Résumé

Alors que de nombreux chercheurs s'inquiètent de l'impact environnemental de la consommation énergétique, la production d'énergie renouvelable sans carbone est un sujet clé du 21 e siècle. Comme cela est bien connu, de nombreuses sources d'énergie renouvelables peuvent être converties en une forme utilisable (en électricité). Parmi elles, la production d'énergie solaire devrait représenter près de 50% de la production totale d'énergie renouvelable en 2050. Chaque seconde, l'irradiation solaire fournit une énergie énorme sur terre, mais la plupart est gaspillée. Les chercheurs ont développé des méthodes de récupération de l'énergie solaire, y compris la conversion de la lumière du soleil en électricité, la récupération de l'énergie solaire thermique et la conversion de la lumière du soleil en hydrogène. L'hydrogène est le vecteur d'énergie le plus propre ayant une densité d'énergie élevée car lorsqu'il est utilisée en pile à combustible, il ne produit que de l'eau. Cependant, la conversion d'énergie solaire en hydrogène doit s'effectuer à partir d'eau à température ambiante.

Pour ce faire, la lumière solaire doit être absorbée par des semiconducteurs ayants une bande interdite adaptée. Lorsque le semiconducteur est utilisé comme l'absorbeur de lumière et est interfacé avec une solution électrolytique, il est appelé photoélectrode et peut être décliné en photoanode ou en photocathode en fonction de la réaction d'intérêt. Généralement, les photoanodes sont utilisées pour la réaction de dégagement d'oxygène (OER) et les photocathodes sont utilisées pour la réaction de dégagement d'hydrogène (HER). Principalement, la photoélectrode nécessite certains paramètres devant être satisfaits; parmi les matériaux de photoélectrodes, le Si est l'un des semiconducteurs les plus appropriés pour la conversion de l'énergie solaire car il a une faible bande interdite (1.1 eV) et est déjà très utilisé à l'échelle industrielle.

Cette thèse concerne l'application des photoanodes à base de Si pour la production d'énergie sans carbone et se concentre sur la préparation et l'étude de photoanodes pour la réaction d'OER. Cette réaction est favorisée dans des électrolytes ayant un pH élevé, néanmoins cela est délétère pour le Si qui est attaqué chimiquement dans ces milieux. De plus, le Si est très sensible à l'oxydation qui produit une couche passivante et isolante de SiOx. Pour ces deux raisons, les recherches sur l'électrolyse photoélectrochimique de l'eau ont été menées sur du Si recouvert avec une ou des couches de protection conformelles sans défauts, ce qui nécessite des dispositifs coûteux et des technologies fonctionnant avec un vide poussé. Depuis quelques années, il a été démontré que des photoanodes de Si sans couche de protection peuvent effectuer l'OER de manière efficace. Le Chapitre 1 introduit des notions de photoélectrochimie ainsi qu'un aperçu de l'état de l'art. Dans le but d'améliorer la cinétique de la réaction d'OER, il est aussi nécessaire d'immobilier un catalyseur à la surface de la photoélectrode (souvent appelé cocatalyseur (cocat) dans la communauté photoélectrochimique). Dans ce travail, toutes les photoanodes ont été préparées par une technique d'électrodéposition à faible coût et ces photoanodes ont été appliquées à la photoélectrolyse de l'eau. Le Ni était déjà largement utilisé pour la décomposition électrochimique de l'eau car il est un matériau abondant avec de bonnes propriétés catalytiques pour l'OER en milieu basique. De plus, pendant le processus d'OER, le Ni est converti en Ni(OH)2 et NiOOH qui ont un meilleur comportement réactionnel. Pour ces raisons, ce catalyseur bon marché a été choisi comme cocat au début de cette thèse.

Dans le Chapitre 2, l'électrodéposition de nanoparticules de Ni (Ni NPs) a été réalisée sur des surfaces de n-Si. En effectuant ce traitement, moins de 20% de la surface est revêtue de Ni NPs, d'un diamètre d'environ 60 nm, ce qui signifie que la majeure partie de la surface de Si n'est pas protégée.

Cette méthode permet de produire une jonction Schottky n-Si/Ni non homogène permettant à la photoanode d'avoir un photovoltage élevée. Lorsque nous avons appliqué le n-Si/Ni pour la photoélectrolyse de l'eau, la photoanode présentait des performances satisfaisantes en terme de densité de photocourant. Nous avons ensuite étudié l'effet de l'activation de ces surfaces, qui consiste à appliquer une répétition de cycles voltammétriques (CV). Lors de ce procédé, la surface des Ni NPs se convertie en une couche catalytique de Ni(OH)2-NiOOH qui est connue pour être l'un des meilleurs catalyseurs pour l'OER. La stabilité de la photoanode a été étudiée dans deux conditions différentes; en fonctionnement et au repos (au potentiel de circuit ouvert (OCP)). La stabilité de la photoanode en fonctionnement est expliquée par la passivation du Si en SiOx dans la solution électrolytique qui protège le Si (non recouvert par les Ni NPs) de la dissolution chimique. La stabilité de la photoanode à l'OCP est aussi particulièrement importante. L'influence de l'illumination et des analyses nous ont permis de proposer un mécanisme.

Puisque que l'absorption de la lumière par Si est un facteur important, dans le Chapitre 3, la surface de n-Si a été structurée pour produire une structure très absorbante de la lumière (appelée «black Si» (BSi)). Pour ce faire, le Si a été gravé photoélectrochimiquement, puis à nouveau gravé chimiquement dans une solution hautement basique. Ce processus en deux étapes est uniquement basé sur des méthodes liquides et ne nécessite pas de dispositifs coûteux. Le BSi est constitué de pointes micrométriques absorbant la lumière, et l'électrodéposition de cocats à base de Ni NPs fut réalisée sur ce substrat dans le but de produire des photoanodes. Dans ce chapitre, en plus, une fine couche de NiFe a été électrodéposées sélectivement sur les Ni NPs. En effet, cet alliage est reconnu pour être particulièrement actif pour l'OER. Les NPs Ni/NiFe ont été caractérisés par spectrométrie de photoélectrons induits par rayons X (XPS), microscope électronique à transmission (TEM) et spectrométrie d'absorption des rayons X (XAS). Lors des tests photoélectrochimiques, ces surfaces ont fournies des performances plutôt satisfaisantes, néanmoins, nous nous attendions à une forte amélioration de la densité de photocourant du fait de la grande amélioration en termes d'absorption lumineuse du BSi par rapport au Si plan. Ce qui ne fut pas le cas. Ce phénomène pourrait s'expliquer par le fait que le taux de recombinaison de charge des paires électron-trou photogénérées était plus élevé que celui des surfaces planes. Dans le Chapitre 4, nous nous sommes intéressés à un autre type de cocat, le Fe. Dans ce chapitre nous avons aussi employé la structuration du Si, mais, cette fois-ci, seule une gravure chimique en milieu basique a été réalisée, ce qui permet de préparer du Si ayant une absorption meilleure que celle du Si plan (bien que largement moindre par rapport au BSi précédemment utilisé) mais avec des surfaces comportant moins de défauts que le BSi. Lors de ce procédé, les vitesses de gravure du Si dépendent de la direction cristallographique ce qui produit des structures micropyramidales (n-SimPy). Pour l'étude de la jonction Schottky n-Si/Fe, les Fe NPs ont été électrodéposées sur du n-Si plan et du n-SimPy. Nos recherches se sont tout d'abord penchées sur l'effet du taux de couverture sur du Si plan. En fonction du temps d'électrodéposition, la surface du Si peut être recouverte de Fe NPs dans une large plage de couverture (de 5 à 43%). Les photoanodes ont présentées une tendance claire lors des CVs; à mesure que la couverture augmente, la densité de photocourant maximale diminue tandis que la stabilité augmente. Nous avons ensuite appliqué ces analyses sur le n-SimPy. Les conditions optimisées présentent les mêmes tendances par rapport au n-Si plan, cependant, les performances en photocourant se sont améliorées de 40% du fait de la structuration. Cependant, la stabilité globale était faible par rapport à celles obtenues précédemment avec des Ni NPs parce que les NPs de Fe étaient instables dans la solution de NaOH. Par conséquent, la composition de la solution électrolytique fut changée en une solution moins corrosive (solution tampon mixte K-borate/Li-borate). Lorsque les photoanodes sont utilisées dans cette solution, l'OER se déclenche à un potentiel plus élevé par rapport à la solution précédente (du fait de son pH moins élevé), cependant, l'électrolyse à long terme en solution tampon a montré une durée de fonctionnement de plus de 130 h. En outre, les densités de photocourant maximales élevées des photoanodes à base de n-SimPy étaient hautement reproductibles dans la solution tampon (37 mA cm -2 pendant 12 h). Après l'électrolyse dans une solution de NaOH et dans une solution tampon K-borate/Li-borate, les surfaces ont été caractérisées par microscopie électronique. Après 3 h d'utilisation dans une solution de NaOH, environ la moitié des NPs de Fe se détachent de la surface de Si tandis qu'après 130 h d'utilisation dans du K-borate/Liborate les surfaces ne montrent presque aucun changement morphologiques. En conséquence, les Fe NPs pourraient être utilisées comme catalyseur principal de l'OER pour la photoélectrolyse de l'eau sur du Si, cependant, un soin particulier doit être donné à la composition de l'électrolyte. Dans le Chapitre 5, la nanostructuration a été réalisée directement sur les catalyseurs. Généralement, l'électrodéposition métallique forme des NPs dispersées aléatoirement sur la surface du Si. La jonction Schottky non homogène ne peut donc pas être contrôlée précisément. Cependant, il est suggéré dans la littérature que les caractéristiques géométriques et morphologiques des catalyseurs peuvent avoir une forte influence sur les propriétés de ces jonctions. Pour ce faire, une technique d'électrodéposition à l'échelle nanométrique a été adoptée, elle est basée sur une technique précédemment développée et appelée «électrodéposition de nanofils assistée par lithographie» (LPNE). Nous avons transposé cette technique, généralement utilisée sur des substrats isolants, sur du Si photoactif pour préparer des nanofils de Ni (Ni NWs) sur la surface du Si. Avec ce procédé, la distance entre les NWs ainsi que leurs paramètres géométriques, (largeur et hauteur) peuvent être précisément contrôlés. Les surfaces préparées ont été étudiées comme photoanodes pour l'OER dans une solution de NaOH et ont montrées des réponses intéressantes. Pour des surfaces préparées avec les mêmes charges Coulombiques, indépendamment de la distance, toutes les photoanodes montrent les mêmes densités maximales de photocourant, cependant, la pente des courbes des CVs correspondant à l'OER est différente. Les distances entre les NWs les plus courtes (10 μm) déclenchent l'OER et atteignent le maximum de photocourant à un potentiel inférieur par rapport aux autres photoanodes (l'espacement à été varié jusqu'à 100 µm), puis, à mesure que la distance augmente, la pente diminue. En somme, les photoanodes comportant les espacements les plus faibles présentent les performances les plus élevées en CV et en photovoltage, un résultat qui fut contraire à nos attentes. On pourrait expliquer cela par le fait que le photovoltage élevé n'est pas contrôlé par la jonction n'étant pas recouverte de de métal (n-Si/SiOx), mais par des éléments à base d'oxyde métallique (par exemple Ni(OH)2, NiOx ou NiOOH). Cela n'est pas encore clairement révélé, cependant, ce phénomène a déjà été suggéré auparavant. De plus, nous avons aussi étudié l'effet de la charge Coulombique qui permet de contrôler la largeur des NWs et des NWs ont également été préparés avec différents métaux de transition tels que le Co et le Fe. Bien que nos résultats soient encore en cours d'analyse, ces études montrent qu'il est possible d'utiliser des techniques de nanoélectrodeposition pour contrôler le nombre et la géométrie des cocats sur du n-Si. Dans ce manuscrit, nous avons démontré que la méthode d'électrodéposition en phase liquide coût peut être appliquée comme une excellente méthode pour la fabrication de photoanodes à base de Si. Nous avons également étudié la nanostructuration du Si par des dispositifs et une technique à faible coût. Le contrôle précis des cocats sur la surface du n-Si est également maintenant disponible par le procédé de nanoélectrodéposition mis en oeuvre dans le dernier chapitre. Ces techniques simples peuvent être importantes car elles peuvent donner des pistes pour de futures recherches sur les carburants solaires. 

Foreword

One of the most significant challenges for mankind is sustainable and renewable energy supply in the way of minimum pollution. Classical fossil fuels like petroleum, coal, and natural gases have high energy density and have driven the development of technology and science. However, these products produce not only heats and electricity but also other side products like NOx, SOx, CO2, ammonia, etc [1] . Among them, CO2 gas represents 81.6 % of total global warming gases [2] . Since fossil fuels and petroleum depletion have been predicted in 1972 [3] , scientists have developed renewable energy technologies. However, the energy production charged by fossil fuels and natural gas is still of 38.8 % in the EU [1] and 64 % all over the world [4,5] .

There are numerous renewable and sustainable energy sources: wind, wave, salinity, geothermal, solar energy, etc [6] . As the technologies and science for the energy harvesting have developed, some devices were manufactured to utilize unused renewable and sustainable energies. Among them, solar and wind power generation represents the biggest portion of the predicted future total renewable energy production [7] . In this frame, it seems important to note that the US Energy and Information Administration (EIA) predicted that 46% of total renewable energy will be led by the solar until 2050. US Energy Information Administration (EIA), annual energy outlook 2020 [7] . The unit of Y-axis is billion kilowatthours.

The total amount of calculated radiance sunlight at any instant on earth is approximately equal to 130 million of 500 MW power plants [8] . Solar energy is an infinite natural energy source that has been inexhaustible for 4.6 billion years. However, efficient energy harvesting from the sunlight requires a scientific research and its application to the actual usage. Practically, there are several ways to exploit the energy from the sunlight. First, one can consider photosynthesis, which is the natural method employed by botanic systems to convert solar energy into chemical energy sources. The photosynthesis system converts carbon dioxide (CO2) into carbohydrate sources. On the other hand, solar or photovoltaic cells convert light into electricity using the photovoltaic effect [9] . In this case, a photogenerated electricity can be stored and used for heating water, and for other domestic purposes.

Another remarkable technology, referred to as photoelectrochemical cells (PECs), can also be employed to directly convert sunlight into solar fuels (this process will be detailed in section 1.1.2). Photoelectrochemistry is a concept that relies on employing photogenerated minority carriers within a depleted semiconductor electrode to directly trigger redox reactions. This method allows to couple techniques of electrochemistry with the infinite energy from the sunlight and can be employed in several ways to convert light energy into chemical energy. In PECs, photoelectrochemical water splitting occurs directly at the surface of an illuminated semiconductor photoelectrode that is immersed into an aqueous electrolyte, allowing to decompose the water molecules into the energy rich H2 solar fuel at the cathode and O2 at the anode. This thesis will give a special emphasis on the anodic part of this process, referred to as the oxygen evolution reaction (OER), which is considered by many researchers to be the bottleneck of this technology (more details are given in section 1.2) [10] .

This manuscript will be structured as follows:

-In the first chapter, I will introduce basic knowledge on photoelectrochemistry as well as the scientific background required to understand the field of silicon-based water splitting photoanodes.

-The second chapter of this thesis is devoted to "model" photoanodes, which was the simplest generation of photoelectrodes studied in my doctoral research. These systems are constituted by nanoscale Schottky junction prepared by a simple electrodeposition of Ni nanoparticles (NPs) onto an n-Si surface. They led to a surprising photoelectrocatalytic efficiency and stability.

-The third chapter discusses the use of a structured black silicon (BSi) surface that was prepared, modified with Ni-based catalysts by electrodeposition and employed as a photoanode substrate due to its high light absorption.

-The fourth chapter focuses on the use of another electroplated metal co-catalyst, Fe, which was deposited on planar and structured Si surfaces.

-In the last chapter, I will present the preparation and the study of precisely-customized Schottky junction with structured catalysts. To do so, we adapted a nanoscale electrodeposition process known as "lithographically patterned nanowires electrodeposition" (LPNE) which allows a high degree of control over the electrode geometry at the micro-and the nanoscale.

Chapter 1

Bibliographic overview

Chapter 1. Bibliographic overview

Photoelectrochemistry: introduction

The term "Photoelectrochemistry" is the name of a subfield within physical chemistry concerning the interaction between photochemical and electrochemical systems. Photoelectrochemistry is a hybrid area that deals with the oxidation-reduction of molecules and/or ions at a light-responsive surface. Universally, it is the chemistry resulting from the interaction between the light and electrochemical systems. This thesis will focus on the photoelectrochemistry resulting at the surface of an illuminated semiconductor electrode (called photoelectrode). The interests in this area are primarily in the field of renewable energy conversion and its storage. In the following, I will present the fundamentals of semiconductor physics which are required to understand the area of photoelectrochemistry and PECs. 1 Graphical scheme of the energy levels from one atom to bulk atoms [11] .

Before defining what the semiconductor is, a brief background about the energetics of materials is desirable. As illustrated in Figure 1.1, depending on the number of atoms that can vary from a single atom to an infinity, energy levels become energy bands.

In the fundamental physics of semiconductor, the valence band (EV) is occupied by electrons in an equilibrium state. When the electrons in the EV get external energy (for example, at temperature higher than 0 K), the electrons may jump into the conduction band (EC), which is an unoccupied band. The occupancy of electrons in EC grants the conductivity to materials. This jump of electrons caused by applied external energy is called "excitation". When the electrons are excited from EV to EC, there is an absence of electrons in EV. The state of absence of one electron in the valence band is called "hole". When the electrons flow, the holes drift to the opposite direction and give the conduction property. In an intrinsic semiconductor, (e.g. in the absence of dopant impurities), the numbers of excited electrons in EC and holes in EV are equal. The location of energy bands varies, causing them to be separated or, eventually, overlap. In the latter case, the material is called "metal" and its electrons can be transferred without limitation (Figure 1.2, metal). When the bands are separated from each other, the energy gap is referred to as the "bandgap" (Eg) and the corresponding material is an electrical insulator or semiconductor (Figure 1.2, right and middle part respectively). Eg is generally expressed in the unit of energy (eV). According to Memming, the range of bandgap for semiconductors is 0.66 to 3.68 eV [12] . The bandgap is a critical parameter for the light absorption in semiconductor (more details will be given later). [14] . Fermi level is in the middle of the bandgap (midgap).

The electrons can exist in the conduction band or valence band in a framework of probability. The occupancy of electrons strongly depends on the temperature and is expressed by Fermi-Dirac distribution [13] . Between the conduction and the valence bands, there is a level with a 50% probability of being occupied by an electron. When the semiconductor has no impurities, (i.e. intrinsic semiconductor), the 50 % occupancy is located at the midgap. The straddled point for electron occupation possibility at 50% is called "Fermi level (EF)" as shown in Figure 1.3. Intrinsic semiconductors are not good candidates for our research due to their low conductivity, which depends on temperature alone, and the concentration of electrons and holes is not high enough. As shown in Figure 1.4, the conductivity of intrinsic semiconductors is far lower than that of metals [15] . Figure 1.4 Conductivity scale of some metals, semiconductors and insulators. The range of conductivity of semiconductors can be extended by the incorporation of impurities [15] .

The incorporation of impurities into a semiconductor can increase its electrical conductivity. The introduction of impurities in the materials is called "doping," and impurities are called "dopants". When the semiconductor is implemented with dopants having extra electrons, the semiconductor will be called "n-type semiconductor" and the impurities are called "electron donors". At the opposite, when the impurities have less electrons than the semiconductor, it will receive the electrons from the semiconductor and is called "electron acceptors". In this case, the semiconductor is called "p-type semiconductor". Depending on the concentration of dopants, the conductivity of semiconductor can be lifted up to the range of semimetals or metals. These dopants alter the electrical properties by supplying conduction electrons or holes in the semiconductor. The presence of these additional charge carriers excessively changes the conductivity of semiconductor compared to the intrinsic state at room temperature. The dopants incorporated in the semiconductor can be ionized depending on the n-or p-type of the semiconductor (Figure 1.5 and Figure 1.6, Note that these lattice structures are adapted from Si [14] , which is of a particular interest in the context of my research). b,c) show the charge movement [14] . The impurity atom takes the electron and creates a hole at the arrow in (c).

Due to the additional electrons or holes in the semiconductor, the Fermi level will be shifted, as a function of the dopant concentration. In case of p-type semiconductor, which has less electrons, the probability of the existence of electrons in the EV is reduced relatively to an intrinsic semiconductor. Therefore, the EF shifts close to the valence band ( b,c) show the movement of free electrons [14] . The semiconductor lattice has an electron donor atom. This additional ionized electron makes the semiconductor an n-type material.

The term "majority/minority carriers" in the following chapters depends on the type of the semiconductor. The n-type (p-type) semiconductor has electrons (holes) as majority carriers, and holes (electrons) are minority carriers.

