduction of adsorbed Pt species at the semiconductor surface. Nakamatsu et al. 54 also observed that the use of radicals with a relatively high reduction potential results in a large Pt-Pt particle distance (Figure 5.37b). 54,55 The trend proposed in Figure 5.37 indicates that a high reduction potential of in situ formed organic radicals favours the nucleation of small Pt particles, rather than the stimulation of the growth of existing particles. The relatively large Pt particle size of the catalysts prepared with 2-propanol is explained by its high concentration (50 vol. %) used, as compared to the other hole scavengers, even though the radical has the highest oxidation potential. This is in agreement with the data of Lee and Choi, 53 who observed significantly larger Pt particles when high concentrations of CH3OH were used. Further investigations are recommended to substantiate the conclusions of the work by Nakamatsu et al. 54 on the effect of the hole scavenging on Pt-Pt distance and dispersion.

For the effect of other parameters on the Pt photodeposition process, one may refer to the a b

Experimental methods

The experimental procedures for the Pt photodeposition performed in the microchannel or cuvette setups are the same as those for Au photodeposition in part 5.1.2, except that the metal precursor used is now hexachloroplatinic acid (H2PtCl6). One may refer to the previous part for more details.

Results and discussions

The Pt-TiO2 NPs made in the microchannel setup are firstly investigated. The TEM result of Pt-TiO2 NPs is shown in Figure 5.38. synthesized by photodeposition methods using a UV lamp. 57 Then we turned to synthesize Pt photodeposition using the cuvette setup. We first analyzed the effect of the hole scavengers on the morphology of the Pt NDs. In these experiments, we fixed the power at 50. It can be seen that all the TiO2 NPs are decorated with photodeposited Pt NDs, while the size and the morphology of the Pt NDs are different. The product using H2O as hole scavenger exhibits the smallest Pt size (mean value 1.7 nm), with Pt NDs densely and uniformly distributed on the surface of TiO2, while the one using HCOONa lead to a larger Pt size of 2.5 nm, with a looser distribution (much larger distance between the NDs). The use of methanol as hole scavenger results instead in aggregates of small Pt NDs (mean size 3.1 nm) and these aggregates tend to stay on one side of the TiO2, thus forming Janus-like nanoparticles. If we assume such nanoparticles as heterodimers, the Janus yield is high at 75 %. The aggregation phenomenon was also observed in Wenderich's work, 58 in which they used methanol as hole scavenger but on WO3 support. The aggregates can be explained by the highly reducing methoxy radicals coming from the holes oxidation product. 58 The XPS analysis carried out in the Pt 4f region is given as a representative illustration for all the obtained Pt-TiO2 NPs using H2O as a hole scavenger (Figure 5.40). The observed binding energies (BE) are denoted beside the peak with Ti 2p as a reference (458.9 ± 0.2 eV for Ti 2p3/2 and 464.4 ± 0.2 eV for Ti 2p1/2). For the sake of clarity, we shall focus on the Pt4f7/2 of each of the two doublets. The fit of the 71-79 eV region requires the contribution of two oxidation states of platinum, one located at 74.5 eV for the oxidized contribution and the other at 72.5 eV for the more reduced form of platinum. As illustrated in Figure 5.40b after 6 s etching, the ratio between these two contributions is increased confirming the reduction of this contribution by the Ar + beam on a b The Pt size range is relatively small as compared to that of the Au or Ag NDs made by the same photodeposition method. We noted the same tendency in the literature, 49,66,67,68,69 with a size range of 2-6 nm, some remaining even at the atomic scale. 70 . This prevented us for the moment from using the Pt size data to fit them with our growth model. Still, more experiments in the future concerning other parameters (like pH, and power effect) should be done to fulfil the whole story of the Pt photodeposition even if our experiments show for the first time how photodeposition can produce Janus-like nanoparticles with TiO2 and platinum.
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Conclusions

In this section, we performed the photodeposition of Pt on TiO2 in microchannel and cuvette setup. We systematically found that Pt NDs were successfully deposited on the surface of TiO2.

The illumination time is too short to obtain heterodimers in the microchannel setup. We have found the photodeposition of Pt NDs takes place in the cuvette setup and gives rise to a variety of nanostructures. The morphology of the Pt NDs distributed on the surface of TiO2 is dependent on the type of hole scavenger used. Specifically, the use of methanol favours the aggregation of small Pt NDs, thus forming a Janus-like NPs with relatively large clusters on one side of the TiO2. While water and formate allowed to control the final size of the Pt NDs deposited on the overall surface of the semiconductor. The lack of data and the small size range of Pt NPs prevented us from fitting the available data with our model. properties due to a synergy between the two metals. 1 Photodeposition method is one of the widely used methods to prepare noble metal catalysts supported on semiconductors. The TiO2-based MNPs have been successfully synthesized using photodeposition method, as shown in the previous chapters and also in other works. 2 However, only a few studies were reported for the preparation of supported bimetallic catalyst. [3][4][5][6][7][8] Significantly, the properties of the MNPs could be further improved by decorating with another metal to form bimetallic systems. Mostly the metal Au works as a size of the stable support due to its high reduction potential, so as to receive the decorations from other metals. In the following, we mainly introduce several works concerning BNPs synthesis using photodeposition method in terms of Au@M (M=Ag, Pd and Pt, etc.) structures.

Patra et al. 3 demonstrated that the Au@Ag core-shell structured nanoparticles (NPs) on TiO2 support ((Au@Ag)-TiO2)) could be synthesized by a sequential two-step photodeposition method. Firstly, the Au-TiO2 NPs was prepared by photodeposition method, and the Ag + ions were then photoreduced on the Au NPs in the same manner. The authors showed that their attempts to increase the density of nanometal clusters did not work out, they rather increased the size of the already formed particle . It was found that, compared to pure Au-TiO2 NPs, the composite (Au@Ag)-TiO2 doubled the solar water splitting activity with increasing lightabsorption capacity, while the electronic structure of heterojunction between Au and TiO2 remained unchanged.

In 2016, Ren et al. 9 synthesized PdAu alloyed NPs on TiO2 nanowires using a one-step photodeposition method. The advantage of this method is that the Pd/Au atomic ratio in alloyed NPs could be adjusted by just changing the Pd 2+ /Au 3+ ratio in the precursor solution. According to the HRTEM, the lattice fringe of metal NPs is 0.23 nm, which lies between the (111) lattice spacing of Pd (0.22 nm) and that of Au (0.24 nm). The fairly uniform elemental distribution of both Au and Pd in the whole particles also indicates the formation of the alloyed structure, rather than a core-shell structure.

Tanaka et al. 10 applied a two-step photodeposition method using a Hg lamp to synthesize a core (Au)-shell (Pd) structured NPs on TiO2 surface (Figure 6.1). By controlling the weight ratio of Pd, the author succeeded in obtaining a varying thickness of Pd shell on the Au core. The author suggested that the thickness control of the Pd shell was very important for both a satisfactory cocatalyst effect and absorption due to SPR of Au NPs. 10 Using the same two-step photodeposition method, Jones et al. 11 confirmed the formation of core-shell structured Au@Pd NPs on TiO2, with the controlled deposition of one and two monolayers (ML) equivalent of Pd onto Au NPs. The author indicated that no evidence of isolated Pd or Au NPs were found on the surface of TiO2. (c,d) (Au@Pd)-TiO2. 10 Au-core@Pt-shell bimetallic clusters have been loaded on the surface of TiO2 in a highly dispersed state by a two-step deposition method consisting of the Au impregnationdeposition and the subsequent Pt photodeposition. 8 It was found that the mean size of the metal particle increases after the Pt photodeposition, whereas it was apparent that the number density of metal particles hardly changed, which suggested that Pt deposits were mainly on the Au sites of Au-TiO2 NPs.

In addition to Au acting as the core, the other noble metals, for instance, Pt, could also work as a core site. Han et al. 7 reported a stable Pt-Ag alloy supported on TiO2. It was confirmed that the photodeposition process led to the site-specific deposition of metallic Ag domain on Pt particles. In this regard, the site-specific deposition of metallic Ag domain on the surface of Pt particles.

Here in this chapter, a two-step photodeposition method will be introduced to synthesize Au-M (M = Ag, Au, Pd and Pt) core-shell NPs on the surface of TiO2. Different from the normally used UV lamp as light source, we will choose UV laser (364.8 nm) to initiate the photodeposition process in a cuvette setup. In principle, metallic Au must first be deposited on the surface of TiO2, followed by photodeposition of the other metal on Au-TiO2 in the second step. Because the formed Au particles serve as a sink of photoinduced electrons due to its high work function, metal ions M n+ (n = 1, 2, 3, 4) are reduced and deposited on the Au particle surface in the second photodeposition process, forming core-shell structured BNPs (Au@M) on TiO2. 

Experimental methods

The photodeposition of core-shell type bimetallic nanoparticles (BNPs) is performed in the cuvette setup using a two-step deposition method. The semiconductor supports are TiO2 polyhedrons all along this chapter, and the core in the core-shell structured part is Au, thanks to high reduction potential. The reaction solution is prepared by mixing an already made TiO2 aqueous solution and freshly prepared KAuCl4 under Ar, then the oxygen-free hole scavenger methanol (50 vol. %) is added to the aqueous solution with a pH adjusted at 3 using nitric acid (pH=1). The solution is continuously stirred at a speed of 300 rpm by a magnetic stirrer in a sealed cuvette capped by rubber septum. All the experiments are performed at room temperature. The applied power and illumination time are respectively 50.8 mW and 4 min.

The previous work in Chapter 5 has confirmed that all the gold precursor is completely consumed during this exposure process. Then, a given amount of the other metal precursor (final concentration of 0.5 mM AgNO3, 0.5 mM KAuCl4, 0.5 mM Na2PdCl4 and 0.2 mM H2PtCl6 in the final mixture solution) is added into the solution for the second photodeposition. The power and illumination time are applied at 50.8 mW and 4 min, the same as for the gold photodeposition process.

The TEM grid preparation is performed according to the following procedures: The solution is sonicated for 10 min to disperse the nanoparticles, and then one drop is cast on a TEM grid (pre-activated by UV light, carbon film face up). A paper tissue can help absorb the liquid from the carbon film side to the back side of the grid, which allows only the liquid to pass through and leaves the nanoparticles on the top side. Two or more nitric acid drops (at pH 3) are also cast, to wash away the remaining unreacted metal salts if any. The TEM samples are immediately prepared after both the first and the second photodeposition processes. 

Results and discussions

Photodeposition of Au on Au-TiO2

In the first part, we used this method to regrow some gold on the pre-existing gold nanodots of the Au-TiO2 NPs. Au@Au-TiO2 NPs were then synthesized using the two-step photodeposition method. The Janus yield of Au-TiO2 NPs shown in Figure 6.2 based on the counting of at least 300 NPs remained nearly unchanged, from initial 49 % to 47%, which suggests that in the second step all the Au 3+ ions are prone to be reduced on the existing Au site of the TiO2, rather than on the pure surface of TiO2.

Assuming the laterly added gold precursor is completely consumed and reduced on the existing Au cores in the second step, and thus the eventual Au deposits form a hemisphere shape at the interface of TiO2, after adding more gold precursor (0.5 μmol KAuCl4) into the existing Au-TiO2 NPs (with mean size of 15.5 (2.8) nm and in number of 3×10 12 

Photodeposition of Ag on Au-TiO2

Then we turn to deposit other metals, for instance, Ag, on the Au-TiO2 nanoparticles. The TEM images of Au-TiO2 is shown in Figure 6.4. The mean size of Au is 15.9 (3.4) nm, which is quite close to what we got in the case of Au@Au-TiO2 (15.8 (1.9) nm), showing the good reproducibility. The Janus yield of Au-TiO2 NPs is around 46 %.

In the second step, we add the silver precursor (0.5 μmol AgNO3) into the existing Au-TiO2 NPs (with mean size of 15.9 nm and in number of 3×10 12 in 1 mL solution), we expect to get a metal size of 21.9 nm for the Au@Ag NPs, assuming that the Ag + ions are completely reduced on the existing Au cores and thus forming a hemisphere shape at the surface (see Appendix 3, A3.2).

As shown in Figure 6.3b and c, after Ag + ions are photoreduced on the Au-TiO2 NPs, the mean size of metal NPs increase to 18.2 (3.4) nm, which is far smaller than our expected size. The Janus yield slightly increased after the second photodeposition (from 46 % to 53 %). The average shell thickness was calculated to be 1.2 nm (=(18.2 -15.9)/2). The line scans results (Figure 6.4b) illustrate that the intensity contribution of Au increases from the edge to the center of the metal particle, whereas Ag distribution keeps almost constant from the edge to the center of the selected particle, confirming a core-shell structure of the Au@Ag particle with Au as the core and Ag as the shell. Similar conclusions were also obtained from the elemental mapping of Au and Ag on the metal particle, and the results are compared in Figure 6.4c-f. The clear spatial correlation between Ag (red) and Au (green) signals revealed that Ag atoms are in close contact with Au particles. Additionally, the elemental map of Au had a higher atomic density in the center region (Figure 6.4f), while the elemental map of Ag exhibited a slightly larger distribution area with a sparse center and dense edges (see Figure 6.4e), again confirming the formation of an Au@Ag particle on TiO2.

Photodeposition of Pd on Au-TiO2

We then now discuss the photodeposition of Pd on Au-TiO2 nanoparticles. TEM images of Au-TiO2 made in the first photodeposition process are shown in Figure 6.5a. The mean size of the Au NPs is around 15.9 nm, and the Janus yield of Au-TiO2 is 49%.

In the second photodeposition, we add Pd precursor (0.5 μmol Na2PdCl4) into the existing Au-TiO2 NPs (with mean size of 15.9 (1.9) nm and in number of 3×10 12 in 1 mL solution), expecting After the second deposition process, the Janus yield of metal-TiO2 NPs has slightly increased from 49 % to 53 %, indicating that most of Pd are reduced onto the Au part on the surface of TiO2 (Figure 6.5b). The mean size of the metal particle after second deposition is 17.6 (3.5) nm, which is slightly smaller than the expected value (21.3 nm). We attributed the difference to the formation of larger Pd aggregates which consumed much of the Pd precursor. The average shell thickness was calculated to be 0.9 nm ((17.6-15.9)/2).

We also performed the line-scanning and EDS elemental mapping analysis on the (Au@Pd)-TiO2 NPs (Figure 6.6). surface of TiO2. The line scans results (Figure 6.6b) show that the intensity contribution of Au increases from the edge to the center of the metal particle, whereas Pd distribution follows an up-down trend from the edge to the center of the selected particle, this is in line with the results of the elemental mapping, showing that the center region reveals a high atomic density of Au (Figure 6.6f) and sparse density of Pd, while Pd owns dense edges in the map (Figure 6.6e). All the data above have confirmed a core-shell structure of the Pd-Au particle with Au as the core and Pd as the shell. Note that in certain edges of Pd (Figure 6.6c and e), some are brighter than others, exhibiting non-uniform distribution around the Au core. When there is a large lattice mismatch (> 3 %), the second material will exhibit anisotropic growth on a seed particle to produce multicomponent heterojunctions. 12 The nonuniform distribution of Pd element may be due to the larger mismatch (4.5 %) of lattice constants between Au (a = 4.07)

and Pd (a = 3.89).

Photodeposition of Pt on Au-TiO2

The last test to be performed is the photodeposition of Pt on Au-TiO2 NPs. TEM images of Au-TiO2 before and after the second photodeposition process were shown in Figure 6.7a and b, respectively.

In the second photodeposition, we add the Pt precursor (0.2 μmol) into the solution of Au-TiO2 NPs, expecting to get a metal size of 18.4 nm for the Au@Pd NPs, assuming that the Pt 4+ ions are completely reduced on the existing Au cores and thus forming a core-shell structured hemisphere shape at the surface. core as in the previous cases; instead, we got a much rougher system with star-like shapes.

The magnified TEM image in Figure 6.7b clearly shows that Pt nanoparticles formed clusters, mainly around the Au NPs deposited on the surface of TiO2. Fernando et al. 13 reported that this is due to the lattice mismatch between the (111) planes of Au and Pt is 5.3 % which leads to the anisotropic growth of Pt NPs on the Au cores. After initial nucleation and growth, Pt seeds themselves could act as seeds for further deposition of Pt, leading to clusterlike structures. 13 It is highly expected that the hybrid nanoparticles in this clusterlike morphology give rise to a better catalytic activity due to its relatively high specific surface area.

An XPS study was then performed to probe the surface chemistry of the metal NPs on the TiO2. lattice oxygen in TiO2. These peaks are polluted with strong asymmetric contributions at higher binding energies ascribed to oxygen in surface hydroxyl groups as well as pollution sources. This was effectively confirmed after the etching which strongly decreased contribution due to the pollution (Figure 6.8b).

The fit of Au 4f identified two binding energy peaks, which are attributed to respectively the Au 0 4f7/2 (83.5 eV) and Au 0 4f5/2 (87.2 eV) electronic states, 14 and does not change whatever the etching time from 3 to 16s (Figure 6.9). The fit of Pt 4f revealed two dominant peaks at 70.7 and 74.0 eV, which are due to metallic Pt 0 4f7/2 and Pt 0 4f5/2, respectively. 15 These two peaks are slightly asymmetric on their left due to the contribution by Pt II 4f7/2 and Pt II 4f5/2 at 75.3 eV and 72.0 eV, respectively, which correspond to a thin layer of PtO on the surface of the Pt nanodots. This contribution tends to decrease with etching (compare Figure 6.8c and d).

Additionally, the etching process (from 0 to 16 s) also tends to show that the peak position show no change for Pt and gold (Figure 6.9). Furthermore, the ratio of the intensity between the Au and Pt peaks increases from 0.32 to 0.53 with etching times, indicating that more Au sites are exposed and excited to generate more photoelectrons, suggesting the core-shell structure of the (Au@Pt)on TiO2 NPs. It should be nonetheless mentioned that these core-shell structured objects were recently obtained by Naya et al. 16 coupling the deposition-precipitation method with a selective Pt photodeposition on the Au surface of the preformed Au-TiO2 species to yield what they call Au (core)-Pt (shell) BNPs-loaded TiO2 particles. In Au (core)@Pt (shell)-TiO2, the mean Pt-shell thickness was controlled at an atomic layer level by the irradiation time. This approach involves a drying step with a calcination at 400 o C for 4 h in air; approach we want to avoid in order to keep the TiO2 size as small as it is, and elude any sintering between NPs. 8 It should be noted here that the photochemical deposition of Pt 4+ on Au-TiO2 provided Pt NDs with metallic binding energy analogues to those found in the literature. [17][18][19][20][21][22] as opposite to what was found in chapter 5. This offers new perspectives to this work developing new sets of experiments to understand the differences.
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Conclusions

In this chapter, bimetallic core-shell structured (Au@M)-TiO2 (M=Ag, Pd, Au, Pt) nanoobjects have been successfully synthesized by a simple two-step photodeposition method in the cuvette setup using UV laser. The metallic Au can be firstly deposited on the surface of TiO2, followed by deposition of another metal on Au-TiO2 in the second step. The techniques including TEM, XPS and EDS mapping have confirmed the existence of core-shell structure for most of them. For both the Au@Au and Au@Ag systems, a fine shell with around 1 nm thickness is formed on the Au core, due to their similar lattice constants between Ag and Au, while, in the case of Pd and Pt, the chosen conditions led to less defined shell in the case of Pd and a star-like configuration in the case of Pt. The extension from monometallic to bimetallic nanoparticles favours the investigations of design and synthesis of hybrid structured composites and the study of the potential applications in the future.

Conclusions and Perspectives

The goal of my thesis is :(1) to photochemically reduce metal ions (Ag + , Pd 2+ , Au 3+ and Pt 4+ ) on the surface of TiO2 in a microchannel or cuvette setup by a photodeposition method using UV laser at 364 nm, (2) to study the growth law of metal nanoparticles (NPs) during the photodeposition process, and (3)to control the photochemistry step in terms of generation of number of metal dots per TiO2 particle.

In this context, I have accomplished the hydrothermal synthesis of TiO2 NPs and controlled their size and shapes (Chapter 2). By adjusting the composition of a mixture of surface directing agents or pH of the reactant solution, TiO2 NPs were prepared with a range of sizes and morphologies. Two types of laser deposition approach, including microchannel and cuvette setup, have been built to control the photodeposition process (Chapter 3). Specifically, the use of a high-intensity UV laser and well-controlled fluidic flow system in the microchannel setup provides accurate control of various physical parameters including, exposure intensity and time, which are important in the growth law of metal NPs. A model is proposed to predict the growth behaviour of metal particles on the surface of TiO2 (Appendix 2). In Chapter 4, I succeeded in synthesizing Ag-TiO2 heterodimers in both microchannel and cuvette setup. I determined that not only the concentration of the hole scavenger but also the pH have a strong influence on the number of dots on the TiO2 surface. Higher pH values favor more nucleation sites and lead to multi Ag dots on each TiO2 NP. High intensity and long exposure time result in better Janus yield and larger Ag size. The proposed growth model perfectly predicts the growth of Ag NPs. Other metal deposited TiO2 NPs such as Pd-TiO2, Au-TiO2 and Pt-TiO2 are also synthesized (Chapter 5). The effect of hole scavengers on the size and morphology of product particles is discussed. The growth of Au NPs generally follows the proposed growth model, while the growth of Pd or Pt NPs is not fitted by the proposed model; more study needs to clarify the results. In Chapter 6, I extend the topic of monometallic photodeposition to bimetallic photodeposition. Using Au-TiO2 as core support, Ag, Pd, Au and Pt could be reduced on the Au site by a second photodeposition process, forming a core-shell structure attached to the surface of TiO2. The uniformity of the shell element distribution depends on the lattice mismatch between the metal and Au. We expect that not only the electrons but also the holes generated by TiO2 excitation can be used in the photodeposition process. Some preliminary results show that Ru 3+ ions have been oxidized into RuO2 in the photodeposition process (Figure 3), while more study remains to be performed as well. References page 236

A1.1 Optical absorption of the TiO 2 solution at 364 nm

For a small sphere of radius R<<0 and of dielectric constant  immersed in a medium of dielectric constant m (with m  and m=nm 2 ), its absorption cross-section 1 is given by: ( )

abs K.Im p  =
Where K is defined as As the particle absorbs light, the dielectric constant presents an imaginary part, ( ) ( )

m 0 2n K   = , Im 
2 22 12 i n ik n k i2nk    = +  + = - +
. After insertion and some calculation, we find:

( )( ) ( ) ( ) 2 1 m 1 m 2 m 2 m 22 22 m 1 m 2 1 m 2 2 3 i 2 22                 - + + - =+ + + + + +
And then: ( ) ( )

3 2m 2 2 1 m 2 Im p 12 R 2      = ++ and 
( )

2 3 m 2 m abs 2 2 0 1 m 2 24 n R 2         = ++
We use the wavelength dependence of refractive indices for For a microchannel on thickness L = 600 µm, we find that: ( ) (in 1g space) ( )

2 2 r 1g 2 T r ,z 0 z    + =    (in w space) ( ) ( ) 2 2 rW 22 w0 2P T r ,z G r 0 z       + + =    (in 2g space) ( ) 2 2 r 2g 2 T r ,z 0 z    + =   
Where 2 r  is the radial part of the Laplacian operator., the Fourier-Bessel decomposition will be used as the resolution methods use considering the cylindrical symmetry. In the Fourier-Bessel space, the temperature field is defined as: ( ) ( ) ( ) (1g) ( ) We impose the following interfacial boundary conditions:

2 2 1 2 k T k ,z 0 z   -=    References page 236 (w) ( ) ( ) 2 2 2 22 w0 2P k T k ,z G k 0 z      - + =    (2g) ( ) 2 2 3 2 k T k ,z 0 z   -=    Where ( ) 22 
1) continuity of the temperature fields,

( ) ( ) 23 T k ,z 0 T k ,z 0 = = = ( ) ( ) 21 T k ,z h T k ,z h = = =
and 2) continuity of the heat fluxes across the solution/microchannel interface,

( ) ( ) 21 wg k ,z 0 k ,z 0 TT zz  ==      =          at z=0 ( ) ( ) 3 2 wg k ,z h k ,z h T T zz  = =     =      at z=h
Solutions of the heat equations are:

(1g) ( ) ( ) kz 1g 1g T k ,z A k e = (w) ( ) ( ) ( ) ( ) kz kz w w w T k ,z A k e B k e T k - = + + (2g) ( ) ( ) kz 2g 2g T k ,z B k e - = With ( ) ( ) 2 w Ik Tk k   = and ( ) ( ) 2 0 2P I k G k  =
, leading to ( ) (a) Formation of charge carriers by photon absorption; they may cause a recombination process. Here, we neglect the charge carriers trapped in the bulk and at interface defects, because the number of these carriers is negligibly small compared to the total number of carriers produced when using a focused laser; this is related to the flux of photons (the beam intensity), which can be tremendously larger than that issued from any UV lamp. The primary step to be considered is the photonic generation of electrons and holes in TiO2:

( ) r gI 2 2 CB VB k TiO h TiO e h   = -+ + , Equation A2.1
where g is the absorbed energy, expressed as the product of the colloid absorption coefficient and the beam intensity, 2 where  is the optical absorption and I is the light intensity. This charge carriers generation is immediately followed by the intra-particle electron-hole recombination at a rate kr.

(b) Interfacial redox reactions take place at the TiO2 surface. We mainly use methanol or formate as hole scavengers in our research. The oxidized product HS + are dependent on different reaction conditions, which are not our focus point in this thesis. One could refer to literature concerning methanol [3][4][5][6][7][8] and formate [9][10][11][12][13] for the detailed reaction mechanism. The reaction scheme on the surface of TiO2 is the following [14][15][16] : Di is the diffusion coefficient of species ( )

, , i e h Ag or HS + , which are in bulk for e -and h + , and at the TiO2 surface for Ag 0 , called later on Ag, and oxidized hole scavengers (HS + ). Δ is the Laplacian in two dimensions.

In order to find the metallic Ag atom concentration [Ag], which is a prerequisite to predict the growth of a silver nanodot, we need to calculate [e] and [h]. To do so, we first raise some insights on several constant values involved, as these equations are nonlinear. where k, T are Boltzmann constant and temperature, respectively. Here e is the electron energy. This corresponds to a diffusion coefficient of . For a TiO2 sphere, Grätzel gave the expression of the average diffusion time of electrons: Thus, for a colloidal TiO2 particle with a radius r0=20 nm, the average diffusion time for electrons from the interior to the surface of the particle is e 32 ps  =

. This value is also retrieved by Enright's work 18 . Instead of tens of picoseconds diffusion time for 20 nm TiO2, Tamaki nonetheless measured a much shorter diffusion time, 19 170 fs, leading to a diffusion coefficient of . The discrepancy can be explained by the fact that only the electrons generated near the surface may reach the surface, while the rest of the electrons may be trapped in the bulk TiO2 under classical exposure.