The semiconductor-metal junction

The work function of materials (ф) is defined as the minimum energy required for extracting an electron from the material. When a semiconductor makes a contact with another material, it forms a "junction". Particularly, when the junction is made with a semiconductor and a metal, it is called "Schottky junction" as the physics of this junction is generally rationalized using the Schottky-Mott rule [16,17] . The Schottky-Mott rule is a universal theory for explaining electrostatics in energy level alignment diagrams, including Schottky barrier height (SBH) [18] . The SBH dominates the charge transfer at the interface, therefore, understanding SBH is of critical importance [19] . When the Schottky junction is made, the free electrons transfer through the interfaces of metal and semiconductor because of the difference in work functions. In Figure 1.7, the ideal case of energy band diagrams of n-type semiconductor/metal junction is depicted. The alignment of the Fermi levels of metal and semiconductor occurs until electron transfer reaches equilibrium. When the metal work function is higher than that of semiconductor (фm>фs (Figure 1.7)), the electron transfer from the conduction band of semiconductor to metal will occur until the Fermi levels of metal (EF,m) and semiconductor (EF,s) are aligned (bottom left picture of Figure 1.7). When the electrons flow into the metal, the EF,s and band edges of semiconductor decrease until EF,s equals the EF,m. This rearrangement of energy bands is defined as "band bending". When the junction of metal and n-type semiconductor reaches equilibrium, the electron transfer to metal induces the formation of a thin layer of positive charges at the semiconductor surface. Due to these induced positive charges, the concentration of majority charge carriers (e -for n-type and h + for p-type semiconductor) at the semiconductor surface has lack of charge carrier than that of the bulk. This charge deficiency region is called "depletion layer". In the case of n-type semiconductor, the electrons are absent at the space charge layer, as shown in Figure 1.7 at bottom left. semiconductor work function, фBB is the magnitude of band bending, and χs is electron affinity of the semiconductor [20] .

When the work function of the metal is smaller than that of semiconductor (фm<фs), the electrons will be transferred into semiconductor. In this case, the space charge layer will be enriched by the electrons from the metal and will be called "accumulation layer" (bottom right picture of Figure 1.7). In general, the Fermi level of metal is lower than that of n-type semiconductor, therefore, electrons will generally flow to metal in the case of Schottky junction is formed with an n-type semiconductor while inverse flow will occur for p-type semiconductor [20] . In the space charge region, the magnitude of band bending (фBB) at the interface equals to the difference between the work functions of metal and semiconductor.

ф = |ф -ф | (1)
When an n-type semiconductor forms a Schottky junction, the space charge layer is formed at the interfaces of semiconductor/metal. When the Schottky junction is formed with a uniform metal layer, the Fermi levels are constant at the equilibrium. Therefore, the junction has a uniform SBH. The Schottky barrier at the n-type semiconductor (φSB,m) is depicted in the bottom left picture of Figure 1.7:

ф , = (ф -χ ) (2)
where χs is the electron affinity of the semiconductor. The SBH ideally depends on the work function of the metal. However, the actual results of the SBH in practical measurements showed that it frequently did not only depend on this parameter. Even though there are some uncertainties on the experimental results, metals with large work functions generally lead to higher SBHs with respect to those with smaller work functions. However, experimentally reported SBH values were a bit different from those predicted by theory [19] . This deviation is attributed to the so-called "Fermi level pinning", in which EF,s "is pinned" at interfacial states induced by the junction. [19] .

While the investigation of inhomogeneous Schottky junctions was explored in the field of solid-state physics, unexpected inhomogeneous barrier heights were found in eighties (Figure 1.8) [21] . At the beginning stage of the exploration of inhomogeneous Schottky junctions, SBHs at the semiconductor/metal interface, inhomogeneous barrier height values were observed. When the SBHs are formed at polycrystalline semiconductor, the SBHs showed different barrier heights at the beginning stage of the exploration [19] . Because of this, different single-crystal semiconductors were explored, and also those showed inhomogeneous barrier heights [22] .

In the 90s, thanks to the ballistic electron emission microscopy (BEEM), the evidence for this inhomogeneity started to be unraveled [23][24][25] . At that moment, the SBH of specifically designed Si/NiSi2 junctions was measured experimentally [22] . Tung et al. reported that inhomogeneous SBH strongly depended on the facet of Si as well as its lattice orientation [21,22] . Experimentally, two structurally different Si (111)/NiSi2 junctions showed differences of SBH (0.65 to 0.79 eV) [21] , and Si (100)/ NiSi2 showed bigger differences in SBH (0.40 eV to 0.65 eV for n-type Si; 0.44 eV to 0.72 eV for p-type Si) [22] . Through these experimental results and simulations, the inhomogeneous Schottky junctions and its SBH compared to the uniform Schottky junction started to be understood. The observed inhomogeneous SBH was caused by the so-called "pinch-off" effect. The occurrence of such an effect was initially explained by changes in local atomic structure.

Meanwhile, Ohdomari and Aochi researches were devoted to size effect, in particular with silicides on Si [26] . They confirmed the different SBHs at Si/silicides (0.5 eV to 0.8 eV) by simulations and experimental data on the inhomogeneous SBHs [26] . Tung et al. had studied on the local atomic structure for the inhomogeneity of SBHs first [22] , then, Sullivan et al. investigated the inhomogeneity of SBHs with respect to the size of metal patches [27] . Subsequently, based on theoretical calculations and experiments, Tung reported a rational investigation of the pinch-off effect occurrence respect to the size of the metal patch [28] . The pinch-off effect dependence on the metal size was found that when the size of metal patches spaced by a region having a higher barrier height is smaller than the average width of the depletion layer, the surface is likely "pinched off", and the actual effective SBHs were higher than that expected considering conventional local Schottky junctions from large width. [20] . The dashed line presents the bulk SBH of semiconductor/metal interface model.

As shown in Figure 1.9, the size of metal disks and their diameters affect the size of the underlying depletion layer. Thus, if the Fermi level of the semiconductor is pinned by interface states at the disk interface (thus has a low barrier height), and the remaining parts of the semiconductor (the uncovered part) present a higher barrier height, it has been found that the overall barrier height will be higher than what can be predicted based on heterojunctions operating in parallel if the dimension of the disk falls below a certain threshold, which is the typical width of the space charge layer. In this size regime, the depletion of majority carriers required to reach equilibrium at the high barrier contact extends under the low barrier contact, affecting the local band bending (creating a "saddle point" under the high barrier-region) and increases the overall barrier height [29] . Also, numerical studies suggested the existence of a 'saddle point' in the pinch-off effect [27,28] . From experimental data supported by numerical calculations, it was proved that pinch-off effect (that is, the predominance of the high barrier junction in the overall barrier height) was reachable with a small amount of metal coatings, such as circular metal patches having a diameter comparable or smaller than the thickness of space charge layer [28] . In the beginning of 21 st century, photoelectrochemical experiments and simulation using Si-based electrodes partially covered by Ni patches reported that the inhomogeneous Schottky junctions of Ni particles on Si effectively revealed pinch-off in a range of radius between 20 and 160 nm [30] .

The semiconductor-liquid junction

Note that, in this part, a number of figures and their description are adapted from a reference book for the photoelectrochemical water splitting: "Photoelectrochemical hydrogen production" edited by M. Grätzel and R. Van de Krol [31] .

Because photoelectrochemical water splitting was carried out in this thesis work using a semiconductor surface immersed in a liquid electrolyte, fundamentals of the junction between semiconductor and electrolyte need to be provided. The electrolyte is generally aqueous with a high concentration of dissolved ions but can be varied depending on the target reaction. Understanding thermodynamics of PEC devices at the semiconductor/electrolyte interface can be achieved using energy diagrams followed by the analysis of potential distribution and charge transfer processes [31] .

Figure 1.10 Graphical scheme of Helmholtz layer at the semiconductor/electrolyte interface. The inner Helmholtz plane (ihp) is mainly charged by opposite charges to ionized donors (in the case of this figure, mainly OH -). The outer Helmholtz plane (ohp) marks the thickness of the layer [31] .

The semiconductor electrode immersed in the electrolyte has an interface involving a thin layer of charge carriers as shown in Figure 1.10. This kind of thin layer model was described in the 1850s by Helmholtz, and, therefore, is called "Helmholtz layer" [31,32] . It consists of ionized charge carriers and/or molecular dipoles, not only coming from the electrolyte but also from the semiconductor. In terms of distance from the surface, the concentration of mobile charge carriers shows a gradient from the interface to the bulk and the distance between the surface and the outer Helmholtz plane is in the order of 0.5 nm. The potential drop across Helmholtz layer is typically in the order of 0.1 -0.5 V and the Helmholtz capacitance is 10-20 μF cm -2 [31] . In order to promote an electrochemical reaction, charge carriers from semiconductor must be transferred across space charge layer/Helmholtz layer interface. When the semiconductor makes a junction with the electrolyte, similar to Schottky junction, the band bending occurs. The band diagram of semiconductor in the electrolyte is shown in Figure 1.11.

The cell is composed of n-type semiconductor photoanode and a metal counter electrode (CE). An external electric field can influence on the vacuum level (even if it is generally assumed as a reference), this is a consequence that the electrochemical potential (or Fermi energy) of the electrons is traditionally considered as a constant value when the system is in equilibrium [31] . The energy of a redox couple in an electrolyte relative to the vacuum level (фR, in Figure 1.11) is not accurately known. The estimated theoretical and practical values of H2/H + standard redox energy is suggested as 4.3 to 4.85 eV by Memming [12] , and 4.6 ± 0.2 eV by Bockris [33] and generally assumed to be 4.5 eV, allowing the conversion of standard potentials in energy. фH,s is the potential difference across the Helmholtz layer at the WE surface to the bulk electrolyte, фH,m is the potential difference across the Helmholtz layer at metal CE surface to the bulk electrolyte, фR is the energy of redox couple in the electrolyte respect to the vacuum level (in this figure, H2/H + ), IE is the ionization energy, and are constants for a given material. The фBB depends on the distance from the surface [31] .

When the PEC system is at its equilibrium state without applying illumination or potential, it is at its zero-bias state. This can be changed by imposing an external parameter. The operation of systems can be controlled by applying a potential bias to the semiconductor electrode from an external power source. The potential applied to the electrode affects the semiconductor-electrolyte interface through the space charge layer and the Helmholtz layer. These layers behave as capacitances in series:

= + (3) 
where 1/Ctotal is the sum of reciprocal numbers of capacitances of space charge layer (CSC) and Helmholtz layer (CH). Due to the fact that both layers are compensating the charges of each other, and since the capacitance is charge over voltage, the following relationship can be written:

∆ ∆ = (4) 
Because CH≫CSC, any change in applied bias will fall across the depletion layer of the semiconductor [31] . As shown in Figure 1.12, a positive bias to n-type semiconductor induces a downward shift of EF associated with an increase of the depletion layer whereas the application of a negative bias induces an upward bands shift. Depending on the magnitude of band bending to upward, band bending can be at zero value (Figure 1.12, right scheme). For an n-type semiconductor, without light, the electrochemical reactions can only occur through reduction processes because the majority carriers are electrons. Conversely, for a p-type semiconductor, because the Fermi level is close to the valence band, the band bending at the equilibrium occurs in the opposite direction to an n-type semiconductor. Therefore, applying more negative bias causes a thicker depletion layer of p-type semiconductor.

Figure 1.12 Band diagrams with a positive (left) and negative (right) bias voltage (E) applied to the system respectively. фRef is the redox energy level of the reference electrode (RE). A potential drop occurs over the space charge region. In the left part, an applied positive potential E increases the band bending, whereas right part depicts zero value of band bending (flatband potential, Efb) reachable by imposing a negative potential.

Control over the band bending by applying a bias is one of the most important characteristics of semiconductor electrodes. Depending on the type of material, an applied bias potential can increase or decrease the width of the depletion layer, and simultaneously can increase band bending or flatten the band edges at the interface. The space charge layer of the semiconductor complicates the potential distribution at the semiconductor/electrolyte interface with respect to classical metal/electrolyte interface. Dissimilar to band bending, when the band positions are flat, as a result of applying bias or external power, the potential is called "flatband potential" (Efb, right part of Figure 1.12). The Efb of the semiconductor is one of the important parameters for photoelectrochemical systems because this parameter, along with the Eg and the dopant concentration (NDopant), can be used to determine the band structure of a photoelectrode. There are several techniques for measuring Efb, however, the most universal technique is Mott-Schottky measurement (MS), which is a measure of the capacitance of the space charge layer as a function of the applied potential. In this method, potential starts from a value inducing a large depletion layer, and is swept to a value inside the accumulation regime. Indeed, the dependence of CSC on the potential drop across the space charge region is given by the Mott-Schottky equation:

= (E -E - ) (5)
where εr is the relative permittivity of the semiconductor, ε0 is permittivity in vacuum, A is the surface area, e is the charge of an electron, NDopant is the free carrier density, kB is Boltzmann constant, T is the temperature, and E is the applied potential. The MS plot will exhibit a negative slope for p-type materials whereas a positive slope will be obtained for n-type materials. The intercept on the potential axis of the MS measurement is generally accepted as the value of flatband potential (Figure 1.13).

Figure 1. 13 Mott-Schottky measurements on n-type MoS2 and CdS [34] . The x-intercepts indicate the flatband potentials.

If the potential drop in the Helmholtz layer is independent from the applied bias potential, it is however, dependent on pH value. The positions of band edges theoretically shift with -59 mV/pH [31] . This property can be useful to favor electrochemical reactions. For instance, in the case of a reduction, the increase in pH can negatively shift the potential of Helmholtz layer and raise of the band edges of conduction and valence bands increase with respect to the potential of redox couple. However, the reduction and oxidation potentials of water depend on the pH in the same way, which makes this property useless in the case of water electrolysis. The band edge positions at the surface determine the maximum reduction and oxidation potentials of the photogenerated electrons and holes in a semiconductor [31] . In Figure 1.14, several important semiconductors are reported with redox potentials for water splitting and other redox couples. The band edges of semiconductors in Figure 1.14 are valid at pH 14. However, when the majority charge carriers are transferred through the surface interface to the electrolyte, they lose some of their energy across the space charge layer. According to de Krol [31] , the total energy loss of n-type semiconductor is given by:

E = ф + (E -E ) (6)
Where (EC -EF) is the difference between the lowest potential of conduction band and potential of Fermi level (the typical range for this loss is 0.1 -0.5 eV) [31] . Figure 1.14 Band edge positions of semiconductors at pH 14 and some important redox potentials (adapted from the book of Grätzel [31] ). The band edges of Si have been added to this graph.

1.1.1.4 Charge transfer at the semiconductor Electron transfer plays a great importance in all scientific areas, for example, for forming and breaking bonds in organic chemistry, promoting redox reactions at semiconductors and conductors, electrochemical water splitting, etc. The electron transfer theory started to be investigated in the middle of the 20 th century by Gerischer [35,36] , Marcus [37,38] , and Hush [39] . However, the charge transfer model commonly used for classical conductor electrodes cannot be directly applied on semiconductor electrochemistry because the situation is more complicated and the dynamics at the space charge layer and Helmholtz layer are convoluted. In semiconductor electrochemistry, when the semiconductor makes a junction with an electrolyte phase at the equilibrium, the junction has a space charge region in the case of an n-type semiconductor (as shown in Figure 1.11.). For promoting a charge transfer from the semiconductor to an electrolyte, the charges must flow through two layers; the space charge region and the Helmholtz layer. In specific cases, the Marcus-Gerischer model can be used to determine the rate constants under some prerequisites [40] . The total potential drop across the space charge layer and Helmholtz layer is defined as:

∆ф = ∆ф + ∆ф (7)
Here, Δфtotal is the sum of potential drop across the interface, ΔфSC is the potential drop across the space charge layer of semiconductor, and ΔфH is the potential drop across the Helmholtz layer. ΔфSC and ΔфH are defined as:

∆ф = ф -ф (8) ∆ф = ф -ф , (9) 
where фH,s is the electrostatic potential at the semiconductor surface, ф b SC is the potential in the bulk of the semiconductor and фsoln is the potential of the bulk solution. If we assume that there is no interfacial layer and adsorption of the electroactive species, ΔфSC and ΔфH have same sign. The charged surface states can influence the adsorption of electroactive species and storage of charge in the interfacial layers.

-∆ф = E -E = ф -ф (10) 
The gradient of capacitance of space charge layer (CSC) and that of inner to outer Helmholtz layer (CH) are influencing on the potential drop. Furthermore, the capacitances of two layers dominate the charge transfer with respect to the applied potential. In the following, I will focus on the situation where charge transfer occurs through majority carrier transfer from the conduction band ( band [40] .

Depending on the potential drop, in this situation, the charge transfer from the semiconductor to the electrolyte can have two limiting factors. In the first case, which is that often encountered for semiconductors in depletion in the dark, the space charge layer dictates the rate of reaction. The rate is determined by the concentration of charge carriers at the surface of semiconductor.

This situation can be explained in three different ways as shown in Figure 1.15. When the electron transfer is dominated via majority carriers in the conduction band, the current of the n-type semiconductor is given by: i = ek N N -ek n N (11) where icb is the conduction band current, e is the elementary charge, kcb + /kcb -are oxidation/reduction rate constants respectively, NC/Nred are concentration of states in the conduction band and the density of the electron donor in solution, respectively, Nox is the concentration of oxidizing agents in solution, and ns is the electron concentration at the semiconductor surface which is given by:

n = n , exp ( ∆ф ) (12)
where n0, bulk is the bulk electron concentration [40] . If the value of former term in the equation (Eqn) (11) is small enough to be ignored, the conduction band current is dominated by latter term:

i = -ek N n exp ( ∆ф ) (13) 
When equilibrium of the band bending is reached, the potential drop across the space charge layer can be replaced by (E-Efb).

In the other case, charge transfer is dominated by the Helmholtz layer. Here, the electron transfer process can be described by the Butler-Volmer equation [41] :

i = -i exp - + exp - ( ) (14) 
where αc is the cathodic charge transfer coefficient, and η is the overpotential. The exchange current (i0) is defined as:

i = eN (N ) (N ) ( 15 
)
Where NAv is Avogadro's number, NOx/NRed are density of the electron donor and acceptor levels, respectively. When negative overpotential dominates reaction, the latter term in the Eqn (14) can be ignored:

i = -i exp - (16) 
The overpotential at the Helmholtz layer is defined as:

η = ∆ф -∆ф (17)
where Δф eq H is the electrostatic potential drop in the Helmholtz layer at the equilibrium potential. In general cases, the i-V curve for a semiconductor contacting an electrolyte is defined by the total derivative of the current density:

= ∆ф ∆ф + ∆ф ∆ф (18)
When the space charge layer is under a sufficient depletion state, the second term can be neglected. In accumulation or weak depletion states, both terms have to be considered.

Photoelectrochemical cells (PECs)

Photoelectrochemistry occurs on the surface of illuminated photoelectrodes immersed in an electrolyte. This concept can be employed in several ways to convert light energy into chemical energy. PECs are devices for which photoelectrochemistry is used to activate redox reactions. As described before, the semiconducting material, which is used in PECs as a photoelectrode, is the critical material for PECs to operate. It is indeed responsible for the absorption of the incident light, while the interface between the semiconductor and electrolyte is a key parameter in the chemical steps that lead to the energy conversion. PECs often consist of two or three electrodes immersed in the liquid electrolyte with at least one solid/liquid interface exposed to the light. with a regenerative redox couple, (b) PECs for water splitting into hydrogen fuel and oxygen through light energy conversion [45] .

There are different applications of PECs: e.g., in SO2 removal [42] , CO2 reduction [43] or N2 reduction [44] . Figure 1.16 (a) illustrates the band diagram of a PEC that can be used for photon energy conversion.

In this type of cell, light conversion into electricity occurs with a regenerating redox couple. The reductant (Red) in the electrolyte reacts with photogenerated holes (h + ), and the so produced oxidant (Ox) can be reduced at the counter-electrode by electrons (e -) coming from the external circuit. As a consequence, the redox couple participates in the overall reaction, but energy conversion occurs without chemical changes. Figure 1.16 (b) shows one of the most studied PEC systems, that is, the water splitting PEC which produces H2 and O2 from the water under solar illumination. This technology offers great promise for pollution-free energy conversion because it allows the production of H2 gas, which is carbon-zero energy carrier. The performance of this type of PEC is often limited by the semiconductor stability and the sluggish reaction kinetics (particularly at the anode, more details will be given in chapter 1.2). To improve the performance of PECs, one has to maximize its utilization of light efficiently and use proper catalysts for water splitting. The ideal semiconductor electrode for water splitting must fulfill some prerequisites: bandgap of the material must be small enough to absorb a wide range of the solar spectrum, and, ideally, the material must have a conduction bandedge energy, and valence band-edge energy well adapted to standard reduction potentials of H + /H2 couple (E 0 H+/H2) and O2/H2O couple (E 0 O2/H2O) [8] .

Technical considerations -Reference electrode (RE)

A key parameter of photoelectrochemical water splitting is the band position and the degree of band bending that can be controlled by applying a bias potential. However, in a system such as that shown in Figure 1.16, the potential of the electrode cannot be measured experimentally without introducing an additional electrode/electrolyte interface. For this reason, in actual practice, it is conventional to measure the potential of a (photo)electrode with respect to another electrode that has a constant and stable potential. Therefore, introducing a RE between the WE and the CE in the cell allows measuring precise potential of the WE for oxidation or reduction of the electroactive species in the electrolyte. The WE is the target electrode in which the electrochemical reaction of interest is occurring. The CE takes up the electrons from the reaction to the circuit. The advantage of using a RE is that the potential difference between WE and RE is independent on the current flow whereas the potential difference between the WE and the metal CE depends on the overall cell current. The RE, as described, is responsible for a stable and constant position of potential in an electrolyte.

There are various REs, the choice of which is essentially dictated by the nature of the used solvent and pH. Among them, the Standard Hydrogen Electrode (SHE) uses the equilibrium between H + and H2 and is mostly used as a standard. In the laboratory, other RE (Hg/Hg2Cl2, saturated calomel electrode (SCE), Ag/AgCl, Hg/HgO,...) can be used, that are based on other redox equilibria [46] . Recent literature has reported the use of the reversible hydrogen electrode (RHE), a virtual electrode that integrates the Nernstian pH shifts that is widely used to compare results obtained in different experimental conditions.