(b) Diffusion of holes within a TiO2 sphere Adopting a similar approach as mentioned above, it is possible to calculate a value for the hole mobility in TiO2. Specifically, values of where Kads(M -1 ) is the adsorption equilibrium constant, and CT(M) is the total concentration of active sites for Ag + adsorption at the TiO2 surface. CT= q. NAg where q (g L -1 ) is the fixed TiO2 load of the solution and N is the total moles of active sites per unit mass of TiO2 (mol g -1 ). In our experiments = q 0 439 g L . with a typical concentration [Ag + ]=2 10 -3 M Using data measured by Kominami et al. 26 , we deduce the number NAg of mole of Ag + /g=1.91x10 -4 mol g -1 . Using our value   q TiO M 0 439 g L == .

we finally get 

+ ⎯⎯→

Mostafavi performed an experiment in methanol according to the following procedure 27 and found: where is the Avogadro number.

( ) 10 
Here is an example, considering the calculation of the optical absorption described in Appendix 1, at P=10 mW Table A2.1 Summary of several terms discussed above from (a) to (f).

A2.1.1.3 Hypotheses and simplifications for calculations

In order to simplify our reaction equations, several hypotheses and simplifications are made in the following.

(a) We first neglect the diffusion of charge carriers inside TiO2. References page 264

When looking at the lifetime of the charge carriers in a TiO2 sphere shown in Table A2.1, and if we consider the value e 170 fs  =

, compared to the value of Another consequence is that there is no need to make any difference between bulk and surface concentration of [e] and [h]. We just have to consider a thin two-phase "shell" below and above the interface, of a thickness corresponding to one molecular size on each side of the interface.

Then, the kinetics of electrons and holes, originally shown in Equation A2. We assume the [Ag + ] and [HS] are present in large quantities in the solution (thus no starving effect), so that [Ag + ]ads and [HS]ads may be assumed as constant and equal to their initial values, all over the photodeposition and the growth of silver dots. In a different context, Curran did the same approximation using slightly different arguments. 30 This approximation is coherent with the time scale associated to photodeposition, much larger than diffusion processes and even much larger than the kinetics of any molecular process associated to photo-excitation and relaxation on the one hand, and trapping-dissociating at TiO2 defects on the other hand. On the right hand of Equation A2.17, the first term g represents the rate of electrons produced by light, the second is related to the losses due to electron-hole recombination and the third to the consumption of electrons due to reaction with Ag + .

Then we can set

The equation can be straightforwardly solved analytically. Nonetheless, as our main actuation parameter is the light intensity, i.e. here g, it is quite relevant to discuss the solutions of this equation in terms of low and high field regime. . 31 For a TiO2 particle with radius of 20 nm, the shortest diffusion time over half a hemisphere is calculated to be To conclude, the model of the production of the silver atom is not well justified by the high field conditions, but we still obtain silver nanodot on TiO2 nanoparticles in microchannel setup (assumed at high field regime).

A2.2 Growth of an Ag 0 deposit at TiO 2 surface

After solving the question of the production of silver atoms, we now come to consider the growth mode of the silver atoms into a silver cluster. The calculation is inspired by the work of Tavassoli on dew growth on solid substrates. 32 This means that we will not take into account the effects of the atomic interactions between metallic nanodots and TiO2 substrates as well as the exact nature of the interface and the mutual compatibility. As displayed in Figure A2.2, we consider an immobile three-dimensional dot (here an Ag 0 cluster) deposited on a two-dimensional plane substrate (here the surface of TiO2) on which the produced Ag 0 atoms, of volume va, may diffuse with the diffusion constant DA or behave as a sort of flux of matter; the size of the TiO2 nanoparticle is supposed to be large compared to that of the Ag nanodot in order to suppose that locally it can be assumed as flat at the scale References page 264 flux of electrons, which react at the interface to produce a flux of Ag 0 . So, in this scheme, ( )  ( )

2 3 3 R t Ag t   = .
A growth by constant flux boundary conditions shows that growth is directly proportional to the time variation of the concentration [Ag].

A2.3.1 Remarks about this modelling at low field

Then, according to the previous equations, at low field, we get:

( )

2 Ag 32 gk' 3 R T 1 t 2        ( ) 2 3 3 R T 1 gt    
At first, at a short time, the expected behaviour is 32 Rt , which was never predicted nor observed in the past. 34 Still surprisingly is that at a short time 23 Rt, while this behaviour was never predicted nor observed 34,35 for the same reasons as in the low field case. Moreover, at large time In conclusion, we expect the following high field late stage regime of growth depending on the reduction order of the metallic ions:

For n=1, M=Ag, ( )  ( ) ( ) This is these predictions that will be confronted with experiments with silver (n=1), palladium (n=2), gold (n=3) and platinum (n=4).

1

A2.5 Comparison to growth data from the literature

Very few publications describe the growth of metallic dots onto semiconductor nanoparticles. There were all obtained using a photo-excitation by a UV lamp over variable exposure time. In this section, we confront the corresponding growth laws measurements to our model in order to get some early insights on its validity.

A2.5.1 Photodeposition of silver and gold

Lu et al. 36 As illustrated, the three growth laws verify well a 1/3 power law in time as expected from the model. Moreover, we also observe an increase of the growth rate with the concentration in hole scavenger as expected for the high field case but the consideration of just three concentrations prevent us from performing a reasonable fit.

A3.1.3 Example of M-TiO2 (M=Au)

For the synthesis of Au-TiO2 NPs, let us assume first that the metal precursor is reduced to metallic gold, that is, the consumption rate ε = 100%.

For a solution with volume Vsol =1 mL and concentration cAu3+=0.5 mM, the total mass of reduced gold is NPs of 50%. The total number of Au NPs after the photodeposition process is: As assumed before, this value is equal to the volume of the metal hemisphere, that is 

A3.1.4 Generalization

We can now generalize the calculation for other metals (M = Ag, Pd or Pt).

The total mass of the reduced metal in solution is

6 10 M M sol M m c V M  - =
where cM is the concentration in mM, Vsol is the solution volume in mL, and MM is the molar mass in g/mol.

The number of Au NPs is 
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  Figure 1.1 Overview of the number of papers published on "photodeposition" as a function of years, as searchedin Scopus on April 9, 2019. Note: not all research related to photodeposition is shown in this picture, as it can also be called "photoreduction" or "photochemical deposition".
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 12 Figure 1.2 Schematic view of the metal ions reduction on a semiconductor. Excited electrons (e -) are used for the reduction of a metal ion, whereas holes (h + ) are used to oxidize an electron donor D. Eg: band gap energy; Ep+: incident light photon energy; CB: conduction band; VB: valence band.
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 1 3 depicts the band positions of several common semiconductors on the energy scale versus either vacuum level or normal hydrogen electrode. The redox potential of several metal ions and methanol are also listed.

Figure 1 .

 1 Figure 1.3 Band positions of several common semiconductors on an energy scale in electron volts with referenceto vacuum level, or in volts with reference to normal hydrogen electrode (NHE). The lower edge of the conduction band (red colour) and the upper edge of the valence band (green colour) are presented along with the band gap in electron volts, and figure adapted from Gratzel's work.5 Redox potentials of several aqueous metal solutions relevant for photodeposition are shown using NHE as a reference; the half-wave potential of methanol is also listed.6, 7 
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 14 Figure 1.4 The effect of pH on the process of silver photodeposition on TiO2.51 (a) pH 3; (b) pH 4 -5 and (c) pH 11 -12.
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 15 Figure 1.5 The proposed growth mechanism of Ag NDs during two preparation process: (a) traditional photodeposition method; (b)modified photodeposition method.52 
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 16 Figure 1.6 Photodeposition of Ag NDs on anatase TiO2 with the shape of (a) TiO2 NPs in the 300 -500 nm range 54 and (c) TiO2 nanorod 55 .
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 17 Figure 1.7 HAADF images of TiO2 NPs after irradiation in an AgNO3 solution at various wavelengths and times.
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 33 photocatalytic strategy to synthesize colloidal Ag-TiO2 composites in which each TiO2 nanoparticle, in their case nanorods, exhibits a single Ag nanodot on its surface. They assume that (i) the photoexcitation of the TiO2 nanorods under UV illumination produces electrons that reduce the Ag(I) precursor and deposit multiple small Ag NDs everywhere on the surface of the nanorods.(ii)The prolonged UV irradiation induces a ripening process, which dissolves the smallest NDs by photogenerated oxidative species and redeposits the "Ag" onto the larger and more stable particles attached to the TiO2 nanorod through the reduction of photoexcited electrons (Figure1.8).
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 1 Figure 1.8 (a)Schematic mechanism of silver size evolution with increasing irradiation time. (b), (c) indicateirradiation durations of 1 h and 10 h, respectively.55 
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 1 Figure 1.9 (a) Schematic photodeposition of gold on the surface of TiO2; (b) TEM images of photodepositionprocess with increasing exposure time(from left to right).70 

  studied the effect of the different light sources on the photodeposition of gold on the surface of TiO2. It was demonstrated that Au NDs with different sizes could be photo-reduced using these three lamps, i.e., Mercury lamp, solar lamp and Tungsten lamp. It was suggested that the different characteristic wavelengths should be the primary reason for the formation of varying particle sizes, where UV radiation with max at 254, 302, 313 nm facilitates high nucleation rate more
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 1 Figure 1.12 TEM images of Pd-TiO2 NPs made by using (a)methanol and (b) TEOA as hole scavengers. (c) The size distribution of Pd-TiO2. Images were taken from ref 82 .
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 1 Figure 1.13 TEM image of photodeposition of Pt on CdSe/CdS core/shell nanorods. The arrows denote the position of the CdSe core.
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 21 Figure 2.1 Equilibrium crystal shape of anatase TiO2 according to the Wulff construction 12 and the evolved other shapes.
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 22 Figure 2.2 Schematic illustration for the formation of anatase TiO2 particles by the gel-sol method.36 
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 23 Figure 2.3 Schematic of the effect of surface directing agents on the morphological control of crystal facets.41 
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 23 Figure 2.3, Solvent 1 contains certain SDAs which are prone to adsorb onto the facet "B", thus
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 2 5 presents the predicted evolution of the shape of anatase as a function of pH.39 
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 25 Figure 2.5 Predicted morphologies for anatase as a function of the pH.39 

Figure 2 .

 2 Figure 2.6 (a)(b) TEM images of TiO2 polyhedrons, (c) statistical size distribution of TiO2.
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 2 Figure 2.7 (a) XRD pattern and (b) ART spectrum of TiO2 polyhedrons.
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 28 Figure 2.8 Zeta potential of colloidal anatase nanoparticles as a function of the pH.

Figure 2 . 9

 29 Figure 2.9 TEM images at (a) low and (b) high magnifications; the size histogram in length (c) and width (d).
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 2 Figure 2.10 General approach to synthesize nanoneedles from P 25 through an intermediate scrolled nanosheet.
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 2 Figure 2.12 (a) TEM image and (b) XRD pattern of TiO2 nanoneedles;(c, d) statistical distribution of nanoneedle lengths and widths, respectively.44 
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 2 Figure 2.13 (a) (b) TEM images of nanoplate anatase particles and (c) their corresponding size distributions.
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 2 Figure 2.14 XRD pattern of plate-shape TiO2 nanoparticles.
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 2 15 Zeta potential of plate-shape anatase nanoparticles as a function of pH.
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 2 Figure 2.16 (a) (b)TEM images of anatase nanocubes and (c) the corresponding size distribution.
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 2 17a,b, TEM results have shown that most of the nanocrystals exhibit a shape of bipyramid.
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 2 Figure 2.17 (a) (b) TEM images of TiO2 bipyramids and (c) the corresponding size distribution.
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 2 Figure 2.18 XRD pattern of TiO2 bipyramid.
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 3 scheme of this microchannel setup.

Figure 3 . 1

 31 Figure 3.1 Simplified scheme of the microchannel setup.

A

  detailed picture of the microchannel setup is shown in Figure3.2a. Quantitative description is given in Figure3.2b. As discussed in the following, these optical elements, optical distances and optical materials are chosen on the one hand to control the beam size and intensity inside on the other hand to build dedicated microchannels free of metallic components.
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 33 Figure 3.2 (a) Picture of the microchannel setup and (b )quantitative description.
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Figure 3 .

 3 Figure 3.4 (a) Transmission curve for a 10 mm thick uncoated UV fused silica lens, as Lens4, when the incident light is normal to the surface. (b) The blue shaded region indicates the specified 350 -700 nm wavelength range of antireflection coated lenses, as Lens1, Lens2 and Lens3. Data source: Thorlab corporation.
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 35 Figure 3.5 UV laser beam shape in a microchannel and the corresponding Gaussian distribution curve.
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 3 to the camera. The laser location is easily observed from fluorescence at surfaces of the microchannel. The image of the microchannel is magnified by a UV objective (LMU-3X-NUV, Thorlabs), detected by the CCD camera, and finally recorded by a frame grabber (National Instrument, 1410 board and analyzed using a software, Visionstage (version 1.9fr, designed by Alliance vision) on a computer. The user interface of Visionstage is presented in Figure

Figure 3 . 6

 36 Figure 3.6 The user interface of Visionstage.

  photodeposition at the glass surface (Figure3.7). This wall photodeposition could be attributed to the reduction of the Ag + , which can interact, with the naturally negatively charged surface of the glass material.2 
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 3 Figure 3.7 deposition on the inner surface of the glass channel.

Figure 3 . 8 ,Figure 3 . 8

 3838 Figure 3.8, the glass channel displays a much better transmission than the PFA channel, no matter filled with either water or TiO2 solution. Glass channels were then chosen as the elementary bricks for future experiments.

Figure 3 . 9

 39 Figure 3.9 Scheme of the different steps involved in the mechanism of self-assembled-monolayer formation on a hydrated silica surface, adapted from ref. 3 .

Figure 3 .