-Solar simulator as a light source Using sunlight is an essential property of PECs system. However, due to the limited conditions by natural weather, using a solar simulator is preferred at the laboratory scale. A solar simulator is a device that can simulate approximated natural sunlight. The goal of this device is to provide a finely controlled and simulated natural sunlight indoors at the laboratory scale. The solar simulators are classified by the standards from ASTM (American Society for Testing Materials) international. The ASTM technical subcommittee E44.09 has been used for the photovoltaic measurements and characterization since 1978 [47] . Due to the fact that solar radiation can be partially absorbed by the air including its gaseous phase chemicals (i.e. water, CO2, N2, and etc. [48] ), the absorption of sunlight has a gradient in terms of the distance from the space to the earth's surface. The spectrum at the outer plane of atmosphere is called air mass 0 (AM0), that on the earth's horizontal surface is called AM1, and a typical spectrum including normal climates is defined as AM1.5 with an incident light angle of 48 o . The solar spectrum of simulator is more categorized the AM1.5 Global (AM1.5G), which considers a direct irradiation and light diffusion in the air and the AM1.5 Direct (AM1.5D), which considers a direct irradiation only. In this thesis, the solar spectrum with AM1.5G will be used for the integration of related photoelectrochemical experiments. The reference solar spectrum of ASTM AM1.5G was obtained by ASTM webpage (http://rredc.nrel.gov/solar/spectra/am1.5/) and has an integrated irradiance value of 100 mW/cm 2 (Figure 1.17) [48] . This value is used as a universal standard condition of solar irradiation not only for whole experiments in this thesis, but also in all literature on solar energy harvesting science referring to '1 Sun'. There are several sources of lamps, but generally, Xenon arc lamp coupled with an optical filter is used, as this will be the case for the experiments of this thesis.

Photovoltage

In electrochemistry, the term "open circuit potential (OCP)" corresponds to the potential of an electrode at a zero value of total current. The value of OCP in an electrolyte containing a reversible Ox/Red redox couple that can undergo the following reaction: Ox + ne -↔ Red (19) can be determined using the ratio of Ox and Red by the Nernst equation.

E = E + ln ( 20 
)
where E 0 is the standard reduction potential of the Ox/Red couple, R is universal gas constant (8.314 J mol -1 K -1 ), T is the absolute temperature (K), ne is the number of participating electrons, COx/CRed are the concentrations of Ox/Red, respectively, and F is Faraday's constant.

In the PEC, photons can affect the value of OCP. This photoexcitation generates the photovoltaic effect which drives photovoltage (Vph) [12] . There are several ways to measure Vph, however, the measurements of OCP both in dark and under illumination is the simplest way to measure it and provides an accurate estimate as long as the semiconductor has a low recombination rate. Generally, illuminated OCP value under sufficiently intense light allows approaching the Efb. Under illumination, photogenerated minority carriers are transferred at the semiconductor/electrolyte interface for participating to the photoelectrochemical reaction while majority carriers flow through the external circuit and reach the opposite electrode until at the equilibrium. At equilibrium, the magnitudes of the opposing fields are equal. In this case, the measured potential difference between the semiconductor WE and the RE estimates the Efb vs RE. Under this condition, the difference of OCP in the dark condition and under illumination is defined as Vph. Under excitation, the different charge carrier densities in the depletion layer affect the electrochemical potentials at the semiconductor/electrolyte interface, and the band bending can be described by quasi-Fermi levels (EF,n and EF,p in Figure 1.18) which play an essential role in the semiconductor/electrolyte junctions. This energy descriptor reflects the energy of the surface photogenerated minority carriers that are the driving force for the photoelectrochemical reaction (EF,p for a n-type photoanode and EF,n for a p-type photocathode).

Figure 1.19 J-E curves of n-type Si microwires with NiCrOx on the TiO2 protection layer [49] . Blue lines indicate the voltammograms under illumination, dotted line shows non-photoactive electrode for the OER. Red arrows indicate the photovoltage.

Under illumination, the photogenerated charge carriers are created in equal concentration (photogenerated electrons (Δn) and holes (Δp)): n = n + ∆n (21) p = p + ∆p (22) Where n0/p0 are the concentrations of majority and minority charge carriers in the dark respectively, in case of n-type semiconductor. An n-type semiconductor under illumination, Δn is negligible with respect to n0; therefore, EF,n is flat and mostly equals to EF of the bulk semiconductor. In contrast, the concentration of minority charge carriers (in the case of n-type semiconductor, Δp) increases considerably with respect to p0, thus it influences EF,p which leads to a reduced band bending. The degree of photovoltage can then be described by following equation: (23) In addition, another method can be used to measure the photovoltage. The latter is based on the comparison between voltammograms recorded at a photoactive electrode under illumination and at a "similar" non-photoactive electrode in the dark. In this case, the difference between the onset potentials of these two electrodes corresponds to Vph (Figure 1. 19). The effect from potential difference between quasi-Fermi levels in semiconductor/liquid interface is still debating actively within the PEC community [50] .

V = E , -E ,

Light conversion efficiency

Several metrics exist for assessing the performance of PECs. Here, I will present three of them: the solar-to-hydrogen efficiency (STH), the incident photon-to-current conversion efficiency (IPCE), and the applied bias photon-to-current efficiency (ABPE). These are employed for estimating efficiencies of the electrodes and are sometimes considered as the most important characteristics of photoelectrodes.

-Solar-to-hydrogen conversion efficiency (STH)

In the case of solar energy conversion, it seems clear that the absorption of the light by the semiconductor should match the solar spectrum which extends from ultraviolet (UV) to the infrared (IR). The light threshold upon which a semiconductor material cannot anymore absorb light obviously depends on its bandgap, as shown in the following expression:

E = 1240 /λ (24)
where 1240 (in eV nm) represents a multiplication of h (Planck's constant) and c (the speed of light), and λ is the absorption wavelength (in nm). As shown in Eqn (24), depending on the bandgap, the semiconductor absorbs from the different range of the wavelengths. light wavelength [51] . (b) Theoretical limits of STH conversion efficiency in terms of bandgap [52] . 

Where j is the photocurrent density, ηF is Faradaic efficiency for H2 production, Plight is the incident power density of the light source (AM 1.5G) and 1.23 corresponds to the difference between the thermodynamic standard potentials of redox couples involved in water splitting.

-Incident Photon-to-current conversion efficiency (IPCE)

The IPCE is one of the most indicative metrics for photoelectrodes. This parameter evaluates the property of the photocurrent conversion as a function of the incident wavelength and allows determining in which spectral range the photoelectrode is the most efficient. As reported by Peter [53] , I'll here introduce IPCE using the generation-collection at a photoelectrode interface and then I'll describe the conventional IPCE measurement method. The width of the space charge layer (WSC) depends on the density of dopant NDopant, the relative permittivity εr, the vacuum permittivity ε0, and the potential drop across the space charge region ΔфSC.

W = ∆ф (26)
In the ideal case, the photogenerated minority carriers transfer through the space charge region and the Helmholtz layer to the solution redox species without recombination. Three characteristic lengths can formulate the generation-collection problem, as shown in Figure 1.21.

Figure 1.21 From the semiconductor surface to the bulk, there are three characteristic lengths derived from the Gärtner equation [53] : the width of space charge layer (WSC), the penetration depth of the light (1/α(λ)) and the minority carrier diffusion length (L).

These are the widths of space charge layer (WSC), the penetration depth of the light (1/α(λ)) (where α is the absorption coefficient), L is the minority carrier diffusion length (Lp is the diffusion length of holes in the n-type semiconductor), μp is the mobility of minority carriers, and τp is the bulk lifetime of minority carriers, that are linked through the following equation:

L = μ τ (27)
The effect of recombination in the space charge layer under the consideration of low mobility on the device efficiency was investigated by Jarrett [54] . The transit time is the duration that takes minority carriers to pass across the space charge layer. The transit time (τ ) can be calculated by the following formula:

τ = ( 28 
)
where Ni is the ionized impurity concentration [54] . The comparison of the transit time (τt) and the carrier lifetime in the space charge layer (τR) allows quantifying the recombination phenomenon and thus the ideal IPCE. When τt > τR, separated charge carriers in the space charge layer will recombine before separated charges can reach the semiconductor/electrolyte interface.

A solution of the generation-collection problem is known as the Gärtner equation which gives the value of IPCE following the expression:

IPCE = = = ( ) ( 29 
)
where I0 is the incident photon flux, g is the minority carrier flux, kht is the rate constant of hole transfer, and krec is the rate constant of charge recombination. The ideal behavior predicted by the Gärtner equation is only right in semiconductor/electrolyte systems which can effectively transfer the electrons into the electrolyte. In the case of slow electron transfer, such as for the reactions involved in water electrolysis, minority carriers are likely often stuck close to the interface.

Figure 1.22 IPCE calculated by Jarrett in terms of ratio of transit time to recombination time (τt/τR) as a function of band bending [54] . In this case, surface recombination is neglected [31] .

As a result, the recombination of electron-hole pairs at the surface and/or the space charge region competes with charge transfer, reducing the external quantum efficiency, particularly for low values of band bending. The modern IPCE measurement enables the ratio of photocurrent versus the incident photons from the light source to be plotted. In a PEC, IPCE is determined from a chronoamperometry measurement in a three electrodes cell and the current is measured under calibrated monochromatic light over a wide range of wavelengths. In this case, the following equation can be used to calculate IPCE at a given wavelength:

IPCE(λ) = = (30) 
In photoelectrochemical water splitting, IPCE describes the maximum possible efficiency from the incident light for producing H2 and O2 by electrons and holes, respectively. This measurement is not always valid because the current measured during the chronoamperometry may be partially due to other electrochemical reactions, such as the formation of byproducts or corrosion. Experimentally, IPCE measurements under applied bias require the determination of photocurrent calculated by subtracting the dark current from the current measured at a certain wavelength. IPCE is thus generally obtained from photocurrent spectroscopy measurements which allow determining the energetic threshold of photons to extract charges. IPCE measurement under an applied bias is not considered as a perfectly accurate method for determining the solar-to-hydrogen conversion efficiency, but it is still a very useful diagnostic tool for the evaluation of PEC material properties [50] . For example, in Figure 1.23, IPCE was measured to characterize a NiFe protected Si photoanode [55] . The electrode showed a maximum IPCE of approximately 80% at 660 nm. [55] .

-Applied bias photon-to-current efficiency (ABPE)

If IPCE can be conveniently represented as a function of wavelengths, ABPE represents the efficiency of a photoelectrode with respect to the thermodynamic potential (in the case of water splitting, 1.23 V) as a function of the applied voltage. Therefore, ABPE can be derived from current-potential measurements and can be calculated from the following relation:

ABPE = * ( . ) (31) 
ABPE is used in a three-electrodes system as a diagnostic tool. This metrics does not represent a solar-to-hydrogen efficiency because this is the efficiency in a function of potential. However, it can help to anticipate if a system is advantageous or not. An example of ABPE curve plotted for a FeOOH and NiOOH-modified BiVO4 photoanode is shown in Figure 1.24.

Figure 1.24 ABPE curve of a BiVO4/FeOOH/NiOOH photoanode [56] .

Oxygen evolution reaction (OER) and photoanodes 1.2.1 Introduction and mechanisms

Water splitting involves two half-cell reactions: OER and hydrogen evolution reaction (HER). The OER is a process that produces oxygen via several proton/electron transfers [57][58][59] . This reaction requires four electrons and makes the overall water splitting sluggish. To overcome the energy barrier, highly active electrocatalysts are desired. Because OER is highly dependent on pH, the reaction can occur through different mechanisms. Ideal catalysts need to drive the reaction with low overpotential and high stability. Furthermore, for sustainable development of water splitting devices, the materials used must be earth-abundant and cheap. Also, the integration to the industrial area requires low-cost procedures. The standard reduction potentials for H2 and O2 can be derived from the thermodynamics to the Nernst equation. In the Nernst equation, Gibbs free energy (ΔG 0 ) can be expressed as:

ΔG 0 = -nFE 0 cell (32)
where E 0 cell is the cell potential. However, the standard potentials for water splitting are given by: Overall water splitting: 2 H2O (l) → 2 H2 (g) + O2 (g), E = -1.23 V vs NHE (33) OER@ pH 0: 2 H2O (l) + 4 h + → O2 (g) + 4 H + (aq), E / = 1.23 V vs NHE (34) HER@ pH 0: 2 H + + 2 e -→ H2 (g), E / = 0 V vs NHE (35) OER@ pH 14: 4 OH -+ 4 h + → O2 (g) + 2 H2O (l), E / = 0.40 V vs NHE (36) HER@ pH 14: 2 H2O +2e -→ H2 (g) + 2 OH -(aq), E / = -0.83 V vs NHE (37)

Figure 1.25 Pourbaix diagram of water [START_REF]Electrolysis of Water[END_REF] . Potential changes depending on pH are depicted by red dashed lines.

The values of potentials are dependent on the electrolyte pH (Figure 1.25), as the theoretically calculated OER potential shifting by Nernstian equation with a value of -59 mV per pH. In order to avoid the confusion caused by these changes and alleviate the influence of pH, the reversible hydrogen electrode (RHE, see section 1.1.2.1) is generally adopted to introduce a universal benchmark for comparing the electrochemical performance of electrocatalysts.

This thermodynamic value can be converted into the Nernstian equation which corresponds to ΔE 0 O2/OH-= 1.23 eV per electron transfer and OER requires a transfer of 4 electrons. Through density functional theory (DFT) calculations, the mechanisms were elucidated in order to enhance the activity of OER catalysts [START_REF] Wannakao | [END_REF]62] , and DFT suggested a universal four electron reaction path of OER involving the following steps:

H O + M ↔ MOH + H + e (38)

MOH ↔ MO + H + e (39) MO + H O ↔ MOOH + H + e (40) MOOH ↔ M + O + H + e (41)

Overall: 2 H2O + 4 * 1.23 eV → O2+ 4 H + + 4 e - (42) where M is the metal catalyst, MO, MOH, and MOOH are the intermediates of OER reaction coordinates to express the active site of metal catalysts combined with reaction intermediates (Figure 1.26). The free energy change at each step can be estimated by the computational hydrogen electrode model [START_REF] Wannakao | [END_REF]62] . Rossmeisl et al. suggested that the scaling relationship between MOH and MOOH is universal for the studied materials [62] . From the suggested mechanism, OH -ions participate dominantly in the main pathway of OER reactions, therefore, alkaline OER is favorable to supply more electrically active ions. 

Electrocatalysts for OER

Until now, noble metal-based OER catalysts, such as Ir and Ru, exhibit the best performance at acidic/alkaline pH values [64][65][66] . Figure 1.27 depicts the overpotential values obtained for different catalysts after a 2 h electrolysis at 10 mA cm -2 . As it is clearly seen, Ir and Ru electrodes have low overpotentials under acid and alkaline conditions. For this reason, current hydrogen-producing electrolyzers in the industrial area exploit mainly Ir and Ru-based OER electrocatalysts operating under acid conditions [67] . NaOH) or acid (1 M H2SO4) conditions. Adopted from Jaramillo et al [68] .

However, the high cost and insufficient amount of noble metals are the main problems for largescale industrialization. Furthermore, these noble metal-based electrodes have relatively poor stability due to the metal dissolution [67] . These problems prompted the researchers to investigate non-noble metal catalysts. Generally, non-noble metal catalysts are unstable at low pH, however, several materials such as Mn [67] , Ni, Fe, Co metals, their alloys [58,[69][70][71] and oxides, metal phosphates, layered double hydroxide (LDH), and sulfates [72][73][74][75] , have been reported to effectively operate at medium and alkaline pH. Not only the experimental studies but also computational simulations contributed to the understanding of OER activities of catalysts [76] . The decreasing order of activities of metals are Co ≈ Fe > Ni, metal oxides are IrO2 = RuO2 >> MnO2 > NiO > Co3O4 >> Fe3O4 [76] (Figure 1.28).

Figure 1.28 Activity analysis of OER catalysts. (a) Overpotentials of different alloys with trend bars [76] , (b) A volcano plot of OER catalysts [77] .

Ni-based catalysts

Because research on the electrochemical water splitting has targeted the development of an efficient, earth-abundant, and cost-effective electrocatalyst, Ni and Fe are among the most promising candidates due to their abundance in the earth's crust [70] . Cheap catalysts are developed with different strategies that are i) increasing the number of catalytic active sites and ii) increasing intrinsic activities [77] . The number of catalytic sites can be increased by reducing the size of catalysts [77] , or increasing the surface area by structuration [78,79] . Furthermore, intrinsic activities can be upgraded by using making metal alloys [71,78] . Boettcher et al. claimed that the Ni(OH)2 LDH structure is highly efficient for OER [80] and that when Fe is added into this structure, the catalytic activity is increased [81] . Interestingly, adding Fe into Co also showed similar effects [80] . Corrigan reported the Fe incorporation into Ni/hydrous Ni oxide thin film from KOH (reagent grade) compared to purified KOH [82] . From experiments that controlled the fraction of Fe in solution, it was demonstrated that the introduction of 10 % of Fe into the Ni-based film yielded electrodes exhibiting the smallest overpotential. Furthermore, Trotochaud et al. [80,83] also confirmed the effects of Fe incorporation into Ni1-xFexOOH as a OER catalyst. When x = 0.1, the electrode exhibited the minimum overpotential, the highest current density, mass activity, and turnover frequency [80] . In addition, He et al. intentionally incorporated Fe into NiOOH and the modified electrode showed improved stability as well as an accelerated electron transfer [84] . Tüysüz et al. reported on Ni/Fe oxide nanoparticles (NPs) in a different ratio of Ni/Fe from 64/1 to 1/1 and Fe2O3. The best performance was achieved with the ratio of Ni/Fe = 32/1 [69] . Liu et al. reported on Si/TiO2/NixFe(1-x) structured photoanodes with different Ni/Fe ratios, the best performance being achieved with Ni0.8Fe0.2 [85] . In all reported cases, when the ratio of Fe was excessive, the electrocatalytic performance started to decrease. The OER reaction mechanism of Ni oxyhydroxide (NiOOH), proposed by Berlinguette et al., is shown in Figure 1.29 [86] . During the OER process, thanks to the interaction between Ni metal and OH -, Ni metal can be converted into Ni(OH)2 and NiOOH [87] . When NiOOH catalyst is in OH -abundant condition, the dynamic behavior of OER cycle can be more efficient due to the participation of OH -into the OER process as shown in Figure 1.29. 

NiFe-based catalysts

As shown in Figure 1.28 (a, b), NiFe alloys catalysts have the most remarkable catalytic activities among low-cost catalysts. As a result, NiFe alloys have been the subject of a lot of investigations for OER. Among them, the NiFe LDH alloy showed an excellent performance and stability at high pH, with a current density of 1000 mA cm -2 and a 6000 h of stability [78] with different explanation of the remarkable catalytic activity of NiFe alloys. Gray et al. [81] claimed that Fe is the catalytically active site of NiFe alloys, whereas Dau et al. proposed, from in situ X-ray absorption spectroscopy (XAS) measurements, that the improvement of the OER performance of NiFe is caused by the electron deficiency for the metal oxide in their alloy [88] . The different oxygen species appear and disappear as a result of the Ni II ↔Ni III/IV process, and this makes the persistency of OER catalysis as long as the metals can be oxidized. The partial electron deficiency in the oxygen (O -2+δ ) is related to the oxidation of Ni, and leads to the persistence of OER until the conversion of metal to the metal oxide (Figure 1.30).

Figure 1.30 Scheme of different oxidation states of NiFe alloys built from in situ XAS measurements carried out in 0.1 M KOH solution [88] . The OER reaction starts from Ni 2+ Fe 3+ . When the applied potential is above 1.4 V, the oxidation of Ni 2+ to Ni +3/+4 occurs. Generally, NiOOH and Ni/Fe(OxHy) have an oxidation state that is lower than +4. During the 1 st oxidation step (shown in green), a discharge of OH -from the alloy leads to a vacant site for oxygen. The abundant OH -ions adsorb to the vacant site of metal again, and increase the oxidation state. In the 

Si-based OER photoanodes

Solar driven water splitting methods are generally divided into two different groups: PECs for the direct water splitting with monolithic cells, and a photovoltaic electrolysis (PV-E) system that consists of a photo-absorber connected to a water splitting electrolyzer [89] . Because PECs are the main topic of this thesis, we will focus on them here. Generally speaking, in such systems, a "photoanode" refers to the photoactive surface that produces O2 (OER), while "photocathode" refers to the photoactive surface that produces H2 (HER). For OER, photoanode must be an n-type semiconductor [8] ; to generate the appropriate band bending and efficient transfer the photogenerated holes to the surface. Because of the high energy demand required to trigger the reaction of interest (OER in our case), acquiring a high photovoltage for OER is a key parameter for the photoanode. In addition, depositing an efficient OER catalyst on the semiconductor for improving OER kinetics is also a prerequisite.

Advantages and challenges

Silicon (Si) is one of the most performing semiconductors for PECs, with a narrow bandgap for absorbing a wide range of sunlight. As shown in Eqn (24), a narrow bandgap (1.12 eV) of Si allows to absorb from approximately wavelengths of 1100 nm of red edge to ultraviolet [8] . Si has a high carrier mobility [90] , a maximum theoretical photocurrent density of about 44 mA cm -2 and Si is the 3 rd of earth abundant materials [START_REF] Morgan | Proc. Natl. Acad. Sci[END_REF] . This attractive material, however, is facing some challenges to achieve an efficient use for PEC H2 production. First, the band positions of Si under alkaline conditions are unfavorable for OER, which implies the application of a high potential to promote this reaction. Also, OER kinetics on Si is slow and thus an additional catalytic coating is required to operate. Furthermore, according to Jang et al., planar Si reflects approximately 40% of the incident light which impedes its efficiency [START_REF] Lee | [END_REF] . Last but not least, Si has notable instability problems. Indeed, Si is covered by a native oxide layer spontaneously as well as under positive bias, which is detrimental to its conductivity and Si is prone to chemical corrosion under alkaline conditions, which are favorable conditions for OER, as discussed before. To overcome those drawbacks, a protection layer is generally required on Si to overcome stability issues, the light absorption can be improved by structuring Si, and the deposition of catalysts usually leads to improved charge transfer for OER. [93] (the Ni serves as a catalyst), (b) Al2O3 layer [94] (the Fe2O3 serves as a dual absorbing and catalytic layer), (c) CoOx/NiOx protection and catalytic layer [95] , and (d) ZrO2 layer (the NiFe serves as a catalyst) [96] . All the layers were deposited by ALD for the protection of Si.

Protection and catalytic layers

Due to the instability of Si under alkaline conditions, the Si surface was generally covered by a physically-deposited conformal protection layer (in most cases, by atomic layer deposition (ALD) [94,96,97] ) which is sometimes further covered by a catalytic layer [95,98,99] . In addition to protection, the introduction of these layers sometimes enables also to reduce the density of surface states [100] . The protection layers must respect several constraints. They should: i) be transparent for the transmission of the light, ii) not promote the recombination of the photogenerated charge carriers, iii) be uniformly over the surface to prevent corrosion. Besides, an important aspect is the immobilization of a catalytic coating at the outermost surface of the photoanode that is always required to improve the otherwise slow OER kinetics. Note that this layer is often referred to as a "co-catalyst" (cocat) in the photoelectrochemical community, this will be the case in this thesis (this may be misleading, as, most of the time, it is constituted of a single catalytic material). When the protection layer is covered by a cocat film, the latter should also be thin enough to transmit light. The most widely used protection layer is TiO2 due to its chemical stability and small parasitic light absorption caused by relatively wide bandgap [97] (Figure 1.31 (a)). Also, Al2O3 is sometimes adopted for the protection layer [94] and ZrO2 has also been used to protect the Si photoanode [96] . However, thin uniform "dual functionality" films were also developed to ensure the functions of protection layer and cocat layer simultaneously [95,98,99] . This strategy was successful to achieve a long time stability. Dai et al. reported on ultrathin Ni layer with a long time stability (approximately 80 h at pH 9.5) [99] , and Lewis et al. developed Si photoanodes covered with CoOx with stable photocurrent densities for more than 2400 h in alkaline medium [101] .

Micro/nano structuration of Si surface

The theoretical maximum photocurrent density of Si is 44 mA cm -2 , however, such a limit is difficult to reach. There are various factors that can be responsible for this limitation and one between them is the poor light absorption by Si. Due to the high quality of polished glassy flat surface, crystalline Si reflects approximately 40% of the incident light which induces a considerable loss of light absorption [START_REF] Lee | [END_REF] . Therefore, anti-reflective surface of Si is sometimes used, which can be obtained by micro/nano structuration [102][103][104][105][106][107][108][109][110][111] . A micro-scale structured Si can be easily prepared by an alkaline etching (AE) and such a structuration dramatically improves light absorption. Indeed, when AE is applied to Si (100), it generally creates a tetrahedral structure [109,111,112] composed of (111) facets. For that reason, such structures are called Si micropyramids (SimPy). According to Zhang [START_REF] Zhang | Electrochemistry of Silicon and Its Oxide[END_REF] , when the Si is etched in an alkaline KOH solution, the following oxidation and reduction reactions occur onto Si: Oxidation : Si (s) + 2 OH -(aq) → Si(OH)2 2+ (aq) + 4 e - (43) Reduction : Si(OH)2 2+ + 4 H2O (l) + 4 e -→ Si(OH)6 2-(aq) + 2 H2 (g) (44) Overall reaction : Si (s) + 4 H2O (l) + 2 OH -(aq) → Si(OH)6 2-(aq) + 2 H2 (g) (45) In the KOH solution, the etch rate of (100) crystalline plane is 100 Å/s while that of the (111) one is 1.5 Å/s which means the (111) plane is less vulnerable to the alkaline solution. Therefore, the remaining facets of Si are composed of the (111) plane [START_REF] Zhang | Electrochemistry of Silicon and Its Oxide[END_REF] . The solubility of Si hydroxide ions is high at alkaline condition, therefore etched Si dissolves into the solution [START_REF] Jantschke | [END_REF] .

Several other different methods were applied to maximize light absorption of Si. Generally speaking, efficiently absorbing Si surfaces have a black color; therefore, they are named as "black silicon (BSi)" (Figure 1.32 (b), inset). Various structuration methods were carried out to reach a highly anti-reflective BSi surface. For instance, Branz et al. have prepared Si nanopores by metal-assisted chemical etching (MACE) technique [105] (Figure 1.32 (a)), Hwang et al. and Shen et al. also used this technique to fabricate Si nanowires [106] (Figure 1.32 (b)) and nanopyramids [107] (Figure 1.32 (c)), respectively. All of these modified surfaces were applied on p-type Si and the Si surfaces were used as photocathodes for performing HER. [105] , (b) Si nanowires [106] (inset: optical photograph of the Si nanowires), and (c) Si nanopyramids [107] are prepared by MACE.

However, the classical methods for structuring Si have some disadvantages. For instance, the MACE technique requires careful removal of metals since the presence of remaining metals may cause undesired pollution, the other method such as inductively coupled plasma reactive ion etching (ICP-RIE) require expensive instrumentation for plasma ion etching, the fabrication of patterning masks, and the deposition of metals.

Unprotected Si photoanodes

Most of the pioneering academic literature dealing with OER photoanodes was devoted to photoanodes with conformal layers [94][95][96][97][98][99] . However, there is another type of photoanodes, those having non-conformal layers, which were much less developed when I started my thesis work. In 2015, Switzer et al. [115] reported the preparation and the use of inhomogeneous Si/metal junctions. 100) [115] .

Electrodeposition charge: (a) 10 mC cm -2 and (b) 200 mC cm -2 .

In their study, the n-Si (100) surface was freshly hydrogenated using HF, then the electrodeposition of Co (acting as a cocat) was carried out in a solution containing 0.1 M CoCl2. The surface was covered by Co using two different electrodeposition charges: 10 mC cm -2 and 200 mC cm -2 . At 10 mC cm -2 , Co grew as three-dimensional islands (Figure 1.33). The average sizes of islands were 21 ± 8 nm for 10 mC cm -2 and 68 ± 25 nm for 200 mC cm -2 respectively. From reflectance measurements, the Co thin layer electrodeposited using 10 mC cm -2 enabled to sufficiently absorb the light and to efficiently trigger the OER. The n-Si/Co electrode was then activated in a 1 M KOH solution under 1 Sun irradiation. The n-Si/Co showed a maximum photocurrent density of 35 mA cm -2 under 1 Sun (Figure 1.34 (a)). The electrode stability under operation was around 3 h in the 1 M KOH solution and could be increased to 25 h in a borate buffer solution at pH 9. color) [115] Dark saturation current of n-Si/SiOx/Co/CoOOH was measured and led to the determination of a barrier height of 0.91 eV. The value was considerably higher than that theoretically predicted for n-Si/CoSi2, namely 0.61 eV (Figure 1.35 (a)) The barrier height with a thicker Co layer was also measured to 0.74 eV (Figure 1.35). The photovoltage of the electrode was measured in 1 M KOH solution and in various concentrations of the Fe II (CN)6 4-/Fe III (CN)6 3-redox couple. Regardless of the solution content, the measured photovoltage showed a constant value. Thus, the experimental photovoltage was higher than the predicted value considering homogeneous n-Si/metal junctions. [116] . (b) Electrodeposited thick Co layer with homogeneous junction and its comparably lower barrier height (0.74 eV) than thin Co islands. (c) Electrodeposited Co islands with inhomogeneous Schottky junctions with larger barrier heights (0.91 eV) [115] . This research became the foundational stone of Si photoanodes for OER based on inhomogeneous Schottky junctions. After this, in 2017, there was another report from my group which dealt with inhomogeneous Schottky junctions based on unprotected n-Si/Ni [117] . The surface was covered by electrodeposited randomly dispersed Ni NPs (Figure 1.36 (b-d)).

Figure 1.36 Electrodeposited Ni NPs on unprotected n-Si [117] The inhomogeneous Schottky junctions were prepared on a freshly hydrogenated n-Si surface by cathodic electrodeposition using the NiCl2 as a metal source and the boric acid as an additive that will be used in chapter 2. This method yielded the Ni NPs with a hemispheric shape. Depending on the electrodeposition time, the coverage could be finely controlled (Figure 1.36 (b-d)).

Figure 1.37 CAs obtained during prolonged photoelectrolysis in 1 M NaOH under 1 Sun illumination at +1 V vs SCE for n-Si surfaces coated with Ni that was electrodeposited for 5 (red color), 20 (blue color), and 60 s (purple color) [117] . The asterisks indicate when bubbles were removed from the surface, and arrows indicate when the electrolysis was stopped and the photoelectrodes were stored overnight.

The so produced photoelectrodes were investigated in 1 M NaOH solution. They showed a clear decreasing trend of photocurrent densities with the increasing Ni coverage. This could be reasonably explained by a decrease in the light absorption by Si for denser deposits. Also, the onset potentials shifted to a positive direction. Conversely, the stability of the photoelectrodes in operation was found to be increased with the Ni coverage (Figure 1.37). [103] .

As shown in Figure 1.32, several Si surfaces were structured for efficient light absorption. For the increased light absorption with Ni NPs on unprotected and structured Si, Li et al. [103] used Si microwires for the photoelectrochemical OER. High aspect ratio Si microwires were prepared through several steps: a layer of photoresist was firstly applied on the surface, circular holes were then produced by optical photolithography followed by the deposition of Al disks with a 3 μm diameter for protecting Si. After removing the photoresist layer, dry ICP-RIE was carried out for the fabrication of n-Si microwires arrays. The Ni nanoparticles were deposited on Si at three different potentials: -1 V, -1.25 V, and -1.5 V vs SCE. The electrode surfaces covered by Ni NPs which were electrodeposited at -1.25 V showed moderate particle sizes and the highest photocurrent densities with stability in operation for 8 h.

Preparation of metal deposits on Si

The photoanodes studied in this thesis work were prepared by electrodeposition on Si surface. In the following, I will introduce the general electrodeposition principles as well as brief aspects of the electrodeposition on semiconducting surfaces.

Generalities about electrodeposition

In 1805, Luigi Brugnatelli coated a silver coin using a voltaic pile [118] . This was the official first decorative use of electrodeposition. Three decades later, in 1832, Michael Faraday expressed electrochemistry on a sound scientific base. He also invented the terms 'electrolysis' and 'electrolyte'. Furthermore, through the correspondence between Faraday and Whewell, Whewell suggested the expressions 'anode' and 'cathode' [START_REF] Raub | The History of Electroplating[END_REF] . The term 'electrodeposition' refers to a coating process achieved by electrochemical means onto an electrode surface. Electrodeposition of different materials can occur through different electrochemical processes onto non-insulating substrates. However, in this thesis, we will focus on the cathodic metal plating, i.e. the formation of a metallic film on a surface by the electrochemical reduction of metal cations (also known as electroplating). Besides being useful for preparing metal coatings on various substrates, the reduction of metals in the electrochemical method is also used for the extraction of metals from their unrefined ores [START_REF] Bartlett | [END_REF] . Metal deposition processes have also been utilized for proficient purposes in a wide range of technical fields; from metallurgy [121] , heavy engineering industries [START_REF] Sahoo | Comprehensive Materials Finishing[END_REF] , microelectronics to nanotechnology [START_REF] Zangari | [END_REF] .

Electrodeposition requires an electrolyte, which is an ionic conducting solution containing the metal cations of interest dissolved into an appropriate solvent. The solvent is often water but can also be made of other liquids such as ionic liquids or classical organic solvents. The electrodeposition process consists of the immersion of the object prepared for the coating in a bath containing the electrolyte and a CE, and, most of the time, a RE followed by the connection of the three electrodes to the extrinsic power supply to let the current flow possible. Electrochemical metallic coating occurs through various mechanisms. However, all electrodeposition processes have in common the transfer of electrons through the electrode/electrolyte interface, forming a metallic phase. A general reaction for the electroreduction process of a metal complex can be given by the following formula:

Metal + ne → Metal (46)
Eqn (47) shows that for a highly efficient electrodeposition process, the deposition of one mole of metal cations requires NAne=nF coulombs of electricity (NA is the Avogadro number, 6.022 x 10 23 mol -

1

). This relationship is expressed as Faraday's Law:

m = ( 47 
)
Where m is the deposited metal mass (in g), Q is the consumed electrical charge (in C), and Mmetal is the atomic weight of the metal. The current density and the applied electrode potential at the steadystate are related to each other. However, the actual state at the electrode where a coating is occurring is rarely stationary. For this reason, the current density is not constant over time when a potentiostatic electrodeposition (at E = const) is used. Similarly, fluctuation of the electrode potential E is usually observed when a galvanostatic electrodeposition (at i =const) is preferred. Two reasons can be involved to explain such changes in either i or E: (a) the state of surface (roughness, morphology) of the electrode may change with time, and (b) composition of the solution facing to the electrode (concentration of chemical species, pH) can be partially changed over time. When no external potential is applied to the WE (i.e. the object to be coated) it sits at the equilibrium potential (Eeq). At this potential, the sum of anodic and cathodic currents is zero. For the cathodic electrodeposition of a metal, a negative shift of the electrode potential with respect to Eeq is required. The amount of the potential shift is called the overpotential η and is often expressed as an absolute value for a given process:

η = E -E (48)
Experimentally, the range of the overpotential for the electrodeposition process can be varied from few mV to more than 2 V. The overpotential is determined following numerous parameters during the deposition process such as the rate of the process and the structure and properties of the deposit [46] . So far, the current density and the electrode potential are discussed as parameters, however other factors also influence the electrodeposition process such as temperature, pH, the concentration of chemicals, the substrate, and parasitic processes.

Figure 1.39 The molecular structures of organic additives: MPS, SPS, PEG, and JGB [124] .

In principle, the metal deposition is feasible from a simple solution of soluble chemicals containing a metal cation, a metal oxide anion, or a complex. There are plethora of examples of metal plating, among them, typical example is the deposition of copper, which requires an electrolyte containing Cu 2+ .

Practically, single-component solutions do not lead to deposited layers of sufficient quality, therefore, electrolytes for electrodeposition generally contain supporting chemicals for obtaining a higher quality of the deposit. These supporting chemicals, that play a critical role for the process but do not participate in Eqn (46) are called "additives". There are several types of additives. The purposes of these additives are to decreases the internal stress of the deposited layer and the formation of a homogenized deposited layer by controlling the deposition rate. "Suppressors" diminish the kinetics of electrodeposition, whereas "anti-suppressors" increase the current. Depending on the usage, those suppressors and anti-suppressors can form a conformal layer. Other additives, the "brighteners" or "levelers" make the surface more homogenized and brighter [124,125] . Several examples of organic additives are shown in Figure 1.39. The polyethylene glycol (PEG) is a suppressor, mercaptopropane sulfonic acid (MPS) and bis-(acid-sulfopropyl)-disulfide (SPS) are anti-suppressors, and Janus Green B (JGB) is a leveler [124] .

Additives, besides, can be used to affect the pH of electroplating solution. When the metal is deposited on the substrate, depending on the target metal species, each electrodeposition processes have its optimum pH. For electrodeposition at constant condition, buffering additives are necessary when HER occurs as a parasitic reaction. This is caused by the consumption of H + ions at the electrode surface during HER, leading to higher pH locally and possibly to the precipitation of metal hydroxide. Other additives can also be used for facilitating the removal of hydrogen bubbles from the electrode surface. Indeed, stuck H2 bubbles at the surface may inhibit not only the electrodeposition process but also induce undesired defects (pits or pores) at the plated surface. and with (i2) suppressor additive [46] . Δη is the overpotential difference caused by the presence of the additive.

The concentration of additives in the deposition electrolyte is generally from 100 μmol L -1 to 10 mmol L -1, but, depending on the target reaction, the range of concentration can be extended more widely because higher or lower concentration can influence the rate of reaction. The temperature of the electrolyte for deposition is one of the most important parameters. Electrodeposition temperature is usually in the range from 15 to 70 o C. Under particular conditions, the temperature can be as high as ca. 100 o C [46] . A high temperature of the solution grants some advantages to the process. Both the solubility and the electrical conductivity are improved compared to lower temperatures, and the tendency for the anodic passivation decreases due to the higher rate of reaction. Nevertheless, there are also strong disadvantages of using high temperatures. Indeed, the solvent evaporation is accelerated that induces the increase in the concentration of bath components and possibly the corrosion of metal. High temperatures may also prevent additive adsorption, decreasing their efficiency. As a result, the deposited layer is not uniform and can exhibit a rugged surface. In contrast, a low solution temperature causes a lower current density and growth rate. Lower temperatures diminish the diffusion kinetics that address the internal stress in the deposited layer and make the deposited layer denser. For the electrodeposition, ±3 o C from the optimum temperature is acceptable in general cases. However, specific process requires strict temperature control because a temperature increases by 1 o C corresponds to a 10 % increase in the rate of electrochemical processes, and enhancement of the rate of mass transfer of 2 % [46] . Figure 1.41 TEM images obtained from Cu electrodeposition on Pt electrode [126] . The electrolyte was 0.1 M CuSO4 + 0. 1.41 (b), a slower growth rate yielded a more uniform layer compared to the deposited layer at a higher rate. In addition, Figure 1.41 (c) shows the effects of an additive on the morphology of the electrodeposited metal. The concentration of electroactive ions also influences the rate of the electrodeposition process, for example, the deposition of metal from a diluted solution usually produces a uniform layer due to its slower rate of electrodeposition [127] .

Also, the pretreatment of the surface may influence the deposition process in the initial stage. This is especially true for polishing because surface roughness can play an important role in the plating. Under some specific conditions, i.e. oxide-free surface and crystal structure, the thickness can be varied by 10 μm [46] . A flat polished surface influences the homogeneity of the electric field which is important for satisfying film growth. Of course, the pH of the solution also plays a critical role in the electrodeposition process because it affects several events, such as the dissolution and the stability of the electroactive species and the parasitic HER. Finally, the current distribution through the electrode is also one of the significant factors for the electrodeposition. These parameters control the rate of the metal deposition and are determining for the uniformity of the thickness of the deposited layer.

Electrodeposition of metals on semiconductors

For this thesis, the metal electrodeposition on semiconductor (especially Si) is a key technique to prepare inhomogeneous Schottky junctions because in the following chapters, all the transition metal cocats were prepared by electrodeposition. In the specific case of the metal electrodeposition on a semiconductor surface, different mechanisms can influence the overall process. If the theoretical background of the metal-on-metal electrodeposition is vigorously established [46] , several models exist for explaining charge transfer through the interface between the semiconductor and the electrolyte [40] .

Figure 1.42 Schematic illustrations of different mechanisms involved in the metal growth during electrodeposition [START_REF] Radisic | Copper electrodeposition for nanofabrication of electronic devices[END_REF] .