 3 Figure 3.10 Scheme of the double microchannel system. Square cross-section (yellow part) indicates the oil flow, and interior circular cross-section (blue part) denotes the aqueous flow (top). Photograph of double microchannel setup (bottom).

  velocity at a specific flow rate, at least four different drops were recorded and measured to obtain the average value.

Figure 3 .Figure 3 .

 33 Figure 3.12 displays the velocity of a drop as a function of the applied water flow rate.

  positioned cylindrical lens Lens4 (focal length 125 mm) (Figure 3.13) to produce an elliptical beam whose waist in the two directions to the beam propagation are located at the channel position.

Figure 3 .Figure 3 .

 33 Figure 3.13 Schematics of a Gaussian beam with waist w0 at the origin of the reference system (z = 0)

  values: λ = 363.8 nm, z = 75 cm, wz,x = 1.84 mm and w z,y =0.91 mm, we find the waist sizes: w0,x = 215 μm, w0,y = 95 μm.Finally, we determined that the UV beam waist size parallel to the table was 95 μm, and the beam waist perpendicular to the table was 215 μm. Perpendicularly to the flow direction, the beam size is 430 µm, very close to the internal size of the microchannel and then ensuring light exposure over the whole channel section. Moreover, following the flow direction, the References page 96 exposure length of the solution under UV laser is 190 μm (Figure3.16), giving us the exposure time if we know the flow velocity.

Figure 3 .

 3 Figure 3.16 Scheme of actual UV beam exposure area in the microchannel system.

3. 1 . 6

 16 Laser power control 3.1.6.1 Half-wave plate angle A half-wave plate turns the polarization state of the incident light wave travelling through it.

Figure 3 .

 3 Figure 3.17 Incident power as a function of a half-wave plate angle.

3 under

 3 the condition: light control panel, 22 mW corresponding to 19.7 mW exit laser power. 3.1.6.2 Power in the microchannel When the UV laser goes through the glass channel filled with a TiO2 solution, the reflection of the glass and absorption/scattering effect of TiO2 NPs causes losses of the UV laser power (Figure 3.18).

Figure 3 .Figure 3 .Figure 3 .

 333 Figure 3.18 Diagram of a microchannel with the incident laser power, the transmitted power Ptrans, and the power inside the microchannel P1/2.

A

  schematic drawing and a photograph of the UV cuvette setup using the same UV laser are shown in Figure 3.20.

Figure 3 .

 3 Figure 3.20 (a) Schematic drawing, and (b)(c)photograph of UV cuvette setup using UV laser.

  For the reaction vessels, we mainly use two types of the cuvette, PMMA (Brand, 7591-05) cuvette and Quartz cuvette (Hellma, 110-10-40), both with volume 10*10*40 mm 3 , but always filled with 1 cm 3 solution corresponding to the area exposed to UV radiation.In general, quartz cuvettes are thought to present better chemical stability and transmission, and PMMA cuvettes are frequently used for their disposable use. Transmission measurements in UV of both cuvettes were made in order to check out this issue (see Figure3.21).

Figure 3 .

 3 Figure 3.21 Transmission measurement of UV cuvettes fulfilled by pure water at the laser wavelength.

Figure 3 .

 3 Figure 3.22 Incident Power as a function of panel power.

Figure 3 .

 3 Figure 3.23 (a) Schematic drawing and (b,c)photographs of cuvette setup using a UV lamp.

Figure 3 .

 3 Figure 3.24 The UV emission spectrum of the medium-pressure Hg-lamp

Figure 3 .

 3 Figure 3.25 (a) Ag-TiO2 NPs made in UV cuvette setup using UV lamp and (b) in a microchannel setup using UV laser. Intensity and exposure time are respectively 0.3 mW/cm 2 for 280 min. and 5000 mW/cm 2 for 0.2 s, while c[TiO2] = 5.5 mM, c[AgNO3] = 2 mM.

Figure 3 .

 3 Figure 3.26 Three setups location concerning power intensity and work duration axes. This diagram enlightens the novelty of our laser deposition approach compared to usual UV lamp experiments. Considering Figure 3.25, it appears that amplitude of the flux of photons matters more than the deposited energy in synthesizing nano-heterodimers, making laser focusing extremely appealing for photodeposition of single dots. The cuvette setup with laser also represents an intermediate situation that can help to understand the involved mechanisms (photon flux versus deposited energy).
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Figure 4 . 1

 41 Figure 4.1 The nonionic surfactant sorbitan monooleate (SPAN80).
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Figure 4 .

 4 Figure 4.2 (a) Picture of an ongoing photodeposition reaction in a microchannel setup, (b) product solution containing oil and solution part before shaking, (c) product solution containing oil and solution part after shaking.

Figure 4 .

 4 3 where a moving solution drop changes colour when crossing the UV exposed region. The product solution is gathered into a glass vial, where the two phases remain separated, showing two separated phases (see Figure 4.2b). A gentle shaking initiates a phase transfer process, where the nanoparticles in water solution are dragged into the oil part with the help of surfactant, SPAN 80 (phase transfer). The oil phase containing Ag NDs deposited on TiO2 becomes brownish (Figure 4.2c), while leaving the aqueous solution clear and colourless, indicating the efficiency of the phase transfer process.

Figure 4 .

 4 Figure 4.3 (a) A solution drop is flowing in the microchannel before crossing the UV exposed region. (b) The same solution drop in the microchannel when crossing the UV exposed region. The interface limit between the drop and the surrounding oil film is indicated by a yellow line. Note the darkness transition of the solution when crossing the UV exposed region (denoted by an arrow).
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 444545 Figure 4.4 TEM images of Ag-TiO2 NPs at (a) smaller and (b) larger magnification. (c) The silver size distribution histogram of the product Ag-TiO2. The experimental conditions: c[TiO2] = 5.5 mM, c[Ag + ] = 2 mM, pH 3, 50 vol. % methanol as hole scavenger, power 3.1 mW, velocity 960 μm/s, in microchannel setup

Figure 4 . 6

 46 Figure 4.6 High-resolution spectra of Ag-TiO2 NPs (a) before and (b) after 6 s etching.

Figure 4 .

 4 Figure 4.7 (a)(b)(c) HRTEM micrographs illustrating a variety of Ag-TiO2 interfaces with corresponding digital diffractograms of labelled zones. (d) Higher magnification of image c is presented with zoom-in inset of (020), and (200) Ag stepped interface.

  Photodeposition of silver nanodots on TiO2 nanoparticles by UV laser

  follows, TiO2 polyhedrons as substrate, c[Ag + ] = 2 mM, c[TiO2] = 5.5 mM, solution velocity v = 960 μm/s, and pH = 3. Two types of hole scavengers, i.e., methanol (50 vol. %) and HCOONa (2 mM), will be introduced and discussed separately. The experimental data in terms of silver size as a function of different powers using either a) methanol or b) HCOONa will be shown and compared.4.3.3.1 Role of HCOONa as a hole scavengerThe TEM results of Ag-TiO2 NPs performed in the microchannel setup using HCOONa as a hole scavenger are shown in Figure4.8. The mean size of TiO2 is 33 nm, and Ag NDs are easily seen in darker contrast. According to Table4.1, in the presence of formate, the Ag NDs continue to grow with the applied power in the microchannel from 3.1 to 23.25 mW.Generally, a single Ag ND is found on each TiO2 nanoparticle; bare TiO2 NPs and TiO2 deposited with Ag multidots are rarely seen.

Figure 4 . 8

 48 Figure 4.8 TEM images of Ag-TiO2 NPs performed in a microchannel setup at powers of (a) 3.1 mW, (c) 7.75 mW, (e) 15.5 mW and (g) 23.25 mW, and their corresponding size histograms shown in (b), (d), (f), and (h) respectively. Experimental conditions are: illumination time 0.2s, 2 mM HCOONa as a hole scavenger, TiO2 polyhedrons as substrate, mixture solution at pH 3.

Figure 4 . 9

 49 Figure 4.9 UV-vis spectra of sample solution made at four powers in a microchannel using HCOONa as hole scavenger.

Figure 4 .

 4 Figure 4.10 TEM images of Ag-TiO2 NPs performed in microchannel at powers of (a) 3.1 mW, (c) 7.75 mW, (e) 15.5 mW and (g) 23.25 mW, and their corresponding size histograms (b) (d) (f) and (h) respectively. All these four samples with illumination time 0.2s, 50 vol. % methanol as a hole scavenger, TiO2 polyhedrons as the substrate, mixture solution at pH 3. Note that the size of tiny dots (<4 nm) is not taken into account in the histogram.

Figure 4 .

 4 Figure 4.10 illustrates the variation of the size of the silver particles successfully deposited onto the TiO2 NPs, which is quantified in Table 4.1 and Figure 4.11. The diameter of the Ag NDs increases with increasing applied power in the microchannel and follows the same trend

4 6 10 Figure 4 .Figure 4 .

 41044 Figure 4.11 Ag diameter as a function of applied power in a microchannel setup, using either methanol or HCOONa as hole scavenger, at pH 3. A power-law fit is also plotted. Note that only the growth of the largest silver dots is shown in the case of co-existence of small dots (<3 nm) and larger ones.
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Figure 4 .

 4 Figure 4.13. TEM images of Ag-TiO2 NPs performed at different pH values (a) pH 3, (c) pH 3.9 and (e) pH 4.3, and their corresponding size histograms (b) (d) and (f), respectively.
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Figure 4 .

 4 Figure 4.16 Ag diameter as a function of power at three different pH values. Nanoneedle shape TiO2, hole scavenger using 50 vol. % methanol, an exposure illumination time of 0.2 s. A power-law fit was also plotted.

  .

Figure 4 .

 4 Figure 4.17 TEM images of Ag-TiO2 NPs performed in (a) microchannel setup, (b) cuvette using UV laser and (c) cuvette setup using a mercury lamp. The size histogram, power, illumination time, intensity, energy density, size value and Janus yield are shown along with the TEM image in the same line. "/" indicates data are not available.
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Figure 4 .

 4 Figure 4.18 TEM images of Ag-TiO2 made in cuvette setup using UV laser at power 13.88 mW, with illumination time of (a) 60 s, (b) 240 s and (c) 1710 s, respectively. The Ag NDs are denoted by red arrows.

Figure 4 .

 4 Figure 4.19 and Table 4.4.

Figure 4 .

 4 Figure 4.19 Ag diameter and Janus yield as a function of the illumination time at an applied power of 13.88 mW.

Figure 4

 4 Figure 4.19 shows the silver size and Janus yield when experiments are performed in the

Figure 4 .

 4 20b) are much cleaner, and there are scarcely micro-size silver particles detected. The presence of micro-size Ag particles suggests a large consumption of the silver ions and prevents further growth of the silver dots even after a long UV irradiation time; silver ions may also be trapped by other radicals or species present in the medium.59 

Figure 4 .

 4 Figure 4.20 (a) TEM image of micro-sized silver particles at specific places on the TEM grid of a sample performed in cuvette setup using UV laser, at a power of 13.88 mW for 960 s. (b) A TEM image of a sample grid made in microchannel setup at 3.1 mW for 0.2 s.

  Photodeposition of silver nanodots on TiO2 nanoparticles by UV laser

  under conditions specified in chapter 2. The other parameters are kept identical, including Ag + ions and TiO2 molar concentrations, using 50 vol. % methanol as hole scavenger, pH 3, experiments made in the cuvette setup using UV laser. The TEM results are shown in Figure 4.21.

Figure 4 .

 4 Figure 4.21 TEM images of Ag-TiO2 NPs using variable TiO2 shapes: (a) nanoplates, 8.1 mW for 480 s, (b) nanoneedles, 13.88 mW for 342 s and (c) polyhedrons, 50.8 mW for 240 s. Insets located at the right-bottom corner of each figure present the Ag preferred site on TiO2 surface.
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Figure 4 .

 4 Figure 4.23 (a) Ag diameter as a function of applied power using either AgNO3 or AgOAc as a metal salt precursor, with a fitting curve for each precursor in the function of D = A*P 1/6 .

Figure 4 . 4

 44 Figure 4.23 clearly shows that the magnitude "A" of size growth is smaller when AgOAc replaces silver precursor AgNO3. The silver size fits well the function D = A*P 1/6 , justifying the validity of the prediction model (see § 4.3.9). Using the same method as in Figure4.28, we obtained an atomic reaction rate of AgOAc around 0.31×10 9 M -1 s -1 , which is four times smaller than the value found for AgNO3 (1.36×10 9 M -1 s -1 ).

Figure 4 .

 4 Figure 4.24 TEM images of Ag-TiO2 using AgOAc as metal salt precursor made in (a) microchannel setup, 15.5 mW for 0.2 s and (c) cuvette setup using UV laser, 13.88 mW, 240 s. (b), (d) are their corresponding size distribution, respectively. Note that an enlarged inset is shown on the right top of (a).
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  illustrate the validity of this model, previous experimental data in terms of silver size are gathered on a single graph shown below (Figure 4.25) as well as mine in the case of the power variation (Figure 4.27), both corresponding to the high field regime. All the data in Figure 4.25 are obtained under fixed conditions c[TiO2] = 5.5 mM, pH at 3.5, in a microchannel setup and variable parameters (the illumination time is defined as t = 2w0/v, where w0 is the waist of the laser beam and v is the flow velocity in the microchannel).

Figure 4 .

 4 Figure 4.25 Data from previous works. (a) silver diameter as a function of power at a constant concentration, and velocity, c[Ag + ] = 2 mM, and illumination time 0.13 s (b) silver diameter as a function of Ag + concentration in bulk at 6 mW and illumination time 0.13 s, (c) silver diameter as a function of illumination time (varying from flow velocity) at c[Ag + ] = 2 mM, power 6 mW.
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 444 Figure 4.26 Data from the present work, silver diameter as a function of the power, at pH 3, using HCOONa and methanol as a hole scavenger, illumination time 0.2 s. A power law was also plotted.