There are various factors that make the deposition of a continuous metal film on semiconductor difficult. First, the interaction energy between the metal ions and the semiconductor surface is generally small. For that reason, the mechanism of the metal deposition follows a 3D island growth mechanism (Figure 1.42, Volmer-Weber mechanism). The rate law for the formation of 3D islands is dependent on nucleation and growth [40] . Kolb et al. [START_REF] Bindra | [END_REF] claimed that the deposition of a metal on a semiconductor might produce localized Schottky barriers. During the electrodeposition, a metal ion reaches the surface and accepts electrons from the semiconductor. The adsorbed metal atom can then diffuse along the surface and then form a nucleus with other metal atoms following a Volmer-Weber growth mechanism (Figure 1.43). It is worth emphasizing that the electrical and optical properties of the semiconductor may be strongly affected by the presence of the deposited metal. For example, if the semiconductor surface is covered with low coverage of metal, the band bending may be spatially inhomogeneous. Moreover, the semiconductor absorbs more light than the surface with Chapter 2. Planar n-Si photoanode covered by Ni nanoparticles: a reference system

Introduction

Photoelectrochemical water splitting is a highly promising carbon-free energy production method to supply an electrical energy on-site and on-demand [1] . This energy production method can be achieved by PECs, devices consisting of semiconductor light absorbers, immersed in an aqueous electrolyte, which can convert solar energy in pure H2 [2,3] . As we presented in section 1.1.2, under sunlight irradiation, PECs absorb photons and convert them into charge carriers that are driven at the solid-liquid interface to dissociate the water, generating gaseous H2 and O2 simultaneously [4][5][6][7][8] . Several monolithic PECs have been reported and operated with reasonable conversion efficiencies [9] but their practical use will only be conceivable when their cost will be reduced and their stability will be improved [3,9] . Among the semiconductor materials that fit the criteria for application in PECs, Si, which is earthabundant, and widely used by the photovoltaic industry at present, is one of the most attractive materials for PEC manufacturing [10] (see section 1.1.2). However, using Si as a photoelectrode remains a challenge for two main reasons which were introduced in section 1.2.3. First, the kinetics of both HER and OER are slow at the Si/liquid interface and require considerable overpotentials to occur. Therefore, the immobilization of appropriate cocats at the Si surface is an essential parameter to improve reaction kinetics and lower the energy input. This implies stringent constraints in terms of material cost as well as a fine surface engineering strategy to preserve the light absorption and energetics of the photoelectrode [10] . Second, as the self-oxidation potential of Si (-0.99 V vs NHE) is much more negative than the standard potential of O2/H2O (+1.23 V vs NHE), the spontaneous oxidation of Si into insulating SiOx is the main process occurring at Si photoanodes [11,12] , which leads to their quasi-spontaneous deactivation when used for water splitting [13,14] . Furthermore, the vulnerability of Si material is even more pronounced in alkaline media due to the chemical etching that happens spontaneously on Si and Si oxides [15][16][17] (see section 1.2.3.3). Even though these crucial issues have restricted the development of efficient Si-based photoanodes in a conformal layer deposition for the last decades, tremendous progress on strategies for photoanode protection, introduced in section 1.2.3, has been recently achieved [13,14] . A handful of reports by our group [18] and others [19][20][21] have reported that, despite the notorious vulnerability of Si/SiOx in alkaline solution, a stable OER performance can be carried out for relatively long times (up to 40 h) in strongly alkaline media with Si photoanodes partially covered with Ni- [18] or Co-based electrodeposits [19] . This long-term stability is particularly surprising because in these cases, the majority of the Si surface is directly exposed to the corrosive environment. Besides being intriguing from a fundamental point of view, this phenomenon may also be highly important for the manufacturing of Si-based PECs because the preparation of the protection layer-free photoanode relies on low-cost electrodeposition, which can be readily up-scaled [22] . Therefore, it is crucial to understand this unexpected behavior that may lead to a breakthrough in protection strategies for photoelectrodes [23] . In this chapter, I'll report the research work we have performed on Si photoanodes prepared by a simple low-cost process that was reported in a short communication before the start of my Ph.D. studies [18] . With the aim of increasing the knowledge on such unexpectedly robust and simple systems, here, we first study in-depth their photoelectrochemical activation, which considerably improves their performance as well as their unexpected stability under different conditions.

Modification of n-Si surfaces with Ni NPs

In this work, dispersed hemispherical Ni 0 nanoparticles (Ni NPs) were deposited on n-Si (100) by cathodic electrodeposition from an aqueous solution (this electrode will be referred to as n-Si/Ni). At the preliminary stage of the optimization, the Ni NPs were deposited on the n-Si surface with different concentrations of the Ni salt and boric acid. Note that boric acid is a common additive in Ni plating baths that is often considered as a pH buffering agent, although its role might be more complicated [24] . With a low concentration of boric acid (20 mM), the diameter of Ni NPs was not as uniform as that obtained with higher additive concentration (20 mM at . Nonetheless, as the modification took place under ambient conditions, the exposed Si surfaces were covered by a thin SiOx oxide layer [15] . Analysis of the size distribution of as-deposited Ni NPs (Figure 2.3 (a), Figure 2.4 (a, c), Figure 2.10, blue curve) revealed an average diameter of 60 ± 36 nm. At higher concentration of boric acid, the most of the particles were in a range of the average (60 ± 36 nm), whereas the low concentration of boric acid yielded an irregular and wide range of distribution of NPs diameter (121 ± 57 nm). In addition, the NP heights, measured on cross-sectional views was measured to 30 ± 8 nm (Figure 2.3 (f)). This value was also confirmed by AFM measurements (average NP height = 33 ± 9 nm, 

Activation process 2.3.1 Activation process by electrochemical cycling of the electrode

High-performance n-Si photoanodes decorated by Ni or Co NPs are considered as metal/insulator/semiconductor (MIS) junctions operating in the "pinch-off" regime [25][26][27] (a scheme is shown in the inset of Figure 2.6 (a), see section 1.1.1 for more details). Here, the Si/metal junction has a low barrier height (EF,s is pinned), the size of the NP is below the typical value of the depletion layer and they are surrounded by a high barrier height region (SiOx [27] or NiOOH [28] , the nature of the high barrier region being still a source of debate). This regime, depicted in Figure 2.5 (a) (for high barrier height induced by SiOx) and Figure 2.5 (b) (for a high barrier height induced by NiOOH), is beneficial because it takes advantage of the metal-free regions to generate a high photovoltage and the Si/metal junction to create a low resistance pathway for photogenerated minority carriers, which are readily injected into the metal cocat for water oxidation. After electrodeposition of the Ni NPs, the surfaces were directly employed as electrodes. The anodic behavior of n-Si/Ni in 1 M NaOH (measured pH = 13.6) was investigated by sweep voltammetry. Negligible currents were obtained in the dark, whereas, under simulated sunlight, significant oxidation photocurrents were measured. In all cases except for the freshly-prepared photoanode, a redox wave attributed to the Ni III /Ni II redox couple firstly appeared [29,30] , followed by a larger OER current accompanied by O2 bubble evolution. In the following of this chapter, this electrode treatment will be referred to as "activation". This process can also be promoted potentiostatically, however, activating Ni NPs through electrochemical cycling is particularly relevant here as it allows a fine in-situ measurement of several benchmark parameters at each successive cycle, namely: the light-limited maximum photocurrent density (jmax), the photocurrent density at the standard potential of the O2/H2O couple (j1.23V) and that at the Ni III /Ni II oxidation peak current density (jpa). The evolution of these parameters during activation is shown in Figure 2.6 (b). First, one can observe that jpa, which was almost zero at first, gradually increased. As this redox wave corresponds to the oxidation of Ni(OH)2 [29,30] , it demonstrates that the activation process converted a part of the Ni 0 NPs into a redox-active Ni(OH)2 species. During this wave, Ni(OH)2 was converted into NiOOH, according to the reaction (49):

Ni II (OH)2 (s) + OH -(l) + h +  Ni III OOH (s) + H2O (l) (49) NiOOH (particularly, its γ-phase) is commonly presented as the catalytically-active phase for OER in Ni-based compounds [31,32] , it is thus considered as the cocat as well. After this redox wave, the OER photocurrent increased with a slope dependent on the reaction kinetics (Figure 2.6 (a)). In addition, activation also increased jmax by 11%, compared to the blue curve of Figure 2.6 (a). To sum up, the activation process led to photoanodes with jpa, j1.23V and jmax values of 1.12 ± 0.25, 7.82 ± 2.43, and 27.90 ± 3.94 mA cm -2 , respectively, as based on measurements obtained on ten individual photoanodes (Table 2.1). Figure 2.6 (a) also displays an LSV obtained from a sputtered, nonphotoactive, Ni thin film having a thickness of 100 nm (green curve), which was activated using the same procedure as carried out for n-Si/Ni activation (Figure S2.3). The comparison of onset potentials between the green and the red curves indicates that the activated photoanode triggered OER at an onset potential negatively shifted by 0.36 V (Figure S2.4) with respect to the non-photoactive Ni surface. Before activation, the Ni 2p region exhibited the characteristic shape for Ni 0 with 2p3/2 and 2p1/2 peaks at respective binding energies of 853.8 and 871.3 eV, which is in a good agreement with what has been reported for Ni 0 thin films [33,34] . After activation, the XPS signal of Ni 2p region changed considerably and could be fitted with four broad peaks at binding energies of 857.1, 863.2, 874.7, and 881.3 eV; those values being in good agreement with the values at the Ni 2p3/2, the 2p1/2, and its satellite peaks. Those satellite peaks are generally observed for Ni(OH)2 [35] and NiOOH (however, these compounds can be hardly differentiated by XPS) [36] which corroborate our electrochemical data, and will be confirmed by our X-ray absorption near-edge spectra (XANES) and TEM data (vide infra). In the Si 2p region, only one clear Si 2p peak was detected on the as-prepared surface, at 98.8 eV, which corresponds to pure Si. After activation, the intensity of the Si peak decreased and an additional one appeared at 102.5 eV, which is corresponding to the SiOx layer during electrochemical activation [37] . These measurements are consistent with the evolution of the signals observed in the O 1s region, where a considerable increase of the peak at 532.9 eV was observed after activation. This broad O 1s peak could be fitted with two components, the largest corresponding to SiOx and the second one, at 531.5 eV, to Ni(OH)2 [35] . After the investigations of peaks at the Ni 2p, Si 2p, and O 1s peaks, careful observation of the Fe 2p region was quite interesting. Indeed, even if the four survey spectra of Figure 2.7 did not indicate the presence of this element, we intentionally performed high count rate measurements with a Mg source (in order to avoid the Ni Auger peaks in the Fe 2p region), which evidenced small peaks at 713.3 and 726.3 eV, revealing the presence of Fe on the surface. The existence of Fe was only observed after activation, which confirms that its incorporation originates from this treatment. Based on the XPS data, the Fe to Ni ratio in the NP shell was evaluated to 0.14. The presence of Fe in the catalytic phase is particularly relevant as it has been clearly documented that adventitious Fe incorporates in Ni(OH)2 and NiOOH during electrochemical experiments [38] . As it was introduced in section 1.2.2 in chapter 1, although the precise role of Fe in transition metal-based OER cocats is still under debate [39][40][41][42] , it is known to have a considerable influence on the catalytic activity of Ni-based coatings [43,44] . To get more detailed information about the activated Ni NPs shell, XANES spectra were recorded at the Ni K-edge on a sample after deposition and after electrochemical activation. Figure 2.8 (b, c) show the XANES spectra of these two surfaces, together with reference samples. A first observation indicates that the sample before activation is very close to metallic Ni, while the one after activation shows features reminiscent of Ni oxides (intense peak at 8350 eV). We performed linear combination fittings (Table 2.2) on these two samples using the reference spectra shown in Figure 2.8 (b).

Although the as-deposited sample can be fitted with ~10% contribution of Ni II , a contribution from one of the NiOOH phases is required to reproduce the spectrum of the sample after activation. To sum up, the electrochemical, TEM, XPS, and XANES data proved that the photoelectrochemical activation that led to better OER performance under illumination induced Si oxidation and generated a Ni(OH)2-NiOOH catalytic shell doped with Fe atoms over the Ni 0 NPs.

Characterization of activated electrodes

The surface coverage of the activated surfaces was investigated by SEM. However, at equal magnification, no significant change was detected compared to the as-deposited photoanode (Figure 2.4 (a, c) vs Figure 2.9 (c, e)). Overall coverage of the activated electrode was uniform, no detachment of Ni NPs was observed, and the Si surface was not etched after the activation. After activation, SEM could not clearly confirm a significant change of the geometrical parameters except for the NP mean diameter that increased by 5% (63 ± 42 nm, Figure 2 Before activation, the Ni NPs were polycrystalline, as revealed by the selected area electron diffraction (SAED) pattern corresponding to polycrystalline Ni 0 (Figure 2.12 (a)). As shown in Figure 2.11, SEM, TEM, and HR TEM analyses confirmed that all NPs were encapsulated by a ~10 nm-thick rough and polycrystalline shell. The SAED patterns of an individual NP after activation (Figure 2.12 (a, b)) show three spots which confirm the presence of Ni 0 and Ni(OH)2, indicating that the shell was composed of the Ni(OH)2 pre-catalytic phase, that formed during activation, as previously assumed based on the electrochemical measurements (vide supra). In addition, this figure reveals two rings that may be ascribed to Ni(OH)2, γ-NiOOH and/or NiO. If the presence of γ-NiOOH and NiO was uncertain from SAED, these phases could coexist on the NPs, the first one, in the shell, as a product of reaction ( 49) and the latter one, at the interface between Ni 0 and the shell, as previously reported [29] . However, the XANES analyses support the existence of these oxides (Figure 2.8 (b, c) and Table 2.2). 

Photoelectrochemical properties

Several hypotheses can be drawn regarding the origin of the performance increase during activation: not only the Ni 0 to Ni(OH)2-NiOOH conversion and Fe incorporation, but also the variation of the energetics of the photoanode. In this respect, to investigate which parameter was beneficial to the charge transfer from cocat to the electrolyte, electrochemical impedance spectroscopy (EIS) measurements were carried out. In particular, MS measurements were carried out to investigate the change in the Efb. MS plots (Figure 2.13 (a) and Figure S2.6) revealed that the Efb did not change after the activation process, which corroborates the fact that performance improvement was not induced by its shift. The Nyquist plots, recorded at 1.23 V show two semi-circles in the frequency range of 120 kHz -0.1 Hz (Figure 2.13 (b)) with the diameter of the second semi-circle being strongly decreased after activation. These curves were reasonably fitted using the equivalent electrical circuit depicted in the inset [20,45] , which includes the resistances and capacitances associated with the charge transfer processes at the cocat/electrolyte interface (R1, C1) and in the solid phase (R2, C2) as well as the solution resistance (Rs). The fits (Table 2.3) revealed a considerable decrease in the charge transfer resistance R1 after activation (>3 fold) as well as an increase of C1 (6 fold). This behavior is well in line with an improved hole transfer caused by the generation of the catalytic NiOOH/Ni(OH)2 phase at the Ni/electrolyte interface during activation and the Fe incorporation.

The activation effect was further confirmed by the IPCE spectra recorded at +1.23 V (Figure 2.13 (c)). The thick red curve of Figure 2.13 (c) shows a striking increase of IPCE (> 5 fold) with respect to the thick blue curve, demonstrating again that the conversion efficiency was considerably improved by the activation. 

Stability of the photoanodes in operation

After having characterized our photoanodes and having described the effect of electrochemical activation, the stability of the photoanodes was tested, first, in operation and, in the following section, under unbiased conditions. Figure 2.14 (a) shows the CA curves obtained from two activated photoanodes during prolonged electrolysis at different potentials. When the applied potential was positive enough (+2.9 V vs RHE), the photoanodes delivered the photocurrent density corresponding to jmax, as defined in Figure 2.6, and operated with a quantitative OER ηF (inset of Figure 2.14 (a)). The current was stable for several hours and the stability time (in this chapter, it is defined as the time during which j remains higher than 90% from its initial value) was 11 h. Performing the electrolysis with a smaller overpotential (at E 0 O2/H2O) led to a more interesting situation that is presented in the red curve of Figure 2.14 (a). The photoanode first delivered j1.23V, then the photocurrent increased gradually during the 8 first hours and, finally, decayed. In order to understand this phenomenon, LSVs (Figure 2.14 (b)) were recorded at different electrolysis times. These curves demonstrate that the OER onset potential shifted negatively during the photocurrent rising period (i.e. the electrode further activates in this regime) and that the surface was totally deactivated after 20 h of operation. The stability time was, in this case, 14 h, and the ηF was 92%. In addition, the evolution of the photoanode performance over the electrolysis can be clearly observed in the ABPE (see section 1.1.2 of chapter 1 for more details). According to Figure 2.14 (c), the ABPE maximum, which was in all cases comprised between +1.1 and +1.2 V, varied from an initial value of 0.1% to 1% at 5 h. According to our previous studies, we can postulate that this considerable improvement is attributed to the in-operando activation of the photoanode induced by the increase of the catalytic shells around the Ni NPs and the incorporation of adventitious Fe atoms in the NP shell. This is confirmed by the increase of the charge under the Ni III /Ni II oxidation wave, which varied from an initial value of 0.13 to 0.30 mC cm -2 at 5 h electrolysis. The gradual deactivation of the photoanode is corroborated with the removal of the NPs that was clearly observed by SEM (Figure 2.15 (b, c)). Interestingly, the Si surface did not exhibit etching pits after such long electrolysis. Indeed, pits are supposed to develop as a result of the fast and spontaneous chemical etching (described in section 1.2.3 of chapter 1) when a Si surface is immersed in an alkaline solution as described by reaction (45). The absence of etching during electrolysis can be ascribed to the anodic protection of the Si surface that we will describe in detail in the following. In order to understand this stability in operation, we studied the electrochemistry of similar Si surfaces that were not modified. The phenomenon of anodic passivation is clearly illustrated by the black CVs of Figure 2.16 that was recorded on a bare Si that was left for more than an hour at the OCP in the alkaline electrolyte. In this case, the surface is undergoing AE (reaction (45)). The anodic wave that appeared at the first cycle corresponds to the formation of an oxide layer that electrically passivated the surface [15] , as revealed by the vanishing of current at the subsequent scans. This wave is characterized by the potential at which the current is maximum, i.e. the passivation potential (PP) [17,46,47] , here, PP occurs at 0.06 V vs RHE as indicated in Figure 2.16. Because the electrolysis of Figure 2.14 (a) was performed at potentials more than 1 V positive from the PP, we can clearly state that the Si in operating photoanodes was coated by an anodic SiOx layer, as shown by the scheme presented in the inset of Figure 2.6 (a). The etching rate of anodic Si oxides being more than two orders of magnitude smaller than the one for Si in alkaline solutions [15] , protection occurred during photoelectrolysis and the Si surface was preserved from chemical etching.

If anodic passivation can be quite efficient to protect Si-based photoanodes during operation, it is expected to be totally inefficient for non-polarized surfaces, i.e. at the OCP, because, in this case, the protective oxide is not renewed. Indeed, although SiOx etching is much slower than Si, SiOx is also subjected to AE [15] , which should irremediably result in the exposure of the Si surface to the electrolyte and should cause its subsequent degradation following reaction (45). In the following we have tested that hypothesis. 

Stability of the unbiased surfaces

In order to investigate the stability of the photoanodes when not active for OER, we studied their behavior under the same conditions as those used for electrolysis, except that they were unbiased (Figure 2.17 (a-c)). We will first discuss the control experiments (OCP measurements) that are shown in Figure 2.17 (b). The OCP of an oxide-free Si surface undergoing etching (black curve) was relatively stable with a value of -0.18 V, in good agreement with the one determined by the black CV of Figure 2.16. In contrast, the OCP of a Si surface covered with a native SiOx layer (blue curve) first dropped and stabilized at -0.18 V after 0.6 h, when the oxide was fully removed and etching of bare Si started following reaction (45). In the experiments of Figure 2.17 (a), the OCP of freshly activated photoanodes was recorded as a function of time, CVs (for sake of clarity, LSVs -forward scans-are shown in that Figure ) were regularly recorded in order to evaluate the photoanodes performance and the experiments were stopped when they exhibited clear signs of degradation. One can note that the OCP variation always followed a similar trend after activation or after recording a CV: it decreased sharply to a minimum value of ~0 V and quickly increased to a more stable value, thus leading to a dip followed by a plateau. According to the literature, this type of profile is generally controlled by the etching of the SiOx layer and OCP dips are commonly attributed to the dissolution of the Si/SiOx transition layer [47- 50] . In all cases, the first dip appeared around 1 h of immersion and the subsequent dips were recorded at an average time of 0.7 h after the CV. Ellipsometry measurements revealed that the thickness of the SiOx layer on an activated, Ni-free n-Si surface was 2.3 nm (surface conditioned with 100 CV cycles in 1 M NaOH under illumination). By considering this value as the thickness of the SiOx layer on the photoanodes after activation, 1 h of exposure to the 1 M NaOH solution would result in an etching rate of 6 x10 -4 nm s -1 , which is in very good agreement with the reported values (anodic oxides are known to be etched at 1 x10 -3 nm s -1 in 2 M KOH) [15,47] . This confirms that the dip appearance was related to the dissolution of the last oxide layer. These sharp dips allowed to know exactly when the Si was free of oxide and their recurrence after recording a CV confirmed that this measurement regenerated a SiOx layer (graphical inset of Figure 2.17 (a)). It makes sense as the potential applied during the CV (up to +2.9 V) largely exceeded the PP (black CVs of Figure 2.16). The fact that the SiOx film etched faster after a CV than after the activation suggests that the oxide layers generated by the latter process were thicker and/or denser. The first experiment, shown by the red curve of Figure 2.17 (a), was performed under constant illumination. Apart from the variations induced by SiOx dissolution (vide supra) the OCP was relatively stable with a value comprised between +0.2 and +0.1 V. These values match very well with the value of +0.17 V determined in the red CV of n-Si/Ni in Figure 2.16, which presents the electrochemical behavior of a photoanode after the dissolution of the SiOx layer (recorded after the appearance of a dip). The LSVs (Figure 2.17 (c)) indicate that the photoanode was stable during the first 23 h, exhibiting performance even enhanced, then started showing signs of degradation at 25 h and was totally damaged after 27 h. This behavior is striking since, in this case, the photoanode was not anodically protected and no SiOx preserved Si from chemical etching over more than 20 h. In order to further investigate this surprising protective effect, activated photoanodes exposed for 30 h to the electrolyte under illumination were observed by SEM (Figure 2.20 (d) and Figure S2.7). It is remarkable to note on Figure 2.20 (c, d) that Si did not undergo etching, as no pits were observed (the differences in NPs density and morphology will be discussed later).

In order to investigate how oxidation can affect the stability, another set of experiments was carried out, in the same way as previously, except that the surfaces were polarized at +2.9 V for 1 min after each CV (Figure 2.17 (a), blue curve). Here, the OCP followed the same trend as previously, settled at +0.15 V after SiOx dissolution and we detected degradation at 22.3 h (Figure 2.18). This experiment confirms that the stability at OCP is not improved by additional electrochemical oxidation, on the contrary, applying such a positive potential was found to deteriorate the stability time. We now investigate the effect of illumination. In the last set of experiments (black curve of Figure 2.17 (a)), we performed the same experiment as that shown by the red curve except that it was carried out in the dark. In this case, the first dip appeared at the same time as for the previous experiments, indicating that illumination did not affect the SiOx etching kinetics. However, after the first CV, the OCP dropped down and stabilized at -0.15 V, very close to the value for etching Si, as shown in Figure 2.17 (b). This surface was observed at SEM (Figure 2.19 (c) and Figure 2.21 (a-c)), which clearly revealed pits on the Si surface as well as the detachment of the NPs in many areas, confirming that the electrode underwent AE (reaction 45) after 4 h. To sum up, this set of OCP experiments demonstrates that: i) illuminated photoanodes do not degrade for more than 20 h, even when oxide-free Si is in contact with the alkaline solution, ii) additional electrochemical oxidation of Si does not improve the stability and iii) the surfaces are more prone to AE in the dark. The first two points reveal that the protection mechanism taking place at OCP is not related to the anodic protection occurring on operating photoanodes (vide supra) and the third point highlights the importance of illumination for surface stability. These results were unexpected and show that the behavior of our photoanodes is totally different from that of Si in NaOH solutions, even though only 18% of the surface was initially covered by the Ni NPs. We attribute the resistance towards etching to a modification of the solution-exposed Si surface. It makes sense because it is well known that small modifications in Si characteristics (e.g. induced by the type of dopant or its density) can have a dramatic effect on the rate of AE [15] . In our case, the electroless deposition of Ni is thermodynamically possible as the standard potential of the Ni 2+ /Ni 0 couple (-0.26 vs NHE) [51] is more positive than the self-oxidation potential of Si (-0.99 vs NHE), therefore allowing the following overall reaction: 2 Ni 2+ (l) + Si (s) + O2 (g) 2 Ni 0 (s) + SiO2 (s) (50) This is comforted by several reports by Osaka et al. that have demonstrated the feasibility of electroless plating of Ni on Si in alkaline media [50,52] . In addition, the OCP of Figure 2.17 (a) was always more positive than the Efb (Figure 2.13 (a) and Figure 2.16), which means that the electrodes at OCP during SiOx etching were in depletion regime. This indicates that, in these conditions and under illumination, the photogenerated holes are directed to the solid-electrolyte interface where they may participate in oxidation reactions. Since the oxidation potential of Ni(OH)2 is very high (>0.8 V, as shown in Figure 2.16), these holes should oxidize Ni 0 rather than Ni(OH)2, thus, the two following reactions may occur:

Ni 0 (s) + 2 OH -(l) + 2 h +  Ni II (OH)2 (s) (51) Ni 0 (s) + 2 h +  Ni 2+ (l) (52)
Taken into account the high pH in solution and the low solubility constant of Ni(OH)2 (Ks ~10 -16 ), the concentration of Ni 2+ ions in solution must be very low [53] . However, this is probably different at the photoelectrode interface. In particular, we believe that the rate of reaction (52) can be considerably increased by complexation of the Ni 2+ ions by negatively charged species such as silicates. It is known that soluble silicates and their polymers are released during the etching of SiOx [15] and Si [16] and they should accumulate in the Helmholtz layer for compensating the positive charge of the depleted Si, as shown in Figure 2.20 (a). Note that several examples of metal cations-silicate complexes, soluble in alkaline solution, have been reported in the literature [54,55] . Such a favorable local environment should enhance the rate of reaction ( 52), leading to a local enrichment of Ni 2+ ions over the uncovered surface. As soon as Si is free of oxide (at the dips in Figure 2.17 Obviously, the so-generated Si oxide is instantaneously etched and the deposited Ni 0 is oxidized. This mechanism explains the illumination dependence of AE because no hole is generated in the dark, thus, reaction (52) cannot occur, hindering the Ni electroless deposition, and, as the result, the Si surface is etched without illumination ( 2.6 Application of n-Si/Ni NPs photoanodes in a monolithic water splitting cell

In order to further prove the robustness of our strategy, our n-Si/Ni NPs photoanodes were integrated into a monolithic PEC for unbiased water splitting. For that, we coupled a low-cost commercial Si photovoltaic (PV) panel with two Si-based photoelectrodes, namely, a p-Si-based photocathode and the photoanodes described before. The photocathode was a p-Si surface covered by 5 nm of Ti (protection layer) and 1 nm of Ni layer (catalytic layer) deposited by magnetron sputtering (denoted as p-Si/Ti/Ni) [56] . Before combining all these elements as an integrated device, the n-Si/Ni was first electrochemically activated in the 1 M NaOH solution (denoted as n-Si/Ni NPsact in this section) in order to generate the catalytic Ni(OH)2-NiOOH shell (as described in section 2.3.1), then employed as the photoanode for the experiments. The characterization of both photoelectrodes was performed by AFM (Figure 2. 22 (a,c)) and XPS (Figure 2. 22 (b,d)). The latter analyses confirmed the existence of Ni, Si, and O as well as Ti for the photocathode. For the n-Si/Ni, the Ni NPs had an average height of ~50 nm. For the electrochemical analysis of the photoanode, the effect of the Ni was studied by comparing the CV responses of the photoelectrode with that of the bare photoactive Si (pink curve, Figure 2.23 (a)). This confirms that the electrode without cocat has a negligible OER activity, similar to that of the photoanode in the dark (black curve in Figure 2.23 (b)). In contrast, the activated n-Si/Ni exhibited a considerable OER performance (red curve), in good agreement with what has been previously studied (in Figure 2.23 (a-d), note that here the y-axis is in current and not current density, the surface area of all the electrodes in this section was fixed at 0.45 cm 2 ). Non-photoactive control electrodes consisting of: i) Ni NPs deposited and activated on p + -Si (p + -Si resistivity = 0.001-0.005 Ω cm, denoted p + -Si/Ni NPsact in Figure 2.23 (a), blue curve) and ii) 50 nm thick Ni sputtered on a fluorinedoped tin oxide (FTO) glass (FTO/Ni film, green curve) exhibited OER at a much more positive potential. The difference of onset potentials between photoactive and non-photoactive OER can be considered as the photovoltage and was estimated to be 0.37 V (Figure 2.23 (a)). The cathodic electrochemical characterization (Figure 2.23 (b)) involving our photocathode as well as similar control surfaces (p-Si without cocat under illumination, non-photoactive n + -Si/Ti/Ni and FTO/Ni in the dark), show that the best HER performance was indeed achieved by the p-Si/Ti/Ni photocathode that triggered HER at +0.2 V vs RHE under illumination. The photoanode and photocathode were assembled as a couple of electrodes (cathode//anode), then this pair of electrodes was studied in a two-electrode cell, as shown in Figure 2.23 (c), which revealed that water splitting starts from a bias of about 1 V and reached a light-limited photocurrent of imax = 13.4 mA, in good agreement with the results obtained for the photoanode and photocathode individually. This value of onset potential is much smaller than that obtained with all the other benchmark systems (blue and green CVs in Figure 2.23 (c)) and demonstrates the beneficial effect of the cumulated photovoltage generated at both photoelectrodes. However, these results clearly show that this system cannot split water by itself and requires an additional potential source input to do so. After the preliminary experiment with the two electrodes system (and potentiostat) under illumination, photoelectrodes were assembled on a commercial miniaturized Si solar PV panel, as indicated in Figure 2. 23 (d), to build the potentiostat-free system. Under simulated sunlight, the commercial miniaturized Si PV panel can generate a potential in this range, thus we interfaced this pair of photoelectrodes with a 4×4 cm 2 low-cost PV panel, as shown in Figure 2.24 (a). The photoelectrodes were assembled on the front side of the PV panel using epoxy resin and the PV wires connected to the photoelectrodes to the direction of irradiation. The PEC assembly was placed in a single-compartment home-made glass cell that contained the electrolyte. The photoelectrodes produced the gaseous H2 and O2 under illumination with simulated sunlight and the current flowing through the system could be measured by connecting the PEC device to a potentiostat that did not apply bias (acting as an ammeter). In our designed system, the photoelectrodes covered a part of the active surface of the PV panel, which affected its i-E characteristics, as shown in the red and pink curves in Figure 2. 23 (d). From the acquired data, the shadowing on the PV panel led to an overall maximum current decrease in the final system of ~1 mA. The stability of the device was tested during preparative-scale electrolysis under illumination. As presented in the red curve of Figure 2.24 (b), the system could electrolyze water for 7.5 h in 1 M NaOH, which is remarkable in such a Si-corrosive solution. Gas analysis was performed to determine the reaction products in the headspace (Figure 2.24 (c)), which showed that when the external electrical circuit was opened no change in the gas phase was detected, however as soon as the circuit was closed, H2 and O2 stated evolving with a quantitative ηF and the STH conversion efficiency for H2 generation was calculated (see section 1.1.2.3 for more details). [56] . [56] . The STH was studied as a function of the spot size, i.e., as a function of Plight by operating the device during 15 min of electrolysis using several spotlight sizes. We found a maximum experimental value of 1.5% at Plight = 480 mW (Figure 2.25), which corresponds to a spot diameter of ~2.5 cm. In addition, the system was tested in another electrolyte with a reduced pH (2 M potassium borate, pH = 9.6). If water splitting worked under these conditions, this electrolyte yielded considerably smaller STH as a result of the lower reactions kinetics, however, our system could be operated for more than 13 h in this electrolyte while it deactivated after 7 h in 1 M NaOH, in good agreement with what has been discussed in section 2.4.

Experimental

Reagents

Acetone (MOS electronic grade, Erbatron from Carlo Erba) and anhydrous ethanol (RSE electronic grade, Erbatron from Carlo Erba) were used without further purification. The ultrapure water had a resistivity of 18.2 MΩ cm (Purelab Classic UV). Sulfuric acid (96%, VLSI grade Selectipur) and hydrogen peroxide (30%, VLSI, Sigma-Aldrich) were purchased from BASF and Sigma Aldrich, respectively. NaOH (>98%, ACS reagent) was purchased from Sigma-Aldrich. Boric acid (>99.8%) and NiCl2, 6H2O (99.3%) were purchased from Alfa aesar.

Surface preparation

All Teflon vials and tweezers used for cleaning of silicon were previously decontaminated in 3/1 v/v concentrated H2SO4/30% H2O2 at 105 °C for 30 min, followed by copious rinsing with ultrapure water. Caution: the concentrated aqueous H2SO4/H2O2 (piranha) solution is very dangerous, particularly in contact with organic materials, and should be handled extremely carefully. The n-type (1-5 Ω cm resistivity, phosphorus-doped, double side polished, 275-325 μm) (100) silicon wafers were purchased from Siltronix. All the Si surfaces were degreased by sonication in acetone, ethanol, and ultrapure water for 10 min respectively. The surface of the wafer was cleaned in piranha solution at 105 o C for 30 min, followed by rinsing with copious amount of ultrapure water.

Electrodeposition

Before the electrodeposition of Ni on the n-Si wafer, an Ohmic contact was prepared as follows: i) the oxide layer of a clean Si wafer was removed by dipping in a diluted HF solution (5/1 v/v ultrapure water/50% aq. HF) for 2 min. Then, the hydrogenated Si (Si-H) surface was quickly dried by an Ar flow, ii) InGa eutectic (99.99%, Alfa Aesar) was applied on the top part of the wafer after scratching with a glasscutter, iii) a thin layer of Ag paste (Electron Microscopy Sciences) was painted on the InGa uniformly for covering the InGa contact. After Ag paste dried, the uncoated Si surface was dipped for 2 min in a diluted HF solution (5/1 v/v ultrapure water/50% aq. HF) and quickly dried under an Ar flow. The backside surface was then quickly covered with a hydrophobic adhesive tape (5490, 3M) to prevent electrodeposition on this side. The bare Si-H surface was immersed in the freshly prepared air-equilibrated plating solution that consisted of 20 mM NiCl2,6H2O and 0.1 M boric acid. The potentiostat used for electrodeposition was a SP 150 (Biologic). The RE was a SCE (KCl sat.), and the CE was a large platinum plate electrode that was placed in front of the WE. The electrodeposition was carried out as introduced in section 2.2. After electrodeposition, the coated surface was rinsed with ultrapure water several times and dried with Ar.

Electrode fabrication

The Ni NPs-coated Si surfaces were further processed to fabricate electrodes. First, the hydrophobic tape that covered the backside was carefully removed, and the electrical contact that was made on the top part for electrodeposition was removed by a diamond glass cutter. An Ohmic contact was then done on the backside of Si wafer by scratching the surface with a diamond glass cutter; then InGa eutectic was applied on the scratched part and a metal wire, previously inserted into a glass capillary was deposited on the scratched part. A thin silver paste layer was painted to cover the InGa eutectic contact as well as a part of the metal wire. After drying of the paste, epoxy resin (Loctite 9460, Henkel) was deposited to shield the backside and frontside of the surface except an active area comprised between 0.05 and 0.1 cm 2 , the exact geometrical value was measured using the ImageJ software for the photoelectrochemical experiments. The electrode was baked in the oven at 90 o C overnight to cure the resin.

Photoelectrochemical experiments

CV, CA, and OCP measurements were performed in a three-neck cell comprising a quartz window and gas inlets. The reference and the CE were an Hg/HgO (1M NaOH) electrode and a Pt cylinder, respectively. The cell was filled with 1 M NaOH (measured pH=13.6) that was constantly stirred and O2 gas was blown for at least 30 min before the experiments. All electrochemical experiments, including electrochemical impedance measurements and activation, were performed under stirring and in O2 saturated conditions. The Si surface, prepared as previously described, was used as working photoelectrode. The light was provided by a solar simulator (LS0106, LOT Quantum Design) equipped with an AM 1.5G filter. The power density of the light source, was measured before experiments at the position of the photoelectrode using an ILT1400 radiometer (International Light Technologies) to ensure the light power density (100 mW cm -2 ). Electrochemical measurements were performed with a Zennium potentiostat (Zahner). The potentials versus Hg/HgO were converted into potentials versus RHE using the following relation: ERHE = EHg/HgO + 0.098 + 0.059pH = EHg/HgO + 0.9004 (53) All reported potentials were intentionally not corrected by the Ohmic drop. Unless specified, the CVs and LSVs reported in this work were recorded at 100 mV s -1 and all potential values reported in the manuscript are versus RHE. The activation of the samples was always performed by applying 100 CV cycles from -0.7 V to 2 V vs Hg/HgO at 100 mV s -1 under simulated sunlight. The measurements of ηF were performed at constant potential under illumination in a Hoffman cell that comprised a quartz window and two closed graduated cylinders located respectively above the anolyte compartment (that contained the photoelectrode) and the catholyte compartment (that contained the Pt CE) [57] . The evolved O2 gas accumulated in the anolyte headspace, was measured and converted into a number of moles of evolved O2 gas using the ideal gas law. The theoretical amount of produced O2 was calculated using the charge delivered by the potentiostat during the electrolysis that was performed for 2 h at 2.9 V vs RHE and 3 h at 1.23 V vs RHE. The Mott-Schottky measurements were performed in the dark by sweeping the potential from positive to negative at 2 kHz and 1 kHz with an AC amplitude of 5 mV and 300 counts per points. The x-intercept of the linear region of the MS plot is indicative of the flatband potential Efb.

In order to check the validity of the curves obtained in Figure 2.13 (a), we calculated the doping density based on the following relation, obtained by substitution of the Mott-Schottky equation:

N (cm ) = . × ( × × ) ( × × ) (54) 
It led to NDopant values of 5 x10 15 and 1 x10 16 cm -3 for non-activated and activated photoanodes, respectively, which is in good agreement with the value of resistivity given by the wafer manufacturer (1-5 Ω cm). The electrochemical impedance spectroscopy (EIS) was recorded before activation and after activation at 1.23 V vs RHE. The frequency was varied from 120 kHz to 100 mHz with an AC amplitude of 10 mV. The fits shown in Figure 2.13 (b) were done using the fitting tool of the Thales program (Zahner).

IPCE measurements were performed with a CIMPS-QE IPCE 3 workstation (Zahner) comprising a TLS03 tunable light source controlled by a PP211 potentiostat in the same cell as the one used for classical electrochemical experiments and the applied potential was 1.23 V vs RHE. The light modulation frequency was 1 Hz, the settling time was 10 s, and the number of counts 25. The Thales software provided the spectra in photocurrent efficiency (A W -1 ) or in IPCE (%).

In order to check the validity of the IPCE measurements, the IPCE spectra shown in Figure 2.13 (c) were first converted into photocurrent density (in A W -1 ). We then used the AM 1.5G reference solar spectrum obtained from the ASTM (American Society for Testing Materials) webpage (http://rredc.nrel.gov/solar/spectra/am1.5/) in order to extract the incident power distribution as a function of the wavelength in the spectral range of our measurements. Based on these data, the incident power was converted into a photocurrent distribution that was integrated to finally obtain the value of photocurrent densities under AM 1.5G simulated sunlight at 1.23 V. The ABPE has been determined by Eqn (31) with Plight being the power input (100 mW cm -2 ).

Surface characterizations

SEM was performed using a JSM 7100F (JEOL). SEM picture analysis was performed using the ImageJ software. AFM images were acquired on a NT-MDT Ntegra microscope in semi-contact mode with FM tips (resonance frequency around 60 kHz). The images were treated and analyzed with the opensource Gwyddion software. The value of NPs diameters was determined by the Gaussian fits, which were based on about 800 values extracted from ImageJ analysis. The values and the confidence intervals of NP heights are the average values and standard deviations, respectively, calculated using 23 (AFM) and 22 (SEM) measurements.

XPS measurements were performed with an Mg Kalpha (hν = 1254.6 eV) X-ray source and an Al source (hn = 1486.6 eV) using a VSW HA100 photoelectron spectrometer with a hemispherical photoelectron analyzer, working at an energy pass of 20 eV for survey and resolved spectra. The experimental resolution was 1.0 eV. C 1s set at 284.8 eV is used as the energy reference for all the analyses. The samples used for TEM observations were prepared as follows: first, Si nanospikes were fabricated following the simple two-step procedure that we recently reported (on the same wafer as for all other experiments) [58] , the Ni electrodeposition was performed as described in section 2.7.3 and these surfaces were processed to fabricate electrodes as described in section 2.7.4. In case of the activated samples shown in Figure 2. 11 (c,d), the surfaces were then cycled with 100 CV cycles as indicated in section 1.5. Prior to TEM, a drop of ethanol was applied on the surface, which was then scrubbed with a razor blade in order to detach the nanospikes. A droplet of the so created suspension was applied on a TEM grid that was dried and used for imaging. TEM was performed using a JEOL 2100 LaB6 microscope operating at 200 kV equipped with a GATAN Orius 200D CCD camera for diffraction and Bright Field (BF) image acquisition and with a GATAN UltraScan 1000 CCD camera for highresolution image acquisition. XAS were collected at the SAMBA beamline of SOLEIL with a ring energy of 2.75 GeV and a current of 430 mA. The energy was monochromatized by means of a Si 220 double crystal monochromator. The incoming photon intensity was monitored using a N2/He-filled ionization chamber and the data were collected as fluorescence spectra using a 36-pixels Ge detector (Canberra) with a 45° outgoing angle. Each sample was measured for about 2 hours, so as to record spectra with a good enough signal/noise ratio. The data collected were normalized to the intensity of the incoming incident energy (measured in an ionization chamber ahead of the interaction point) and processed with the Athena software from the IFEFFIT package. An E0 value of 8333.8 eV was used for nickel and edge energies were measured considering the first inflection point. Linear combination fittings were carried out using the Athena software on an energy range from 8320 to 8370 eV.

Conclusions

We have reported on high-performance Si-based photoanodes, fabricated by a simple low-cost process only involving the aqueous electrodeposition of Ni NPs on n-Si. Despite the notorious instability of Si in aqueous solutions and the fact that the Ni covers a very small part of the Si surface, these electrodes show striking performance for OER in alkaline electrolytes. We have presented a deep investigation of the photoelectrochemical activation, which, by generating a high-activity Ni(OH)2-NiOOH catalytic shell around the Ni NPs, considerably improves the photoanode performance for OER in alkaline media. Also, we have studied the stability of these surfaces in operation and in unbiased conditions. While the stability of operating photoanodes can be understood by anodic passivation, we showed that the stability at OCP is dependent on illumination. Our findings allowed to propose a mechanism, based on the electroless deposition, explaining the resistance towards AE. Besides, we have shown that such photoanodes can be integrated into a monolithic PEC that can trigger water splitting under simulated sunlight only. The behavior of these photoelectrodes is highly intriguing and breaks with the common protection strategies based on conformal thin films. It thus opens up new opportunities that might lead to breakthrough advances in the field of the photoelectrode protection.

Chapter 3. Structured black Si for improved light absorption: application as a photoanode

Introduction

In the previous chapter, we have demonstrated OER on planar n-Si photoanodes with electrodeposited Ni NPs as cocat for extracting the minority carriers from the semiconductor to the solid/liquid interface [1,2] . Our system did not employ a protection layer; however, its performance and stability were excellent under biased as well as unbiased conditions. The planar n-Si/Ni system described in the previous chapter will be used as a reference system for the following chapters that will integrate a higher degree of complexity in terms of structure or different cocats. In this chapter, we will explore the effect of improved light absorption with the aim of achieving enhanced performance. Indeed, the high reflection of light by the planar Si surface [3] is a crucial drawback for the light absorption for Si-based devices (see section 1.2.3), therefore an anti-reflective surface is often desired. It is known that enhanced light absorption can arise from nano-and microstructured Si surfaces that induce respectively a smooth transition of refractive index or multiple internal reflections. In this context, top-down micro-and nanostructuration of mono-or polycrystalline Si surfaces are highly appealing for both boosting photon absorption and enlarging electrochemically active surface areas while conserving the properties of bulk Si. The fabrication of structured and highly absorbing Si, referred as black Si (BSi), is, therefore, a very active research topic in materials with applications for renewable energy and photonics and also, as recently demonstrated, for designing efficient surfaceenhanced Raman scattering (SERS) surfaces or biomimetic antibacterial materials.