Figure 4 .

 4 Figure 4.28 (a) Cube diameter as a function of t/τ/sqrt(KAg), (b) Cube diameter as a function of t/τ with a known value KAg.

  smaller than the data given in the literature. The growth law with this value in Figure4.28b.We also represent the plot of diameter instead of cube diameter (volume), as a function of t/. As shown in Figure4.29b, the data from the present work in blue, overlap perfectly with those from previous works, showing, by the way, the reproducibility of this photodeposition method. Beyond consistency, the global fit of all the data set indicates that our model well predicts the photodeposition of Ag NDs growth on the TiO2 surface.

Figure 4 .

 4 Figure 4.29 Diameter as a function of t/ with a known value of kAg, in either (a) linear or (b) logarithm coordinates.

prepared
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  5.1.3.1 Characterization of Au-TiO2 Examples of the TEM results of the Au-TiO2 NPs obtained by photodeposition in the double microchannel setup are shown in Figure 5.1.

Figure 5 . 5

 55 Figure 5.1 (a) (b) TEM images of Au-TiO2 NPs and (c) the corresponding size distribution. Experimental conditions are: TiO2 polyhedrons as substrate, c[TiO2] = 5.5 mM, c[Au 3+ ] = 0.5 mM, 50 vol. % methanol as a hole scavenger, power 23.25 mW, illumination time 0.2 s, 15 mM SPAN 80 in dodecane, made in microchannel setup.

Figure 5 . 2

 52 Figure 5.2 HRTEM micrographs of Au-TiO2 interfaces and the corresponding digital diffractogram of the labelled zone. Dislocation network zoom-in is presented on the inset of figure b (noted as ⊥).

Figure 5 . 3

 53 Figure 5.3 Fit of high-resolution XPS spectra of Au-TiO2 in the Au 4f region (a) before and (b) after 6 s etching time.

Figure 5 . 4 Figure 5 . 5

 5455 Figure 5.4 XPS spectra of Au-TiO2 under etching conditions at t = 0, 3, 6, and 16 s.
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 132 Au-TiO2 nanoparticles made in the microchannel setup (a) Power effect
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Figure 5 .Figure 5 Figure 5 . 8

 5558 Figure 5.7 (a) Au size and (b) Janus yield of Au-TiO2 NPs made in microchannel setup at various powers. Experimental conditions are: illumination time 0.2 s, c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, 15 mM SPAN 80 in dodecane, TiO2 polyhedrons as substrate.
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 59 Figure 5.9 (a) Au size and (b) Janus yield of Au-TiO2 NPs made in a single microchannel setup using various KAuCl4 concentrations. Experimental conditions are: Power 46.3 mW, illumination time 0.2 s, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, no dodecane was used, TiO2 polyhedrons as substrate.
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Figure 5 .

 5 Figure 5.10 TEM images of Au-TiO2 NPs made in cuvette setup at various volumeric ratio of methanol (a) 2.5 vol.%, (c) 50 vol.% and (e) 75 vol.% and their corresponding size distribution in (b), (d) and (f), respectively. Experimental conditions are: power 50.8 mW, illumination time 4 min, c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.11 (a) Au size and (b) Janus yield of Au-TiO2 NPs made in the cuvette setup using various volume ratios of methanol. Experimental conditions are: power 50.8 mW, illumination time 4 min, c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, TiO2 polyhedrons as substrate.

  .
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Figure 5 .

 5 Figure 5.12 TEM images of Au-TiO2 NPs made in cuvette setup for 4 min illumination at various powers, (a) 6.94 mW, (c) 28.05 mW and (e) 112 mW, and their corresponding size distributions in (b), (d) and (f). Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2 polyhedrons as substrate.

Figure 5 .Figure 5 .

 55 Figure 5.13 (a) Au size and (b) Janus yield of Au-TiO2 NPs made in cuvette setup at various powers. Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.15 TEM images of Au-TiO2 NPs made in cuvette setup at 13.88 mW for various illumination time, (a) 240 s, (c) 480 s, (e) 960 s and their corresponding size distribution in (b), (d) and (f), respectively. Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.16 (a) Au size and (b) Janus yield of Au-TiO2 NPs made in cuvette setup at various illumination time. Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2 polyhedrons as substrate.

Au 0 ,

 0 k'HS = kHS[HS]ads is the rate of hole scavenging, g is the electron source term proportional to the absorption coefficient of TiO2 and the beam intensity, Ω and κ are respectively a characteristic volume factor and a dimensionless factor related to the contact angle of the Au a b

Figure 5 .

 5 Figure 5.17 (a) Au diameter as a function of illumination time, (b) Au diameter as applied power.

  time for the growth, which is related to the Au 3+ ions concentration and power.However, as we do not know accurately the production rate kAu of Au atom, we assume a , including previous sets obtained by previous collaborators,17 fitted together on a single graph, give a linear trend in Figure5.18a.
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Figure 5 . 19

 519 Figure 5.19 Apparatus for photodeposition of Pd NDs on TiO2 (P25) by circulation through a quartz tube
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Figure 5 .

 5 Figure 5.20 TEM image of Pd-TiO2 NPs at (a) smaller and (b) larger magnification. (c) The corresponding Pd size distribution histogram. Experimental conditions are: Na2PdCl4 as metal precursor, c[TiO2] = 5.5 mM, c[Pd 2+ ] = 1 mM, without external hole scavenger, power 23.25 mW, illumination time 0.2 s, 15 mM SPAN 80 in dodecane, made in microchannel setup.

Figure 5 .Figure 5 .

 55 Figure 5.21 Fit of high-resolution XPS spectra in the Pd 3d region (a) before and (b) after 6 s etching time.
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 57 Data of Pd size made by photodeposition on TiO2 surface using three hole scavengers. other conditions are kept identical: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, pH 3, 15 mM SPAN 80 in dodecane, illumination time 0.2 s, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.25 Pd size as a function of laser power in the microchannel setup, using three hole scavengers. Experimental conditions are: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, pH 3, 15 mM SPAN 80 in dodecane, illumination time 0.2 s, TiO2 polyhedrons as substrate. A power law fit was performed for each set of data.

Figure 5 .

 5 Figure 5.26 TEM images of Pd-TiO2 NPs made at various powers (a) 0.5, (c) 3.1, (e) 15.5 and (g) 46.3 mW in microchannel setup, and their corresponding size distributions in (b), (d), (f) and (h), respectively. Experimental conditions are: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, pH 3, 15 mM SPAN 80 in dodecane, illumination time 0.2 s, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.27 Pd size as well as Janus yield as a function of power in microchannel setup. Experimental conditions are: c[Na2PdCl4] = 1 mM, c[TiO2] = 5.5 mM, pH 3, 15 mM SPAN 80 in dodecane, illumination time 0.2 s, TiO2 polyhedrons as substrate. A power law fit was performed on the set of data.
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Figure 5 .

 5 Figure 5.29 Pd size and Janus yield as a function of the laser power in the cuvette setup. Experimental conditions are: illumination time 8 min, c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, no external hole scavenger, TiO2 polyhedrons as substrate. A power law fit was performed on the set of data.

Figure 5 .

 5 Figure 5.30 TEM images of Pd-TiO2 NPs made in cuvette setup at 13.88 mW for various illumination time, (a) 60 s, (c) 240 s, (e) 600 s and (g) 1200 s, and their corresponding size distribution in (b), (d), (f) and (h), respectively. Experimental conditions are: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, no external hole scavenger, TiO2 polyhedrons as substrate.

Figure 5 .Figure 5 .

 55 Figure 5.31 (a) Pd size and (b) Janus yield of Pd-TiO2 NPs as a function of illumination time, A power law fit was performed on the set of data. Experimental conditions are: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, no external hole scavenger, TiO2 polyhedrons as substrate.
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Figure 5 .

 5 Figure 5.33 (a) Pd diameter as a function of power. (b) Pd diameter as a function of time made in microchannel setup.

Figure 5 .

 5 Figure 5.34 shows the size of Pd NDs synthesized with the cuvette setup when plotted as a function of power and time (conditions given in section 5.2.3.3 above).

Figure 5 .

 5 Figure 5.34 (a) Pd diameter as a function of power. (b) Pd diameter as a function of time made in cuvette setup.After we did the same fitting process to Figure5.34a and b, and we found the correlation

Figure 5 .

 5 Figure 5.35 Pd diameter made in both microchannel and cuvette setups plotted at (a) high field and (b) low field.

  dependent leading to the formation of the different forms of the palladium chloride aqua complexes, [PdCln(H2O)4 -n ] 2 -n (n = 0-4). a b

Figure 5 .

 5 Figure 5.36 (a) Distribution of [PdCln(H2O)4-n] 2-n species as a function of pCl, (b) Photocatalytic reduction trends of the [PdCln(H2O)4-n] 2-n -system (n = 0-4) in the absence of an external hole scavenger. The associated legends indicate the Pd(II)-complexes present in greater abundance at a specific chloride concentration at 25•C.24 

  photodeposition process and actually we do not have any quantitative insight that can definitively explain this clear disagreement since experiments show a single behaviour for more than five decades in reduced time.

  The high effectiveness of methanol to obtain fully reduced Pt was confirmed by Lee and Choi,53 who used Degussa P25 as a TiO2 photocatalyst. They employed methanol at high and low concentrations. Complete reduction to Pt 0 particles was achieved at high concentration, whereas Pt II remained dominant at relatively low methanol concentration. Methanol radicals, formed by oxidation of methanol by holes, were proposed to contribute to the reduction of Pt.191 References pages 198

Figure 5 .

 5 Figure 5.37 (a) Effect of hole scavengers used on Pt-Pt particle distance on P25 TiO2, and the resulting hydrogen production rate of the photocatalysts in reforming of ethanol. Circles indicate the hole scavengers used in the photodeposition procedure and serve as data points for this graph. (b) Radical oxidation potentials in volts vs NHE.54, 55 

Figure 5 .

 5 Figure 5.38 (a) TEM image of Pt-TiO2 NPs made in microchannel setup and (b) its size distribution. Experimental conditions are: power 15.5 mW, illumination time 0.2 s, pH = 3, c[H2PtCl6]= 2 mM, c[TiO2] = 5.5 mM, 50 vol. % methanol as hole scavenger, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.39 HRTEM images of Pt-TiO2 NPs made in cuvette setup using different hole scavengers (a) H2O, (c) HCOONa and (e) methanol, and their corresponding size distributions in (b), (d) and (f). Experimental conditions: Power 50.8 mW, illumination time 8 min, c[H2PtCl6] = 0.5 mM, c[TiO2] = 5.5 mM, pH = 3, TiO2 polyhedrons as substrate.

Figure 5 .

 5 Figure 5.40 Fit of high-resolution XPS spectra of Pt-TiO2 in the Pt 4f region (a) before and (b) after 6 s etching time.

Figure 5 .

 5 Figure 5.41 XPS spectra of Pt-TiO2 under etching conditions at t = 0, 3, 6, and 16 s (increase upward).
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Figure 6 . 1

 61 Figure 6.1 TEM images and size distributions of (a, b) Au-TiO2 and (c, d) (Au@Pd)-TiO2.10 
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  in 1 mL solution) in the second photodeposition step, we expect to obtain the metal size of 21.7 if c[Au 3+ ]=0.5 mM (see calculation procedure in Appendix 3, A3.2).

Figure 6 . 2

 62 Figure 6.2 TEM images of Au-TiO2 after (a) the first and (b) the second photodeposition process, and (c) their respective size distributions.

Figure 6 . 3

 63 Figure 6.3 TEM images of (a) Au-TiO2 and (b) (Au@Ag)-TiO2, and (c) their metal size distributions.

Figure 6 .

 6 Figure 6.4 (a) STEM image of (Au@Ag)-TiO2, (b) line-scan distribution profile and (c)-(f) the representative EDS mapping images.

Figure 6 .

 6 Figure 6.4a shows three representative metal nanoparticles deposited on the surface of TiO2.

Chapter 6 PhotodepositionFigure 6 . 5

 665 Photodeposition of core-shell structured bimetallic nanodots on TiO2 nanoparticles by UV laser

Figure 6 .

 6 Figure 6.6 (a) STEM image of (Au@Pd)-TiO2, (b) line-scan distribution profile and (c)-(f) the representative EDS mapping images.
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 66 Figure 6.6a shows three relative large and one small metal nanoparticles deposited on the

Figure 6 . 7

 67 Figure 6.7 TEM images of (a) Au-TiO2 and (b) (Au@Pt)-TiO2 nanoparticles; inset shows magnified Au@Pt nanoparticles.

Figure 6 .

 6 Figure 6.8 shows the high-resolution XPS spectra of (Au@Pt)-TiO2 NPs obtained within the binding energy region of 537-528 eV for O1s, 68-90 eV for the Au4f and Pt4f elements. On the left-hand side of Figure 6.8 (a) (c) are recorded before any etching process while (b) (d) were etched for 6 s. Let's first note, besides the presence of titanium and oxygen, both gold and platinum are detected on the sample.

Figure 6 . 8

 68 Figure 6.8 XPS spectra of Ti2p, O1s, Au4f and Pt4f in the (Au@Pt)-TiO2 nanoparticles (a) (c) before and (b) (d) after 6 s of etching.