Because cocats are always essential for enhancing the kinetics of the charge transfer, combining structured Si with efficient cocats is a promising strategy for designing advanced OER photoanodes. There are only a few chemical procedures for Si structuration. Among them, a specific method, which is called MACE (presented in section 1.2.3.3) [4][5][6] , has been applied to produce highly light-absorbing surfaces. However, this process involves the use of metal coatings that can potentially contaminate the Si. Due to this drawback and the low performance of the so-prepared photoelectrodes for water splitting [7][8][9][10][11][12][13][14] , we adopted a two-step low-cost and metal-free etching process previously reported by our group [15] ; which involves: i) photoelectrochemical etching (PEE) in an ethanol-based electrolyte, followed by ii) AE of Si in alkaline conditions (details in section 1.2.3.3, reaction (45)). Due to the matte black color of the prepared surface, the so etched Si surface is referred to as BSi. Ni NPs were then deposited on BSi, by the electrodeposition method described in Chapter 2. Furthermore, considering the importance of Fe atoms in the cocat (discussed in section 1.2.2), we deposited an additive NiFe alloy layer selectively onto the Ni NPs, leading to BSi/Ni/NiFe photoelectrodes. In this chapter, I will present the two-step etching process, the selective electrodeposition of the cocat, the characterization, the optical and photoelectrochemical properties of the so prepared photoelectrodes.

Structuration of the planar structure to BSi

In this section, the planar Si is converted into a highly anti-reflective surface via a two-step process (PEE followed by AE) and the cocat is deposited on the structured Si. Figure 3.1 depicts the whole process of preparation of BSi. The structuration process does not require specific device nor vacuum, however, it is fast (less than 10 minutes) and produces a porous Si structure with spike features. After that, the Ni NPs are deposited on the BSi spikes (BSi/Ni), in addition, a catalytic NiFe is deposited on the Ni NPs electrodeposition after a thermal oxidation of the BSi/Ni surface. 

PEE of n-Si for preliminary structuration

The preparation of porous silicon by electrochemical etching has been widely studied and employed to generate a wide diversity of structures with different pore sizes on p-type and highly doped Si substrates [16] . However, n-type Si with moderate doping, which is of interest for photoanode applications, cannot be structured by simple electrochemical etching. The use of illumination (i.e. PEE) was suggested by Grüning and Lehmann [17,18] , Lau and Parker [19] , and Gösele et al. [20] to overcome the lack of holes in the n-type Si for its electrochemical oxidation. [20] . Photogenerated holes etch and hydrogenate the Si surface. In this case, because the holes are generated on the backside of the surface they will preferentially etch the bottom of the pores.

In particular, this process has been widely employed with a backside illumination because it leads to well-organized arrays of macropores that can reach a high-aspect ratio, as shown in Figure 3.2. In PEE, photogenerated holes transferred from backside to solid-liquid interface, then transferred holes react with Si at the solid-liquid interface and generate soluble SiF6 2-species, as in the following reaction: Si(s) + 6 HF (aq) + 2 h + → SiF6 2-(aq) + H2(g) + 4 H + (aq) (55) PEE exhibits several useful properties: i) the etching rate is dependent on the photogenerated minority charge carrier concentration (and therefore on the light intensity) [21] , ii) the etching process can be monitored by the current flow in the electrical circuit [21] , iii) the applied bias allows to etch the Si as a microporous structure using photogenerated h + . [15] .

In contrast to the traditional backside illumination, our PEE of Si was carried out at the front side, which leads more randomly porous Si etching than backside illumination because photogenerated h + reacted at the surface directly. For this process, the home-made PEE cell (with a O-ring diameter of 1 cm) that we used is shown in Figure 3.3 (a). For convenience, the Si was illuminated through the electrolyte using a solar simulator positioned above the cell. In this cell, an ethanol electrolyte containing HF was used for triggering the reaction (55) at a current of 0.1 A for 5 min. When the Si underwent PEE, its structure changes to that shown by SEM images in Figure 3.3 (b,c). The surface of Si is partially dissolved, which creates the macroporous structure consisting of pores aligned in the [100] direction having a length of ~50 µm and spaced by 1-2 µm [15] . These pores are covered by a ~10 µm-thick porous Si crust, referred to as the transitional layer, which is known to be generated during the nucleation of the pores. A closer investigation of the top-crust (Figure 3.3 (b)) and the inner cavity of the macropores, shown in Figure 3.3 (c), revealed that they were both filled with a micro-/mesoporous layer, as previously reported in other works employing PEE of similarly doped n-Si with a frontside illumination configuration [15,22,23] .

AE of Si after PEE

After PEE, the Si surface was bright yellow as shown in Figure 3.4 (b), due to the light scattering caused by the micro-/mesoporous crust. Thus, as based on a previous study from our group, AE was applied directly after PEE for the further etching of the surface and produce the BSi. The scheme of AE is shown in Figure 3.4 depending on etching time [15] , and consists in immersed the porous Si in a highly concentrated hot (80 °C) KOH solution (8.9 M and 2 vol % of isopropanol). This process removes the micro-/mesoporous layer rapidly and etches the hollow pores, which leads to their opening and sharpening the Si as spikes. After the AE, the remained parts are vertically aligned spikes, which is illustrated in Figure 3.5 (a) for different AE times. As shown in Figure 3.5 (b), AE affects strongly the optical properties of the substrate. From 0 to 1 min, it induces a considerable increase in light absorption which, then, vanishes after 1 min due to the loss of the roughness and aspect ratio. This figure shows that for reaching the maximum light absorption, it is important to optimize the time of this process. [15] . (b)

Photographs showing the temporal evolution of the Si surface appearance [15] .

Figure 3.5 SEM images showing the morphology of BSi after different AE times [15] . (a-c) 1 -2 min. (d) Reflectance spectra of BSi as a function of the AE time [15] .

Based on the previously optimized conditions [15] , BSi was prepared using an etching time of 1 min, leading to the structure as shown in Figure 3.7 (a, c)).

Deposition of Ni/NiFe cocats on BSi

Ni/NiFe electrodeposition on BSi spikes

After preparing BSi, The Ni NPs were deposited on the BSi spikes as a catalytic coating. Before Ni NPs electrodeposition, a back electrical contact was established (section 3.6.4) and BSi was freshly hydrogenated in a HF solution containing ethanol (allowing the penetration of the solution within the porous structure) in order to remove oxide layer on the BSi. The electrodeposition of Ni NPs was carried out on the freshly-hydrogenated BSi by applying -1.5 V vs SCE for 4 s in an electrolyte that consisted of 0.1 M NiCl2 and 0.1 M boric acid. This step led to the decoration of BSi spikes with dispersed Ni NPs. The surfaces were observed by SEM and systematically discarded when the BSi structure or the Ni coating was not homogeneous. The role of these NPs is to generate an array of robust nanoscale Schottky junctions, promoting an efficient hole transfer across the n-Si/Ni and Ni/electrolyte interface as well as a high photovoltage for sunlight-assisted OER, caused by the pinchoff effect [24][25][26] . In addition, considering that NiFe alloys are currently among the best OER electrocatalysts [27] , and that Fe incorporation improved OER kinetics in n-Si/Ni photoanodes (see section 2.3.2), we have decided to coat the Ni NPs with a NiFe catalytic layer by a secondary aqueous electrodeposition step. To do so, the BSi/Ni surfaces were first thermally oxidized after the first electrodeposition step by placing them into an oven at 90°C for 1 h, in order to generate a SiOx layer onto the unprotected Si surface (red color in Figure 3.1). The presence of this electrically-passivating layer ensures the electrodeposition of the NiFe coating only on the Ni NPs by preventing the deposition on the BSi, as shown in Figure 3.1. The electrodeposition of NiFe alloys was performed by employing a current density of -2 mA cm -2 in an aqueous electrolyte containing Ni (NiSO4), Fe (FeSO4) salts at a 10/1 molar ratio and boric acid. The typical current densities recorded for Ni and NiFe electrodeposition are shown in Figure 3.6. For the thin outer layer of NiFe on NPs, NiFe was deposited at -2 mA cm -2 for 1 s. After the second electrodeposition, the BSi spikes were decorated as the BSi/Ni/NiFe (Figure 3.7 (b, d))

Morphological characterization of BSi/Ni/NiFe

SEM images were obtained before and after electrodeposition in order to characterize the coatings. Cross-section, top, and tilted images of SEM (Figure 3.7 (a-d)) confirmed the presence of randomlydispersed Ni/NiFe NPs on the walls of the BSi pores at the bottom and on the spikes. As it can be seen in Figure 3.7 (b, d), the electric field distribution as well as the diffusion of the metal precursor induced that most of electrodeposition occurred at the spikes. However, bottom parts were also covered by electrodeposited Ni/NiFe NPs. To investigate the morphology of the Ni/NiFe NPs, TEM was performed after scratching the BSi/Ni/NiFe to detach some spikes that could be transferred on a TEM grid. The TEM allowed to obtain a clear morphological characterization of the BSi/Ni/NiFe nanoscale Schottky junctions (Figure 3.7 (b, d) insets). As shown in these figures, the metal particles were hemispherical with diameters below 100 nm [28] . 

Chemical characterization of BSi/Ni/NiFe surfaces

The chemical composition of the BSi/Ni/NiFe was investigated by employing several methods. First, scanning transmission electron microscopy coupled with Energy dispersive x-ray spectroscopy (STEM-EDS) mapping, performed on a BSi area containing 2 isolated NPs (Figure 3.8 (a)), confirmed the presence of Si in the substrate (red signal in Figure 3.8 (b)) and Ni in the NPs (blue signal in Figure 3.8 (c)). However, Fe mapping shown in Figure 3.8 (d) was not fully conclusive. Although its presence could be discerned for the largest NP, it was not possible to observe it for the smallest NP. XPS (survey spectra are shown in Figure 3.9) confirmed the presence of the two metals after surface modification, as revealed by the appearance of two Ni 2p3/2 peaks at 851.9 and 855.8 eV (Figure 3.8 (e)), corresponding respectively to Ni 0 and oxidized Ni which was generated during the thermal annealing before NiFe deposition, as well as the Fe 2p3/2 peak (Figure 3.8 (f)) at 710.8 eV. The analysis of these two regions allowed to estimate a Ni/Fe ratio of 13 ± 5, a stoichiometry that fits well with those reported for highlyefficient OER-active Ni1-xFexOOH materials [29,30] . This oxyhydroxide species is the known OER-active phase for NiFe mixed oxides, that is electrochemically generated at the OER potential (see section 1.2.2.2) [25,31] . The successful electrodeposition of NiFe on the surface was further confirmed by XANES (Figure 3.8 (g)), which showed no signal at the Fe K-edge after the first electrodeposition step but clearly exhibited an edge at E0=7124 eV after the second electrodeposition step. These results confirm that our preparation method is effective to modify BSi surface by Ni/NiFe NPs. Next, the optical and photoelectrochemical properties of so prepared surfaces will be studied.

Optical and photoelectrochemical properties of BSi/Ni/NiFe

The total reflectance of the surfaces was measured using an integrating sphere in order to quantify the light-trapping ability of our surfaces (Figure 3.10 (a)). The comparison between the reflectance spectrum obtained for planar Si (purple curve) and that measured for BSi (green curve) shows a considerable reflectance decrease caused by the multiple internal reflections of the incident light within the porous structure. In addition, it is interesting to note that the modification with the Ni/NiFe NPs (red curve) did not affect significantly the reflectance of the BSi, that remained below 10% in the visible range. The surface was tested for OER in 1 M NaOH (measured pH = 13.6), as shown by the CVs of Figure 3.10 (b). In the dark, no photoresponse could be obtained (black curve). In contrast, high photocurrents densities (calculated based on the geometrically-determined macroscopic electrode area) were recorded under illumination with simulated sunlight (AM 1.5G, 100 mW cm -2 , red curve).

In contrast, the bare BSi surface failed to promote OER, as shown by the CV obtained under illumination with such a surface (green curve in Figure 3.10 (b)). The photoelectrochemical measurements obtained for 10 independent electrodes (Table 3.1) allowed calculation of benchmark values of jmax = 23.8 ± 0.8 mA cm -2 , j1.23V = 4.3 ± 0.8 mA cm -2 . Photocurrent spectroscopy, recorded with a BSi/Ni/NiFe at +2 V, revealed that the IPCE (red curve in Figure 3.10 (b)) is comprised between 50 and 68 % in the visible range. The integrated value of the photocurrent spectrum (purple curve in Figure 3.10 (b)) obtained by using the IPCE and the AM 1.5G solar spectrum is in good agreement (22.8 mA cm -2 ) with the value obtained by cyclic voltammetry at the same potential, confirming the validity of our measurements. An optical detection system was employed to measure the quantity of produced O2 during a 30 min-long preparative electrolysis (red curve in Figure 3.10 (d)). This measurement, which was performed under illumination, confirmed that O2 was produced when the BSi/Ni/NiFe photoanode was biased at +2 V (t = 15 min). Its production ceased immediately when the polarization was stopped (t = 45 min), and the O2 concentration remained constant for additional 15 min which demonstrates that O2 was generated only from the photoanode. The calculated production rate is 220.6 mmol h -1 cm -2 . Based on the electrical charge consumed during this experiment (the CA is shown in Figure 3.11), we calculated the theoretical amount of O2, that is plotted as purple disks in Figure 3.10 (d). Taking into account the experimental and the theoretical numbers of mole of O2, we calculated a ηF of 96%. The stability of a photoanode was tested by a prolonged electrolysis test at +2 V in 1 M NaOH (Figure 3.10 (e)), which revealed that OER could be performed over 16 h with a rather slow degradation of the electrode, less than 25% decrease in the initial photocurrent at the end of the test. The performance of our BSi photoanodes is compared with that of other reported systems based on structured n-type Si (Table 3.2). Note that, in this table, we have deliberately omitted the electrodes based on a Si buried junction (e.g. np + -Si), that require additional fabrication steps and fall outside the scope of the present study. From that table, it can be observed that our method is the only one that does not imply the use of a conformal protection layer (such as ALD TiO2), and that is entirely based on a low-cost method. Also interestingly, we can also notice that our operation time is the highest that has been reported so far for protection-free structured photoanodes and that the performance we obtained, in terms of j1.23V and operation time, is higher than that reported for BSi using an ALDdeposited TiO2 protection layer (Table 3.2). 24 h this study [36] 3.6 Experimental

Materials and reagents

Acetone (MOS electronic grade, Erbatron from Carlo Erba) and anhydrous ethanol (RSE electronic grade, Erbatron from Carlo Erba) were used without further purification for cleaning the silicon surfaces. The ultrapure water had a resistivity of 18.2 MΩ cm (Purelab Classic UV from Veolia Water STI). HF (50% aq. solution), NaOH (>98%, ACS reagent) and 2-propanol (anhydrous, 99.5%) were purchased from Sigma-Aldrich. KOH (pellets for analysis, ≥85%) was purchased from Merck. The n-type silicon wafers (1-5 Ω cm resistivity, phosphorus doped, double side polished, 280 µm thickness, (100)) were purchased from University Wafer. The chemicals used for the cleaning of the Teflon vials were sulfuric acid (96%, VLSI grade Selectipur, BASF) and hydrogen peroxide (30%, VLSI, Sigma-Aldrich). The absolute anhydrous ethanol used for PEE was purchased from Carlo Erba. NiCl2•6H2O (99.3%, metals basis, crystalline) and boric acid (99.8%), from Alfa Aesar, were used for the electrodeposition of Ni nanoparticles (NPs). NiSO4•7H2O (for analysis) and FeSO4•7H2O (99.5% for analysis) used for the electrodeposition of the NiFe outer layer were purchased from Acros.

Surface preparation

All Teflon vials and tweezers used for cleaning of silicon were previously decontaminated in freshly prepared 3/1 v/v conc. H2SO4/ 30% H2O2 at 105 °C for 30 min, followed by copious rinsing with ultrapure water. Caution: the concentrated aqueous H2SO4/H2O2 (piranha) solution is hazardous, particularly in contact with organic materials, and should be handled extremely carefully. The n-type silicon (100) wafers were cut in 1.6 x 4.8 cm 2 and degreased by sonication (10 min) in acetone, ethanol, and ultrapure water in Teflon vials. The surfaces were then cleaned in 3/1 v/v conc. H2SO4/30% H2O2 at 105 o C for 30 min, followed by copious rinsing with ultrapure water. They were then dried under an Ar stream.

3.6.3 BSi preparation process 1.6 x 1.6 cm 2 Si pieces were cut, one side of the Si surface was scratched using a diamond glass cutter to create trenches in the native oxide layer. For the PEE, the surfaces were inserted into a homemade open-top O-ring cell (the diameter of the O-ring was 1 cm). The electrical contact was achieved by pressing aluminum foil between the scratched Si surface and a copper plate. A Pt ring (1 cm diameter) was used as the CE and placed above the silicon surface. The cell was filled with 4 mL of the electrolyte solution that contained absolute ethanol and 50% aq. HF at a 1/1 v/v ratio. The Si surface was irradiated from the electrolyte side with a solar simulator (LS0106, LOT Quantum Design) equipped with an AM 1.5 G filter and a power of 100 mW cm -2 . A current of 0.1 A was applied for 5 min on the n-Si surface with a LAB-SMP (ET System) power supply. During the PEE, the current flowing through the cell was monitored using a Keithley 2000 and recorded on a computer via a homemade Labview program. The surface was then copiously rinsed with absolute ethanol and dried under an Ar flow. 50 mL of AE solution was freshly prepared by dissolving 25 g of KOH in water/isopropanol (2 vol %) mixture. This solution was maintained at 80 o C and vigorously stirred (350 rpm) in a Pyrex beaker. After PEE, the porous Si surface was thoroughly rinsed with ethanol, dried under an Ar stream and was directly exposed to the AE solution for 50 s. After that, it was immersed and stirred in a beaker filled with ultrapure water in order to stop the etching and finally dried with Ar.

Electrode fabrication

For photoelectrochemical characterization, BSi surfaces were processed to fabricate electrodes. An Ohmic contact was established on the backside of BSi surface with a metal wire by first scrubbing the surface with a diamond glass cutter and then applying a droplet of InGa eutectic. A layer of silver paste was then deposited on the contact. After drying of the silver paste, the metal wire was inserted in a glass capillary, and the active electrode area (0.08 to 0.16 cm 2 ) was defined on the front side with an epoxy-based resin (Loctite 9460, Henkel) that also covered all the back of the BSi surface and a part of the glass capillary in order to ensure a proper shielding of the Ohmic contact. The electrode was then placed in the oven for overnight at 90 °C to cure the resin.

Electrodeposition of cocats on BSi

Before electrodeposition, the electrode was prepared for the removal of the native Si oxide layer that formed during the baking in the oven. Oxidized Si surface was freshly hydrogenated by dipping for 2 min in 5/1 v/v ultrapure water/50% aq. HF and rinsed with absolute ethanol, then it was dried under an Ar flow. The bare Si-H surface was immersed in the freshly prepared Ni plating solution that was composed of 0.1 M boric acid and 0.1 M NiCl2•6H2O in ultrapure water. For the electrodeposition, a 50 mL beaker served as a cell, the electrolyte was not de-aerated and the electrolyte was not stirred. The CE was a Pt plate and the RE was a SCE. The Ni electrodeposition was done potentiostatically by applying -1.5 V vs SCE during 4 s (Figure 3.6 (a)). After electrodeposition of Ni core NPs, the surface was rinsed with ultrapure water and dried under Ar flow. After drying, those electrodes were put in the oven (Froilabo, Air performance) for 1 h at 90 o C. After thermal oxidation of Si, the NiFe was selectively electrodeposited on the Ni NPs. The NiFe shell electrodeposition solution consisted of 1.11 M NiSO4•7H2O, 0.11 M FeSO4•7H2O, and 0.49 M boric acid, which was degassed with Ar overnight. Electrodeposition was done by applying a current density of -2 mA cm -2 for 1 s to generate the BSi Ni/NiFe electrode (Figure 3.6 (b)), which was finally rinsed with water and dried with Ar.

Photoelectrochemical measurements

All the photoelectrochemical measurements were carried out as indicated in chapter 2.

Faradaic efficiency measurement

The amount of produced O2 was measured using an optical detection system (Neofox-kit-patch, Ocean Optics). The fluorescent patch was fixed inside the headspace of the anolyte compartment. The cell, entirely sealed with a septum and silicone resin, was degassed by bubbling Ar for at least 30 min using metal needles. During degassing, the photoanode was anodically protected from AE by applying a potential of 0 V vs Hg/HgO under illumination, which is sufficient to oxidize Si to SiOx and avoid deleterious AE that may occur at the OCP, but is not anodic enough to evolve O2. During the electrolysis (+2 V vs RHE, stirred electrolyte), evolved O2 accumulated in the anolyte headspace and was measured in-situ by the detection system. To calculate the quantity of evolved O2 n , , the O2% value given by the sensor was converted in the number of moles using the perfect gas law. The consumed charge Q (6.86 C, Figure 3.11) delivered during the preparative electrolysis was used to calculate the theoretical value of produced O2 (n , ) as follows:

n , = (56) 
The ηF was then determined using the following relation:

η = , , × 100 (%) (57) 
3.6.8 Surface characterization SEM was performed using a JSM 7100F (JEOL). SEM picture analysis was performed using the ImageJ software. TEM and STEM were performed with a JEM 2100 LaB6 (JEOL) equipped with a Silicon Drift Detector (SDD) -X-Max (Oxford Instruments) and the AZtec software to perform EDS.