Figure 6 . 9

 69 Figure 6.9 XPS spectra of Au4f and Pt4f in the (Au@Pt)-TiO2 nanoparticles with etching times (upside direction).
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Figure 1

 1 Figure 1 Evolution from TiO2 to metal-TiO2 heterodimers

Figure 2

 2 Figure 2 TEM image of Cu-TiO2 nanoparticles made in cuvette setup. Experimental conditions are: c[Cu(NO3)2]= 1 mM, c[TiO2]=5.5 mM, HCOONa as a hole scavenger, pH = 3, power 56.1 mW, exposure time 4 min, 6 uM polyvinylpyrrolidone as stabilizer to maintain Cu nanoparticles.

  () is an imaginary part and the polarizability

=A1. 2 .

 2 Figure A1.1 Illustration of laser pass through TiO2 suspension with length L and cross section S.

Figure A1. 2

 2 Figure A1.2 Illustration of a layer of solution between two glasses.

2 T

 2 laser attenuation in the channel is very weak and we can linearize we have a flowing solution within the microchannel (with a typical mean velocity v960 µm/s), we need to estimate the Peclet number (Pe) that compares the effects of the flow ( v. T  ) to the thermal diffusion (  ):Pe=vL/ Where =1.43*10 -7 m 2 /s is the thermal diffusivity of water. The characteristic length L of the heating in the flow direction is the beam waist 0=95 µm. Thus we get Pe=0.65, which is slightly smaller than one and show that diffusion of temperature remains larger that flow transport effects. Then, at a first order approximation, we neglect in the following these possible flow effect. Looking for stationary solutions, heat equations are:

  Bessel function of the first kind. Heat equations in the Fourier-Bessel space become:

  Fourier-Bessel transform of the Gaussian laser beam.

2 ,

 2 WK m , 0=95 µm and h=600 µm, we find that which shows that laser heating of the solution is very weak and can be neglected.

Figure A2. 1

 1 Figure A2.1 gives a schematic of the main aspects upon band gap excitation, which consists of two major processes 1 .

Figure A2. 1 .

 1 Figure A2.1. Band gap excitation process in a TiO2 nanoparticle. Note that TiO2 is, in fact, an indirect semiconductor. M: metal, HS: hole scavenger.
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 112 The values and orders of magnitude of the involved constants (a) Diffusion of electrons within a TiO2 sphere.It is interesting to calculate the time required for a carrier to transit from the interior of a crystallite to its surface. The electron mobility µ in TiO2 has been determined as

17

 17 

8

 8 References page 264

  are obtained for the hole mobility and diffusion coefficient, respectively18, 19 . Using Equation A2.8 above with r0=20 nm, we find diffusion time of holes h 1ps  = .(c) Electron-hole recombination time and rate Performing femtosecond spectroscopy on bare TiO2-P25 diluted in water, Ohtani et al.20 measured the bulk electron-hole recombination rate: .20 also investigated the case of TiO2-P25 loaded by Pt diluted in water, and they measured the bulk electron-hole recombination rate: ( ) factor four smaller than the value for bare TiO2-P25, showing a smaller recombination likely due to a faster decay of trapped electrons by their transfer to the Pt site. (d) The concentration of hole scavengers and rate of hole scavenging at the surface of TiO2 in the presence of methanol 1. The concentration of hole scavengers at the surface of TiO2 in the presence of methanol The direct reaction between positive holes and the hole scavenger (methanol for example) is only possible if the hole scavenger is strongly adsorbed on the TiO2 surface, (discussed by Tamaki et al. 21 ). The adsorbed hole scavenger species concentration   Interface HS may be obtained by a Langmuir-Hinshelwood-type model for adsorption: References page 264

  Expression of g g is the source term and corresponds to the energy deposited due to optical absorption, written as I  , where  is the absorption coefficient (in m -1 ) and I is the beam intensity.The variation of the number density of photons as term, where and  indicate reduced Planck constant and Angular frequency, respectively; Since I is expressed in represents the number of photons per unit volume. When working in Molar units, as for all species, then

  is the radius of the laser beam in x and y direction.

  1 summarizes the above parameters that fix the order of magnitude of the different processes involved for a TiO2 -P25: Term values or range of the term The diffusion time of electrons from interior to the surface e 170 fs 30 ps  =-The diffusion time of holes from interior to the surface

  we can assume that electron diffusion remains the fastest process inside a TiO2 sphere.Consequently, electron and hole profiles within a TiO2 nanoparticle of diameter 40 nm can be assumed as homogeneous spatially at the larger time scales involved for growth processes. Thus the diffusion terms in Equation A2.3 and Equation A2.4, respectively, are considered as negligible.

  3 and Equation A2.4, respectively, can be simply described by: We assume that the concentration of [Ag + ]ads and [HS]ads are constant over the whole reaction.

  We assume that the number of electron-hole pairs is conserved during the whole process.As Boxall argued in his investigation of Photoelectrophoresis of colloidal semiconductors,2, 29 the number of electron-hole pairs is thought to be conserved during the whole process, i.e.

  interface do not matter anymore.A2.1.2 Calculation of the electron concentrationAs a result of the above simplifications, the equation to be solved for the electron concentration is:

22 A2. 1 . 3 .

 2213 .2.2 Electron concentration in the high field regimeAt high field, i.e. at large values of g, the production of electrons is significant as is the case of the excitation by a focused laser beam in a microchannel. The concentration of electrons can be described by recombination becomes the limiting factor in this case. The solution of Equation A2.21 is: Calculation of the Ag 0 concentration at the surface of the TiO2 nanoparticle The production of electrons is then used to produce silver atoms at the surface of TiO2 nanoparticles. Consequently, we need to solve Equation A2.14 is the Laplacian in two dimensions and describes the diffusion of Ag atoms at the D is the associated diffusion constant. Whether the diffusion part is significant or not depends on the time scale of Ag diffusion compared to that of reaction Liu found that the diffusion coefficient of Ag atom Ag D follows an Arrhenius law ( with an activation energy 1 eV at 500 K), and the value ranges from

  the Ag diffusion at the surface of TiO2 should be negligible compared to direct adsorption on a cluster. The Equation A2.14 to be solved is simplified as: concentration depends on either the low or the high field regime of production.A2.1.3.1 Silver atom concentration at low field regimeAt low field regime,

= 10 M

 10 At this stage of the calculation, we can make an important remark for the generalization to the deposition of other metals. By inserting the steady-state value of the production of electrons, either   in Equation A2.19 and Equation A2.21), instead of its time variation, in the rate of production of [Ag], we directly get the late stage regime T>>1 of [Ag](t). The reason is related to the fact that steady state is closely reached at T=1. As a short summary, in order to understand the photodeposition of silver, we first determined the rate of production of electrons due to the photoexcitation of TiO2, and considered this electron production governed the rate of production of silver atoms at the surface of TiO2. step, we solved these equations in the low and high excitation field regime, and we found that: often used in this work, we find that the time scale of production of silver atoms µs. This time scale is considerably short compared to any characteristic time t involved in the photodeposition experiments from a few tens of milliseconds to tens of minutes, i.e. t   . Thus, it appears that a very large majority of our experiments will be concerned by the so-called late stage regime.Moreover, using typical values of our experiments, we find that the electron concentration at steady state is  

N

  at the surface S of a TiO2 particle is  3 we finally find:

  a new behaviour that deserves confrontation with the experimental results. We also retrieve the behaviour 13 Rt at large time, which is currently measured. As a final general remark, let us notice that up to now, we have assumed that ( ) 00 Rt== for the sake of simplicity (here the critical radius C R is expected to be very small). If nonetheless, we consider critical nuclei C R nucleated at short time, or further growth of an already present nanodot then we straightforwardly find:

38 A2. 4 . 2

 3842 So we can account for an initial radius, critical or not, if required, by fitting the volume of the deposited dot instead of its radius.A2.4 Generalization to the photoreduction of metallic ions M n+In this case, we need to generalize the rate equation for [e], [h] and [M n+ ] (for metal) and solve: Generalization of photoreduction of metal ions at high field regimeFor the high field regime, we have seen that Looking again for the late stage solution, we consider the stationary solution  

  developed a photocatalytic strategy to synthesize colloidal Ag-TiO2 nanorod composites with a single Ag nanoparticle on each TiO2 nanorod. They used a 6 W UV lamp (wavelength 365 nm) positioned 10 cm from the reaction vial. They performed experiments where they vary the UV exposure time for three concentration of hole scavenger, here 1hexadecanol, from zero to low (0.1 mM) and high (0.5 mM) concentration. Consequently, depending on the low or high field hypothesis, a law of the form ( ) t (high field). Results are presented in Figure A2.3.

  to the TEM results, we obtained a Janus yield Y =50 % of Au-TiO2 (by counting more than 200 NPs), which means a ratio between Au-TiO2 NPs and the total TiO2

  the case of the gold consumption rate ε=100% and a Janus yield Y = 50%, a reasonable estimation of the largest expected diameter of Au NPs (Au size) is in average D1=18.7 nm.

  each metal investigated in this work is given in
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Distance (Ti 4+ -O 2-)(Å)

  

	Phase	Rutile	Anatase	Brookite
	Crystal system	Tetragonal	Tetragonal	Orthorhombic
	Space group	P42/mnm	I41/amd	Pbca
	Unit cell (Å)	a = 4.594 Å c = 2.958 Å Z = 2	a = 3.785 Å c = 9.5143 Å Z = 4	a = 9.184 Å b = 5.447 Å c = 5.145 Å Z = 8
		1.95 -1.99	1.93 -1.98	1.86 -2.04

Enthalpy of formation ΔfH 0 (298.15 K) (kJ.mol -1 )

  

				3
	Atomic packing factor	0.705	0.645	0.655
	Density (g.cm -3 )	4.24	3.89	4.12
	Hardness (Mohs)	6.0 -6.5	5.5 -6.0	5.5 -6.0
	Refractive index	2.61 -2.89	2.48 -2.56	2.58 -2.70
		-944.50 ± 0.96	-939.27 ± 1.26	-941.00

Entropy of formation ΔfS 0 (298.15 K) (kJ.mol - 1 .K -1 )
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	Structure		
	50.37 ± 0.21	49.95 ± 0.42	-
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Table 4 .

 4 1 Ag diameter values on TiO2 polyhedrons at pH 3 under variable powers, using either methanol or HCOONa as a hole scavenger. * means that the value is the size of largest Ag NDs population on one TiO2; for those owning one single large dot as well as several tiny dots, the yield is denoted as "multidots".

	Power	Ag diameter (nm)(SD)	Janus yield	Ag diameter (nm)(SD)	Janus yield
	(mW)	with HCOONa (2 mM)	(%)	with methanol (50 vol. %)	(%)
	3.1	7.7(1.5)	86	7.8(1.8)	85
	7.75	9.7(1.8)	90	9.8(2.4)*	multidots
	15.5	12.5(2.8)	90	12(2.9)*	multidots
	23.25	13(3.4)	88	13(3.4)*	multidots

Table 4 .

 4 2 and drew a graph of the largest silver size as a function of the applied power for three pH values in Figure 4.14.

	Power(mW)	Ag diameter (nm)(SD) at pH 3.0	Ag diameter (nm)(SD) at pH 3.9	Ag diameter (nm)(SD) at pH 4.7
	3.1	7.8(1.8)	7.6(1.7)*	6.6(1.6)*
	7.75	9.8(2.4)*	10(2.7)*	8.4(1.8)*
	15.5	12(2.9)*	11.5(2.6)*	9.8(2.3)*
	23.25	13(3.8)*	13.3(2.4)*	10.9(2.3)*

Table 4 .

 4 2 Ag diameter at three different pH values under variable powers. Ag NDs are photodeposited onto TiO2 polyhedrons. "*" means that the value is the size of the largest Ag ND on one TiO2. Figure 4.14 Ag diameter as a function of the applied power in the microchannel at different pH values, other conditions are kept the same: illumination time 0.2 s, 50 vol. % methanol as a hole scavenger, TiO2 polyhedrons as substrate. A power-law fit was also plotted.

		18				
		16	pH 4.7 pH 3.9			
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		14				
	(nm)	12				
	Diameter	10				
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		6		Equation A	A*x^(1/6) 6.89334 ± 0.2156
				R		0.86
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		0	5	10	15	20	25
				Power (mW)	

Table 4

 4 .3 and illustrated in Figure 4.16.

	Power(mW)	Ag diameter (nm)(SD) at pH 3.7	Ag diameter (nm)(SD) at pH 4.5	Ag diameter (nm)(SD) at pH 5.0
	3.1	6.6(1.3)*	7.2(2.1)*	6.4(1.3)*
	7.75	11.7(3)*	11(3.7)*	10.6(3)*
	15.5	13.2(3.6)*	12.8(3.3)*	12.8(4.1)*

Table 4 .

 4 3 Ag diameter values at three different pH values under variable powers. Ag NDs are photodeposited onto nanoneedle shape TiO2. "*" means that the value is the size of the largest Ag NDs on one TiO2.

		18				
		16				
	(nm)	14				
	Diameter	10 12				
		8					Equation	A*x^(1/6)
							A	7.44771 ± 0.390
							R	0.81
		6				
		0	2	4	6	8	10 12 14 16 18
						Power (mW)
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 4 4. 

	Power(mW)	Illumination time (s)	Ag diameter (nm)(SD) Janus yield (%)
	13.88	30	/	/
	13.88	60	17.6(4.8)	23
	13.88	120	22(4)	27
	13.88	240	17(5.6)	28
	13.88	342	16.3(3)	35
	13.88	480	16.8(4.8)	27
	13.88	855	20(5)	26
	13.88	960	16.9(5.6)	30
	13.88	1710	21(6)	21

Table 4 .

 4 

4 

Ag diameters and Janus yields as a function of illumination time at 13.88 mW. *: Janus not detectable on a TEM grid."/" denotes no Janus detection on the grid.

Table 4

 4 

	3.1	7.7(1.5)	86	7.2(1.5)	80
	7.75	9.7(1.8)	90	7.9(1.4)	82
	15.5	12.5(2.8)	90	8.7(1.8)	85
	23.25	13(3.4)	88	9.1(2)	85
	.5 Comparison table of the size vs applied power using two different silver precursors, AgNO3 and AgOAc,
		both use HCOONa as a hole scavenger. SD means deviation values.	

Table 5 .

 5 

	(mW)	Illumination time (s)	Au diameter (SD) (nm)	Janus yield
	3.1	0.2	/	/
	7.75	0.2	14.1(4.9)	27 %
	15.5	0.2	12.8(2.9)	36 %
	23.25	0.2	10.8(2.4)	58 %

1 Data of Au size and Janus yield of Au-TiO2 NPs made in a double microchannel setup at various powers. Experimental conditions are:, c[Au 3+ ]= 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, 15 mM SPAN 80 in dodecane, TiO2 polyhedrons as substrate.
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 5 

	ratio of methanol	Au diameter (SD) (nm)	Janus yield
	2.5 %	22 (5)	< 10 %
	50 %	15.9 (2.8)	45 %
	75 %	15.4 (2.8)	39 %
	3 Data of Au size and Janus yield of Au-TiO2 NPs made in cuvette setup at various volumetric ratio of
	methanol (a) 2.5 vol.%, (c) 50 vol.% and (e) 75 vol.% and their corresponding size distribution in (b), (d) and (f),
	respectively. Experimental conditions are: power 50.8 mW, illumination time 4 min, c[Au 3+ ] = 0.5 mM, c[TiO2] =
	5.5 mM, TiO2 polyhedrons as substrate.	

Table 5 .

 5 4 Data of Au size and Janus yield of Au-TiO2 NPs made in the cuvette setup at various powers.

	Power (mW)	Illumination time (s)	Au diameter (SD) (nm)	Janus yield
	6.94	240	16.4(2.8)	30 %
	13.88	240	15.5(3.4)	35 %
	28.05	240	15.2(2.7)	41 %
	50.8	240	15.9 (3.4)	46 %
	56.1	240	14.4(2.8)	49 %
	112	240	15.5(3.3)	46 %
	Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2
		polyhedrons as substrate.	

Table 5 .

 5 5 Data of Au size and Janus yield of Au-TiO2 NPs made in cuvette setup at various illumination time.

	Janus yield

Experimental conditions are: c[Au 3+ ] = 0.5 mM, c[TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, TiO2 polyhedrons as substrate./ means that the Au NDs were not detected on the grid.

Table 5 .

 5 6 and shown in Figure 5.23 below.

	Power (mW)	Na2PdCl4 Diameter (SD) (nm)	Pd(OAc)2 Janus yield Diameter (SD) (nm)	Janus yield
	3.1	6.6(0.8)	multidots	7.5(1.3)	23 %
	7.75	5.8(1)	multidots	7.2(1.2)	20 %
	15.5	7.3(2.1)	multidots	7.6(1.1)	17 %
	23.25	6.1(1)	multidots	7.9(1.1)	24 %

Table 5 .

 5 

6 Data of Pd size and Janus yield of Pd-TiO2 NPs using Na2PdCl4 or Pd(OAc)2. Other conditions are kept identical, including: concentration 2 mM, power 3.1 mW in microchannel setup, illumination time 0.2 s, 15 mM SPAN 80 in dodecane, c[TiO2] = 5.5 mM, pH 3, TiO2 polyhedrons as substrate.
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 5 8 Data of Pd size and Janus yield obtained at various powers. other conditions are kept identical:

	Power (mW)	Pd size (SD) (nm)	Janus yield
	0.5			5.2(1.2)	82 %
	1			5.4(1)	86 %
	2			5.9(1.1)	86 %
	3.1			5.4(1)	84 %
	7.75			6.1(1.3)	85 %
	15.5			7.2(1.5)	90 %
	23.25			7.1(1.3)	90 %
	46.3			7.9(1.5)	89 %
	94.4			9.2(1.6)	90 %
	c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, pH 3, 15 mM SPAN 80 in dodecane, illumination time 0.2 s, TiO2
		polyhedrons as substrate.
		16			
	(nm)	8			
	Diameter	4				Janus Yield Diameter
		Equation		A*x^B
			A	5.22372 ± 0.17
		2			
		0.5 1	2	4	8	16 32 64 128
				Power (mW)
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		Illumination time	Pd Size (SD)	Janus yield
	(mW)	(s)	(nm)	
	6.94	480	6.7(1.5)	44 %
	13.88	480	7.1(2)	56 %
	28.05	480	7.8(1.6)	67 %
	56.1	480	8.5(1.6)	73 %
	112	480	9.1(2.4)	79 %

9 Data of Pd size and Janus yield made in the cuvette setup at various powers. Other conditions are kept the same, including illumination time 8 min, c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, no external hole scavenger, TiO2 polyhedrons as substrate.

Table 5 .

 5 .10 and Figure 5.31.

	Power (mW)	illumination time (s) Pd diameter (SD) (nm) Janus yield
	13.88	60	5.7(1)	33%
	13.88	120	6.1(1.2)	33 %
	13.88	240	6.7(1.5)	47 %
	13.88	480	7.1(2)	56 %
	13.88	600	8.3(1.5)	42 %
	13.88	960	7.8(2)	48 %
	13.88	1200	9(2.2)	53 %
	13.88	2000	10.7(2.4)	54 %
	13.88	3000	11.9(3)	64 %
	13.88	5300	11.6(2.4)	67 %
	13.88	7000	11(2.2)	67 %
	13.88	10000	11(3.1)	68 %

10 Pd size and Janus yield of Pd-TiO2 NPs made in a cuvette at 13.88 mW for various illumination time. Other conditions are kept identical, including: c[PdCl4 2-] = 1 mM, c[TiO2] = 5.5 mM, no external hole scavenger, TiO2 polyhedrons as substrate.

  where kAg and kHS are the silver atom production rate and the hole scavenging rate, respectively. We also neglect reverse reactions, which are negligible. Then, we can set the

									Ag e +-+ ⎯⎯→	Ag	Equation A2.2
									HS ++ k HS + ⎯⎯→ HS h	Equation A2.3
	following equations 2 :										
	  de	=		  D e g k e h     e r  + -	Bulk	-	  k e Ag  Ag   + 	Interface	Equation A2.3
	dt										
	  dh	=		  D h g k e h     h r  + -	-	    k h HS  HS	Equation A2.4
												Bulk	Interface
	dt										
	  d Ag	=		Ag D		  Ag k e Ag   Ag   + + 	Interface	Equation A2.5
	dt										
	d HS   +	=		HS D	+		HS  + 	+	    k h HS HS	Interface	Equation A2.6
	dt										

  , we obtained from Equation A2.22, i.e. References page 264

	  e	=	HS r Ag gk' k k'	tanh	r Ag HS k k' g k'  t   	, leading to Equation A2.27:
				  d Ag dt	  k' e Ag ==	HS r k k'	r Ag HS k k' g k'	tanh	r Ag HS k k' g k'  t   	Equation A2.27
	By defining a rescaled time	r k k' g Ag Tt =	, the solutions are the following:
								k'
								HS
					  T1 Ag     		Ag  gk' 2  	t	2	at short time	Equation A2.28
					  T1 Ag    		HS k' k' g Ag r k	t	at large time	Equation A2.29
						d Ag	=	Ag k' e g 1 exp k' t Ag  = --	Equation A2.24
							dt
	By defining a rescaled time	' T kt Ag =	, the solutions are the following:
					  T1 Ag    		Ag  gk' 2  	2 t ,	at short time	Equation A2.25
					  T1 Ag   		gt,	at large time	Equation A2.26
		A2.1.3.2 Silver atom concentration at high field regime
	At high field regime,	r k e k  	'	HS		1

  Moreover at large time,A2.3.2 Remarks about this modelling at high fieldThen, according to the previous equations, at high field, we get:

	( 32 ) 2 Ag gk' 3 R T 1 t 2       
	( R T 3	) 1  	3  	2	HS k' k' g Ag r k	t
			( R T 3	) 1  becomes independent of Ag +   ,
	which is not consistent with our experimental results, likely because none of our laser
	experiments belongs to this low field regime. Finally, at large time	13 Rt which is currently
	measured in our experiments.					

  Consequently, at high field, the late stage variation of the metallic dot varies with the reduction order of the reaction:

										n
										  n e	HS rM gk kk  '  =  '	n1 +	and
					n					n
	  dM dt	  n MM k e k == ''	HS rM gk k k    ' '	n1 +	, then   M k' =	M	HS rM gk' k k'   	n1 +	t
										n
		( ) R t 3  =	 ( ) 22 33 M t   =	k'	M	HS rM gk' k k'   	n1 +	t	Equation A2.45

metal NP MM (g/mol) ρM (g/cm 3 ) expected metal size (cM in mM) expected metal size (Y=1, ε = 1, cM in mM)

  TableA3.1, where the last column corresponds to the optimized case where =1 and Y=100%:

	Ag	107.87	10.49	Ag D	1/3   18.7 Ag c Y  =     	nm	Ag D	( ) 1/3 Ag c  18.7 =  	nm
	Pd	106.42	12.02	Pd D	1/3   17.8 Pd c Y  =     	nm	Pd D	( ) 1/3 Pd c  17.8 = 	nm
	Au	196.97	19.30	Au D	1/3   18.7 Au c Y  =     	nm	Au D	( ) 1/3 Au c  18.7 = 	nm
	Pt	195.08	21.45	Pt D	1/3   18.0 Pt c Y  =     	nm	Pt D	( ) 1/3 Pt c  18.0 = 	nm

Table A3 .

 A3 1 Estimation of metal size after the first photodeposition process.
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Chapter 4

Photodeposition of silver nanodots on TiO 2 nanoparticles by UV laser References pages 198 The fit of the XPS spectra before etching process (Figure 5.21a) clearly shows peaks with one contribution centered at 342.8 and 337.6 eV, which represents the Pd (II) due to the Pd oxide layer 31,32 while after etching two doublets are detected, one stays at 341.5 and 336.3 eV, which represents that the Pd oxide layer still present; the other at 340.6 and 335.4 eV, which is characteristic of the metallic Pd 0 . [33][34][35] With increasing the etching time (results not shown), the peaks of metallic Pd 0 became much more dominant, indicating the removal of the oxide layer during the etching process. The first parameter to test is the chemical nature of the palladium precursor and its influence on the photodeposition process. Two types of Pd precursor are investigated, Na2PdCl4 and Pd(OAc)2. It has to be noted that Pd(OAc)2 can only be dissolved in the organic solvent, 36 here we used 13.3 vol.% acetone to help dissolve this precursor, meanwhile keeping the precursor miscible in the aqueous part.

Pd-TiO2 nanoparticles made in microchannel setup

The photodeposition experiments using these precursor solutions were performed in the microchannel setup, both at a concentration of 2 mM, with 50 vol.% methanol as hole scavenger, at pH 3, with TiO2 polyhedrons as the substrate. Figure 5. 22 shows the TEM images of the resulting Pd-TiO2 NPs obtained using the two types of precursors.

Conclusions of Chapter 5

In this chapter, we have moved to other metal precursors M n+ (n= 2, 3, 4) and performed the photodeposition of gold, palladium and platinum on the surface of TiO2 using both the microchannel and the cuvette setups. In all cases, metal nanodots were successfully deposited on the surface of TiO2.

Growth law fits were also performed to verify the validity of the proposed model developed in Appendix 2. In the case of gold, the fit can be used to reasonably predict the growth process, although it is not that good as compared to the case of Ag. It was suggested that the release of chloride ions, which can be used as a hole scavenger, could play a role in the reaction 22 , even if this assumption seems to be efficient only in the presence of another efficient hole scavenger as methanol or sodium formate. The pH range also allows the co-existence of three different complexes of Au 3+ in solution, which probably react with different rates in the medium leading to an overall more complex system. In the case of Pd, the growth process cannot be predicted by the proposed model. Some extra work with other chloride-free palladium precursors should be performed and may help contribute to the understanding of the actual mystery. In the case of Pt, the fit was not performed due to the observed small size range 2-6 nm, and the number of electrons required for a full reduction. Nonetheless, we succeeded in synthesizing nano-heterodimers with silver, gold, palladium and platinum on TiO2 (Figure 5.42), showing that laser deposition seems to be much more efficient than of the usual UV lamp photodeposition, as the flux of photons matters much more than the deposited energy. Some more work is needed to better understand the case of platinum deposition. Beyond the above preliminary results, other research possibilities concerning photodeposition using UV laser also include, the simultaneous photodeposition of Ru 3+ and metal ions on TiO2 to form RuO2-TiO2-M type hybrid materials at the same time without any external sacrificial agents; also foreseen are the bimetallic or trimetallic photodeposition, for instance, (Pd@Ag)-TiO2, (Au@Pd@Pt)-TiO2, respectively. Some extension to photodeposition on other semiconductors such as ZnO is also planned. Last but not least, some catalytic performances should be tested in the near future. The developments of a growth prediction model will be performed with the example of silver nanodots photodeposited on TiO2 nanoparticles, and then generalized to the photodeposition of other metals.

Appendix 1

The sketch of the physical processes involved in the photodeposition is the following:

(a) Light absorption by TiO2 induces production of electron-hole pairs in the bulk and at the surface of the particle.

(b) Electrons may recombine with holes, may be trapped on defects and may reach the surface to reduce metal ions, let us say silver ions, at the surface of TiO2; the same may happen for the holes in TiO2 with oxidation of a hole scavenger at the surface of TiO2.

(c) Reduction of Ag + ions produces Ag 0 atoms and beyond a certain amount of Ag 0 atoms, an Ag 0 cluster is nucleated and grows at the surface of TiO2 as a function of (i) the production of electrons related to the laser absorption and intensity, (ii) the Ag + concentration and (iii) the exposure time. Two growth mechanisms, (i) growth under a flux of metal atoms or (ii) growth by diffusion of metal atoms are possible, and the experimental measured growth laws will allow differentiating between the two. We will show that silver metal growth is compatible with the growth under a flux of metal atoms, considering time variation and scaling.

After obtaining a description of the growth of Ag 0 nanodots onto TiO2 nanoparticles, we generalize the calculation to the reduction of other metallic ions.

A2.1 Methods to determine the concentration of silver atoms

The first stage consists in setting the different equations allowing the determination of the electron production due to light absorption in order to determine the Ag 0 concentration at the surface of TiO2. In a second step, the Ag 0 concentration will be used to predict the growth of a silver nanodot deposited onto the TiO2 surface. and CT(M) is the total concentration of active sites at the TiO2 surface. CT= q.NHS, where q (g L -1 ) is the fixed TiO2 load of the solution and NHS is the total moles of active sites for hole scavenging per unit mass of TiO2 (mol g -1 ).

For instance, Matthews et al. 22 measured on bare TiO2-P25:

Measurements of NHS, corresponding to the number of OH sites, reported in the literature for TiO2-P25 are NHS =2.74×10 -4 mol g -1 from reference 23 and NHS =3.98×10 -4 mol g -1 for TiO2-P25 from reference 24 . As these data are very close together, we will consider their mean value. We get: NHS =(3.36±0.62)×10 -4 mol g -1 .

Considering the measured TiO2-P25 value -= 

 

Bulk

HS

means that the surface of our TiO2 NPs is totally saturated. Using our TiO2 load = q 0 439 g L .

(from   

Rate of hole scavenging at the surface of TiO2 in presence of methanol

For bare TiO2 anatase of diameter 4.28 nm at pH=3.5, Dimitrijevic et al. 25 found a mean value: . We finally find:

Rt is the radius of the immobile growing silver dot. The initial conditions are given by:

( )

, which corresponds to the initial silver concentration and ( ) 00 Rt== , thus indicating that the dot is not present at the beginning of the process. We consider an adsorption boundary condition at the perimeter of the silver dot, i.e.  ( )

(meaning that a silver atom is automatically absorbed by the nanodot when close to it), and

we assume that at infinity on the TiO2 substrate, the concentration of silver atoms is finite and equal to 0.

Concentration gradients in the neighbourhood of the silver dot create a flux of silver atoms on the two-dimensional substrate. This flux feeds the silver dot, triggering its growth.

Therefore, the volume increase rate of the silver dot is related to the total flux of atoms at its perimeter, and by mass conservation, ( ) where the total flux is 33 and corresponds to the concentration of atoms incorporated at the perimeter of the silver dot.  is a dimensionless factor related to the contact angle of the silver dot on the TiO2 surface.

Note nonetheless that experimentally, this is the radius Rs at an interface, which is measured.

Then the volume of a spherical cap is given by ( )

where ( ) 

A2.3 Constant flux boundary condition

In this case, we impose a condition on the flux of the silver atoms, assuming that the total flux of atoms at the silver dot perimeter is constant. Therefore, ( ) We suppose here that the electrons in the number of "n" ("n" indicates valence in M n+ ) are transferred at the same time to the metallic ion. This constrains implies that the deposition yield should decrease with an increase of the reduction order. With the same hypotheses as for Ag, we find: 40 Which can be rewritten as:

Where for Ag + , n=1; for Pd 2+ or Ni 2+ , n=2; for Au 3+ , n=3; for Pt 4+ , n=4, etc. We have seen that using our different setups we may simplify the problem by considering either a low or a high field approximation. Moreover, considering estimations of time scales, we can even concentrate on the late stage regime, which can be simply retrieved by considering the steady-state production of electrons. We will use this scheme in the following.

A2.4.1 Generalization of photoreduction of metal ions at low field regime

For the low field regime, we have seen that   Consequently, at low field, the late stage variation of the metallic dot is invariant with the reduction order of the reaction:

( )  ( ) are took from ref. 36 Gold deposition on TiO2 nanoparticles is very poorly documented. We just found one publication by Chang et al. 37 The experiment was performed using a 400 W mercury lamp with chloroauric acid as the gold precursor and commercially available TiO2 from Degussa (P25). Figure A2.4 shows that a power law fit of the three only available data gives a temporal exponent 0.67, slightly far from the expected exponent of 1/3. 37 Gold photodeposition on II-VI semiconductors such as CdS and CdSe/CdS is slightly more documented. On the one hand, Carbone et al. 38 investigated the gold deposition on CdS and CdSe(core)/CdS(shell) nanorods using an ordinary UV lamp (2-3 mW/cm 2 ) with chloroauric acid as gold precursor and CHCl3/Ethanol (90:10 v/v) as a hole scavenger; a chloroformic solution of HAuCl4, (di-n-dodecyl)dimethylammonium bromide (DDABr), and dodecylamine (DDA) was dropwise injected. Figure A2.5 shows that a power law fit of the growth is highly 262 References page 264 compatible with the expected exponent of 1 for the volume of the gold dot for both CdSe(core)/CdS(shell) and CdS nanorods substrates, respectively in red and in blue. On the other hand, Dermotière et al. 39 also investigated the gold deposition on CdSe/CdS nanorods using a UV lamp (1 mW/cm 2 and distance lamp/sample of 15 cm). The gold salt solution was prepared from a mixture of 10 mg of AuCl3, 70 mg of dodecyldimethylammonium bromide (DDAB) and 50 mg of dodecylamine (DDA), dissolved in 10 mL of toluene. Figure A2.6 shows that a power law fit of the growth is highly compatible with the expected exponent of 1/3 for the diameter of the gold dot. 

A2.5.2 Photodeposition of palladium and platinum

Unfortunately, we fail to find any experiment on the growth of palladium dots on semiconductor nanoparticles by photodeposition. Concomitantly we found one experiment involving photodeposition of platinum on TiO2 nanoparticles. Murcia et al 40 used a mild intensity of 60 W/m 2 from a Osram Ultra-Vitalux UV lamp (300 W) at 365 nm, hexachloroplatinic acid (H2PtCl6, Aldrich 99.9%) as the metal precursor and isopropanol as a sacrificial donor, the final pH of the suspensions was 3. Figure A2.7 shows that a power law fit of the growth is compatible with expectation when forcing the exponent of 1/3 (a pure power law gives an exponent 0.24). 40 As a conclusion, despite the weakness of data available in the literature, it seems that the growth laws of the metallic dot on semiconductor nanoparticles by photodeposition are all compatible, and sometimes in total agreement, with our predictions in terms of power-law exponents. Nonetheless, it was impossible to get some more insights from the existing literature, in particular on growth law amplitudes, considering the amount of available data.

Appendix 3 Prediction of metal size deposited on TiO 2 polyhedrons
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A3.1 Prediction of metal size after one-step photodeposition process

In this part, we introduce a general approach to theoretically estimate the expected metal size deposited during the photodeposition process using various metal precursors. First, we use Au-TiO2 as an example to show the calculation procedure of Au size; then, a general equation is deduced for all the other metals.

A3.1.1 Assumptions:

For the sake of simplicity, we first assume a volume of a reactant mixture solution of 1 mL.

Then, for the photodeposition of metal at the surface of TiO2, we neglect the contact angle mentioned in Appendix 2 and assume a hemispherical shape, that is, we consider a metal particle with a diameter D at the surface, and a contact angle of 90°; the volume of the metal dot is then

A3.1.2 Fixed conditions of TiO2 part:

All the calculations are based on TiO2 polyhedron support, with an average diameter of 16.5 nm (roughly 20, 15 and 15 nm in three axes); the mass of a single TiO2 polyhedron is then 

The number of TiO2 polyhedrons is also given by In conclusion, the number density D' of TiO2 polyhedrons is fixed to Prediction of metal size deposited on TiO2 polyhedrons 271

'

Where D' is the number density of TiO2 polyhedrons in mL -1 , which is fixed at 12 ' 6 10 / D mL =

The mass of a single metal NP is

The volume of a single metal NP is

'

where ρM is in the density of the metal in g/cm 3 .

With the assumption, we suppose Prediction of metal size deposited on TiO2 polyhedrons 272

A3.2 Prediction of metal size after two-step photodeposition process

In a following step, we want to estimate the size of metal NPs after photodeposition of a shell of a second metal. As illustrated in Chapter 6, we firstly synthesized Au-TiO2 NPs using one-step photodeposition, and in a second step, we added another metal precursor to be reduced on the Au core site. As observed experimentally, the second metal is photoreduced onto the existing Au site rather than nucleated elsewhere on the surface of TiO2.

Consequently, the Janus yield does not change at all. The calculation of the new core-shell metal NPs, is performed with the same assumptions as before.

A3.2.1 Assumptions

We still assume the first Au NPs deposition on the surface TiO2 present a hemisphere shape.

As deposition of the second metal occurs on the first one, we continue to suppose that all the second metal precursor is reduced onto the Au NPs, forming a metallic shell on the Au hemispheres. As shown in Figure A3.1, In one Au@M-TiO2 NP, the volume of the metal shell can be calculated as ( )

A3.2.2 Calculation of the quantity

Where D1 and D2 are the diameter of Au and {Au@metal} NP, respectively. 12

In the reaction solution of Vsol, the number of shell structure is

Where Y is the yield of Au-TiO2, D' is the number density of TiO2 polyhedrons in mL -1 , which is fixed at The total mass of metal added from the precursor at the beginning

Thus we obtained the following equation Experimentally, we verify that our photodeposited core-shell metallic NPs are always smaller than these estimations

Appendix 4 Characterization techniques

Transmission electron microscopy (TEM) experiments were carried out with two machines, a JEOL JEM1400 Plus microscope and MET HITACHI H7650 microscope, both operating at 120 kV.

High-resolution (HR) TEM images were obtained with a TEM-FEG HR (JEOL 2200FS) at 200

kV. Chemical analysis (elemental mapping) was carried out by STEM coupled to EDX with a JEOL 2200 FS equipped with a field emissive gun, operating at 200 kV and with a point resolution of 0.23 nm. High-resolution transmission electron microscopy micrographs and videos were acquired with a Gatan Ultrascan CCD 2k-2k, and digital diffractograms were calculated using the Gatan Digital Micrograph program.

X-ray photoelectron spectroscopy (XPS) surface analysis was obtained using a ThermoFisher Scientific K-ALPHA spectrometer with a monochromatized Al Kα source (hν = 1486.6 eV) and a 200 μm spot size. Before insertion of samples in the analysis chamber, a pressure of 3•10 -7 mbar was always reached in the load lock chamber. C1s, O1s, N1s, Cl2p, Ti2p, Au4f, Cu2p, Pt4f, Pd3d, Ag3d and Ru3d high-resolution spectra were acquired by using a constant pass energy of 40 eV although surveys in the 0-1100 eV range were first obtained at a constant pass energy of 200 eV. Sputtering was achieved with low energy argon ions. Charge neutralization was applied during analysis. High-resolution spectra were fitted and quantified using the AVANTAGE ® software provided by ThermoFisher Scientific.

The UV-vis absorption spectra were recorded with a SHIMADZU UV-3600 Uv-Vis-Nir spectrophotometer using 10 mm cuvettes.

The Zeta potential was performed with a NANOPLUS Particulate Systems Analyzer using a standard cell with Dome Electrode 0.7 mL.

X-ray diffraction (XRD) measurements were carried out at room temperature with a PANalytical X'pert Pro MPD diffractometer using a Cu Kα1 radiation, λ = 1.540 598 Å. and Bragg-Brentano geometry. 2 theta was in the range between 8° and 80° with a step size of 0.02°.

Titre: Synthèse de nano-hétérodimères par photodéposition laser de nanoplots métalliques sur des nanoparticules de TiO2

Résumé:

Deux configurations différentes, à savoir en microcanal et en cuve de spectroscopie utilisant un laser UV, sont conçues pour effectuer la photodéposition de plots métalliques uniques sur du TiO2 Two different setups, namely microchannel and cuvette setups using UV laser, are built to perform the photodeposition of a single metal dotson TiO2. Crystal anatase TiO2 nanoparticles with various shapes and sizes, are synthesized on purpose and used as semiconductors for this photochemical reaction. Four metal precursors with different valence states, i.e. Ag(I), Au (III), Pd(II) and Pt(IV) ions, are photochemically reduced on the surface of TiO2. Several techniques, including XPS, TEM/HRTEM, UV-vis spectroscopy, are performed to characterize the chemical state, size and number distribution of metal dots, and the absorption behaviours of the Metal-TiO2 nanoparticles. Nano-heterodimers with one Ag, Au, Pd and Pt per TiO2 are obtained showing that laser deposition seems to be much more efficient in this case than of the usual UV lamp photodeposition, suggesting that the flux of photons matters much more than the deposited energy. Ag-TiO2 heterodimer nanoparticles are successfully synthesized by the two laser deposition methods. The number and size distribution of Ag dots are dependent on hole scavengers, pH and metal precursor. A growth model well predicted the silver size variation in the photodeposition process. Extending the synthesis to other metal precursors (KAuCl4, Na2PdCl4 and H2PtCl6) using both setups led to the formation of gold, palladium and platinum-based heterodimers with TiO2. The growth law of gold can reasonably be predicted as well, although it is not as good as in the case of Ag, while our model did not work in the case of Pd and Pt. Finally, bimetallic core-shell structured (Au@M)-TiO2 (M=Ag, Pd, Au and Pt) nanoobjects were successfully synthesized by a simple two-step UV laser deposition method in the cuvette setup.