XPS measurements were performed with a Mg Kalpha (hn = 1254.6 eV) X-ray source using a VSW HA100 photoelectron spectrometer with a hemispherical photoelectron analyzer, working at an energy pass of 20 eV for survey and resolved spectra. The experimental resolution was 1.0 eV. C1s set at 284.8 eV was used as the energy reference for all the analyses. XAS were collected at the SAMBA beamline of SOLEIL with a ring energy of 2.75 GeV and a current of 450 mA. The energy was monochromatized by means of a Si 220 double crystal monochromator. The incoming photon intensity was monitored using an N2/He-filled ionization chamber and the data were collected as fluorescence spectra using a 36-pixels Ge detector (Canberra) with a 45° outgoing angle. Each sample was measured for about 2 hours to obtain spectra with a good signal/noise ratio. The data collected were normalized to the intensity of the incoming incident energy (measured in an ionization chamber ahead of the interaction point) and processed with the Athena software from the IFEFFIT package. An E0 value of 7112 eV was used for iron and edge energies were measured considering the first inflection point. The surface reflectance spectra were acquired on a Shimadzu UV-3600Plus spectrophotometer with an integrating sphere (ISR-603). A sample of extra pure BaSO4 was used as the 100% reflectance reference (Nacalai Tesque). A Teflon mask was used to perform the measurement and ensure good reproducibility. The total reflectance was measured with an incident beam with an angle of 8° to include the specular component.

Conclusion

We started from a simple reference system and then moved to a more complex system. In this chapter, a new strategy based on simple and low-cost wet methods was implemented to manufacture BSibased photoanodes. The light-trapping n-type BSi substrate was prepared by a fast (less than 10 min) two-step technique, and then covered by Ni/NiFe NPs using aqueous electrodeposition. In this system, the Ni cores generated an effective pinched-off heterogeneous junction with n-Si [24,28] and the NiFe thin layer promoted high OER kinetics. These photoanodes could operate for more than 16 h, producing O2 at high rates with a quasi-quantitative Faradaic efficiency. To date, this was the first example reported of BSi OER photoanode with a preparation only based on simple wet methods. In addition, these results demonstrate that the stabilization of n-Si by electroplated Ni NPs, which was reported for planar Si (100), is also effective on structured n-Si. It is interesting to point out that BSi absorbs the light efficiently compared to planar structure, however, the measured light-limited photocurrent density is lower than that of planar Si. The jmax of planar Si was 27.9 ± 3.9 mA cm -2 , while that of BSi/Ni/NiFe was 23.8 ± 0.8 mA cm -2 . Such a result could be explained by a recombination rate of electron-hole pairs higher in the BSi structure. In the following chapter, a less absorbing but more efficient microstructure was fabricated, enabling to reach higher photocurrent densities.

Chapter 4. Extension to another catalytic system (Fe)

Introduction

In this chapter, we employed n-Si/Fe as the main junction to trigger OER. Indeed, recent reports by our group [1,2] and others [3][4][5] , have demonstrated that aqueous electrodeposition of transition Ni NPs on n-Si is effective to prepare inhomogeneous Si/metal Schottky junctions that can be further employed as stable Si-based photoanodes without protection layer. This type of photoanode has been reported, so far, for n-Si/Ni (Chapters 1, section 1.2.3.4 and Chapter 2) [1][2][3][4][5] and n-Si/Co (see section 1.2.3.4) [6] junctions and it has been recently shown that the performance of these systems can be enhanced by using an additional catalytic shell, typically a (oxy)hydroxide (Chapters 2, Ni(OH)2-NiOOH) [1,7] or a metallic coating (Chapters 3, Ni/NiFe) [8,9] , over the NPs.

This chapter started from a question: "Why Fe is only used for the supporting cocat instead of main cocat? Can Fe be used as main cocat?". Even though there were several reports at the beginning stage of photoelectrochemical water splitting [10,11] , and recent report [12] about the junction between n-Si/SiOx/FeOx; those were prepared by e-beam evaporation [10] , sputtering [11] and simulation [12] respectively. Those previous reports were homogeneous junctions with a conformal layer of FeOx. In contrast, in this chapter, the inhomogeneous n-Si/Fe junctions were established by randomly dispersed Fe 0 NPs using aqueous electrodeposition and were applied for the photoelectrochemical OER; which was never explored before. Because this unique phenomenon has never been investigated before the report from our group, this Chapter was published as the first academic report about inhomogeneous n-Si/Fe Schottky junction [13] . We systematically studied various parameters such as the Si coverage, the electrolyte composition as well as the Si structuration and we show that n-Si/Fe electrodes can oxidize water efficiently with high Faradaic and photoconversion efficiencies and remarkable stability at moderately alkaline pH.

Preparation Fe NPs on planar and micropyramidal Si

As discussed in Chapter 1, planar Si structure reflects lights which typically makes the photoanode less efficient (details in section 1.2.3.1). In Chapter 3, n-Si was etched by two-step process for the fabrication of the n-Si surfaces as BSi. However, despite the high absorbance, due to the high density of defects in this structure, the jmax was far lower than our expectation. In this chapter, Si surfaces were prepared as planar and micropyramidal structures (these will be referred as n-Siplanar and n-SimPy, respectively in this Chapter) and Fe NPs electrodeposition was carried out with an aqueous electrolyte. The n-Siplanar was commercially purchased and n-SimPy was prepared by AE. When AE (reaction 45) is applied on planar Si, because of the different dissolution rates of the Si facets (see section 1.2.3.3), the remained n-Si consists of pyramids with Si (111) facets (Figure 4.1 (a, b)). At the first stage of research, the Si wafer that used for Ni/NiFe [8] was adopted for the Fe NPs, however, because of the high resistivity of wafer, the Fe NPs were not deposited properly on the surface; therefore, a wafer with a lower resistivity was adopted (from 1-5 Ω•cm to 0.3-0.7 Ω•cm). In addition, because of the instability of Fe salts dissolved in water, we started the research with FeSO4, that was quickly changed to Mohr's salt ((NH4)2Fe(SO4)2, which is particularly stable to oxidation [14] . Because the etching rate of Si facets against to alkaline condition, more Si (111) plane remains (details in section 1.2.3.

3). (b) Top view SEM picture

showing an etched pyramidal structure consisting of Si ( 111) [15] .

After optimization of the method, the Fe NPs were successfully deposited on the n-Siplanar. The modification was done at -1.5 V vs SCE from a slightly acidic solution (pH = 4.4) containing (NH4)2Fe(SO4)2 (a typical CA curve is shown in Figure S4.2).

Optical and chemical characterization of the surfaces

The optical properties of Si surfaces were measured before and after the structuration. The optical properties of planar and micropyramidal structures are composed of planar crystalline facets [16][17][18] , ensuring a low density of surface defects with respect to other types of structured Si (i.e. black Si or Si nanowires) [8,19] . As shown by the reflectance spectra of Figure 4.2 (a), light absorption is enhanced on n-SimPy in the 300-1050 nm range, which should be beneficial in terms of photoelectrochemical properties provided that the additionally-absorbed photons are effectively employed for OER. XPS (Figure 4.2 (b)) recorded before (n-Siplanar) and after 2 s of Fe electrodeposition (n-Siplanar/Fe(2s)), confirmed the presence of the expected elements, namely, Si, Fe and O. The oxygen originates from SiOx and the outermost part of the Fe electrodeposits which are covered by a native oxide/hydroxide shell [20] , in good agreement with what is observed in the Fe 2p region of the XPS spectrum (Figure 4.3). The peak around 724 eV corresponds to Fe 3p1/2.

Morphological analysis of Fe NPs deposited on Si

TEM allowed visualizing the junction (Figure 4.4 (a, c)). These images, together with the localized EDS (Figure 4.4 (b)) confirmed the XPS results by clearly revealing that the Si was covered by a ~2 nm-thick SiOx layer and that Fe, deposited in the form of NPs, consisted of a Fe 0 metal NPs shielded by an oxide/hydroxide shell having a thickness in the range of 10 to 20 nm. The presence of a higher O to Fe ratio in the shell with respect to the NP core is clear from the localized EDS spectra. The influence of the electrodeposition time (tedep) was analyzed by SEM. As shown in Figure 4.5 and 4.6, tedep was found to influence both the Fe NPs size and the Si coverage for the two types of substrates. The geometrical coverage surface (determined on n-Siplanar) varied from 5% for tedep = 0.5 s to 43% for tedep = 5 s as shown in Figure 4.7 (a-e). As shown in Figure 4.6 (a-d), Fe NPs were also deposited on n-SimPy in the range of 2 ~ 5 s and showed similar trends in terms of particle size and coverage. The n-Siplanar/Fe electrodes prepared with tedep varying from 0 to 5 s (it will be referred in the following sections as n-Siplanar/Fe(tedep)) were first investigated for OER in 1 M NaOH. As shown in Figure 4.8, all electrodes had negligible anodic activity in the dark (dark current density < 0.1 mA cm -2 ). Under illumination, the photoanodes exhibited large photocurrents under AM 1.5G simulated sunlight, demonstrating their clear OER activity trend. The trend of photoelectrochemical performance of the electrodes was CV (Figure 4.9 (a)) and their stability was tested at 2 V vs RHE (Figure 4.9 (b)). The CV analysis showed the inactivity of the uncoated n-Siplanar/Fe(0s) electrode for OER (black CV), which underwent electrical passivation by the formation of a dense SiOx layer during anodic polarization. Besides, it revealed a peculiar behavior for the two extreme electrodeposition times: 0.5 and 5 s (yellow and purple CVs). Indeed, n-Siplanar/Fe(0.5s) deactivated rapidly, as shown by the photocurrent decay during the voltammetry and n-Siplanar/Fe(5s) exhibited the most anodic onset potential (Eonset, arbitrary set for j = 200 μA cm -2 ) of 1.36 V. The other photoelectrodes exhibited Eonset relatively close to the standard potential (E 0 ) of the O2/H2O redox couple, that is, (E 0 O2/H2O = 1.23 V vs RHE); 1.18 ± 0.01 V vs RHE for n-Siplanar/Fe(1s), Fe(1.5s) and Fe(2s)) and 1.26 V vs RHE for n-Siplanar/Fe(3s) (Figure 4.10). The Vph was estimated to 0.43 V by comparing the Eonset obtained on photoactive n-Siplanar/Fe(2s) (green CV) with the one recorded on non-photoactive p + -Siplanar/Fe recorded in the dark (grey CV). The jmax were strongly dependent on tedep, which can be easily understood by considering the dependence of light absorption by the n-Si substrate with the surface coverage (Figure 4.9 (b)). Moreover, stability (Figure 4.9 (b)) was also dependent on tedep. It is also interesting to note that, in certain cases, CA measurements revealed an increase in j during OER, noticeable for n-Siplanar/Fe(2s) (green CA) and n-Siplanar/Fe(5s) (purple CA) and more abrupt for n-Siplanar/Fe(3s) (orange CA). This phenomenon is likely caused by a chemical or physical evolution of the Fe coating during OER, affecting the light transmission through the Fe coating. The Figure 4.9 (c) gathers the jmax and the stability time (t, defined as the time required to reach 80% of jmax) as a function of tedep. These plots show that, except for Siplanar/Fe(0.5s) whose instability is such that jmax cannot be reached during the CV cycle (yellow CV in Figure 4.9 (a)), jmax decreases with increasing tedep because of the reduced light absorption by Si. However, stability is improved with higher surface coverage (Figure 4.9 (c)). These trends are in very good agreement with that previously reported on n-Siplanar/Ni systems [2] . These results suggest the electrodeposition time of 2 s as a good tradeoff between activity and stability, which will be used in the following. The incident photon-to-current efficiency (IPCE) spectrum of n-Siplanar/Fe(2s), recorded at 2 V vs RHE (Figure 4.9 (d)) is in good agreement with the CA data and presents a maximum conversion efficiency of ~60 % between 500 and 850 nm. After these photoelectrochemical properties measurements of n-Siplanar/Fe, n-SimPy/Fe electrodes were also investigated (Figure 4.11). n-SimPy/Fe surfaces prepared with different tedep were also tested for OER and their CV studies showed that tedep had the same influence on jmax as for n-Siplanar/Fe surfaces. In Figure 4.11 it is shown that the lower coverage of Fe NPs on n-SimPy (n-SimPy/Fe(2s), black curve) produced a higher photocurrent density (calculated based on the geometrically-determined macroscopic electrode area) than that of higher coverage (n-SimPy/Fe(3s), red curve and n-SimPy/Fe(5s), blue curve) due to the blockage of photon absorption, note that, here, the increase of the electrochemically-active surface area is not, a priori, a relevant explanation because in all case the same light flux hits the surface regardless of its structure. Because tedep of 2 s for n-Siplanar/Fe and n-SimPy/Fe showed satisfying performance, these electrodes were chosen for the investigating their photoelectrochemical properties in the less corrosive electrolyte, that will be discussed in the following section.

Photoelectrochemical properties at moderate pH

The electrolyte was then replaced by a moderately alkaline K-borate/Li-borate buffer (pH = 9.6). The CV recorded for n-Siplanar/Fe(2s) at pH 9.6 is shown as the black curve in Figure 4.12 (a) and revealed slightly lower performances when compared to the CV obtained at pH 13.6 (green CV, Figure 4.9 (a)), as shown by a higher onset potential of 1.39 V. The comparison between the CV obtained on the photoactive n-Siplanar/Fe(2s) and the nonphotoactive p + -Siplanar/Fe (grey CV) allows estimating a Vph value of 0.39 V, relatively close to the one previously determined in 1 M NaOH. However, long term electrolysis (Figure 4.12 (b)) shows that this medium affords unprecedented operation durations >130 h. Such a remarkable electrolyte effect has been previously reported in the case of vapor-phase deposited Ni thin film and was attributed to an inhibition of the volume expansion of the Ni(OH)2 catalytic phase by the Li + ions [21] . If a similar phenomenon probably also occurs on the Fe(OH)2 at the outer part of the NPs, it can also be hypothesized that the lower pH helps to promote photoanode integrity by decreasing the chemical etching of Si, SiOx [22] , and the catalyst. The quantity of produced O2 was determined by an optical detection system during a 30 min-long preparative electrolysis (Figure 4.12 (d)) at 2.3 V in the K-borate/Li-borate buffer. This analysis confirmed that the reaction product was O2 with a production rate of 189.7 μmol h -1 cm -2 . The theoretical number of mole of O2 was calculated based on the electrical charge that was consumed during the electrolysis (Figure 4.13) and is plotted as red circles in Figure 4.12 (d). Comparison of the theoretical and experimental values revealed a quantitative ηF. Overall, n-SimPy provided higher performance (Eonset = 1.24 V and jmax = 34 mA cm -2 ), as it can be observed by comparing the CVs and the IPCE spectra recorded on n-SimPy/Fe(2s) and n-Siplanar/Fe(2s). This improvement is also observed in 1 M NaOH (and Figure 4.9 (a)) and is explained by the enhanced absorption of photons by the micropyramidal arrays, which are converted to holes and employed effectively for the OER reaction. Eleven hours-long electrolyzes at 2.3 V vs RHE were performed on three independently prepared n-SimPy/Fe(2s) electrodes (Figure 4.12 (e)). The averaged j (36 mA cm -2 ) obtained from CA was in good agreement with the jmax value of the CVs (34 mA cm -2 ) and the integrated photocurrent derived from the IPCE curve (35 mA cm -2 , Figure 4.12 (c), top blue curve), showing the good reproducibility of our method.

Characterization after operation

Finally, the chemical composition and the morphology of the electrodes was investigated after electrolysis. SEM images acquired on n-Siplanar/Fe(2s) surfaces that were used for 3 h in 1 M NaOH, was used for 130 h electrolysis in K-borate/Li-borate buffer (Figure 4. 14 (a,b)) demonstrate that, in all the cases, the Si surface morphology was preserved from AE. This implies that a robust interface between the Si absorber and the NPs is generated during Fe electrodeposition. SEM also indicates that more Fe NPs maintained on the Si substrate in the K-borate/Li-borate buffer and that the surface of Fe NPs etched during operation in NaOH, which could be the reason for the electrochemical deactivation (Figure 4.9 (b), Figure 4.14left column). It is notable that the n-Siplanar/Fe(2s) after 130 h preserved the Fe NPs and non-etched Si surface (Figure 4.14right column). The oxidation state of the outermost part of the Fe NPs was analyzed by comparing the Fe 2p region on the XPS spectra recorded before and after electrolysis in both media (Figure 4.3). Both revealed both disappearance of the Fe 0 2p3/2 characteristic peak at 706.5 eV [20] and the persistency of the oxidized Fe at 710.8 eV after electrolysis [23] . 

Surface preparation

The cleaning process of Si was carried out in the same method as introduced previous Chapters.

Silicon pyramids preparation

A Si piece was cut by 2 x 3 cm 2 rectangles. The Si piece was immersed at 105 °C in an etching solution consisting of 2.5 wt% KOH and 5 vol% of 2-propanol which was stirred with a small magnetic stirrer at 1000 rpm for 50 min. After the etching, Si was rinsed with a copious amount of ultrapure water and dried under an Ar flow.

Electrodeposition

Before electrodeposition, the native Si oxide of 1 x 1.5 cm 2 wafer piece was removed by dipping for 2 min in 5/1 v/v ultrapure water/50% aq. HF, then it was dried under an Ar flow. An Ohmic contact was established on the top of the Si surface by scratching it and applying a droplet of InGa eutectic and a layer of silver paste. The backside of the surface was covered with hydrophobic tape (3M 5490 HD). The surface was partially immersed into the Fe electrolyte and the electrical contact with the potentiostat (SP 150, Biologic) was done outside the electrolyte with a crocodile clip. A SCE was used as a RE and a Pt plate was used as a CE. The electrodeposition was done by applying -1.5 V for times ranging from 0.5 to 5 s. The electrodeposition on p + -Si was done at the same potential and was stopped when the charge equaled the one consumed for n-Si/Fe(2s).

Electrode fabrication

For the n-Siplanar/Fe, the process for the electrode fabrication is same as introduced in Chapter 2. For the n-SimPy electrodes, it was prepared by a two-step process. The backside of the electrode was cured with the resin in the oven for 1 h, then the micropyramidal frontside was partially covered with the resin but cured in the air overnight to avoid the penetration of the melt resin within the pyramids. The active surface area of all electrodes was determined using the ImageJ software.

Photoelectrochemical measurements

The CV was performed in a homemade two-neck photoelectrochemical (PEC) cell comprising a quartz window, a porous glass bridge separating the anodic and cathodic compartments and a Pt cylinder used as a CE. A Hg/HgO electrode was used as the RE in the 1 M NaOH solution and SCE was used as the RE in the K-borate/Li-borate solution. The cell was filled with the electrolyte and the Si/Fe electrode was disposed in front of the quartz window and used as a WE. The light was provided by a solar simulator (LS0106, LOT Quantum Design) equipped with an AM 1.5G filter. The power intensity of the light source, where the photoanode was located, was set to 100 mW cm -2 using an ILT1400 radiometer (International Light Technologies). The potentials versus SCE were converted into potentials versus reversible hydrogen electrode (RHE) using the following equations: ERHE = ESCE + 0.244 + 0.059pH = ESCE + 0.810 (measured pH = 9.6) (58) All reported potentials were intentionally not corrected by the Ohmic drop. Unless specified, the CVs reported in this work were recorded at 100 mV s -1 and, unless specified, all potential values reported in the manuscript are versus RHE. Electrochemical measurements were performed with a Zennium potentiostat (Zahner) and a potentiostat SP-150 (Biologic). IPCE measurements were performed with a CIMPS-QE IPCE 3 workstation (Zahner) comprising a TLS03 tunable light source controlled by a PP211 potentiostat in the same cell as the one used for classical electrochemical experiments. The applied potentials were 2 V vs RHE in NaOH solution and 2.3 V vs RHE in K-borate/Li-borate solution. The light modulation frequency was 1 Hz, the settling time was 10 s and the number of counts 25. The Thales software provided the spectra in photocurrent efficiency (A/W) or IPCE (%). In order to check the validity of the IPCE measurements, the IPCE spectra were first converted into photocurrent density (in A/W). We then used the AM 1.5G reference solar spectrum obtained from the ASTM (American Society for Testing Materials) webpage (http://rredc.nrel.gov/solar/spectra/am1.5/) in order extract the incident power distribution as a function of the wavelength in the spectral range of our measurements.

Faradaic efficiency measurement

For measuring the amount of produced O2 and the Faradaic efficiency, the cell was sealed with a silicone resin (CAF 4, Elkem) with a fluorescent patch inside of the headspace of anolyte compartment for the O2 detection. Two needles perforating a septum were used as gas inlet and outlet for degassing the anolyte compartment that contained the WE: n-Siplanar/Fe(2s) and the RE: SCE. The catholyte compartment that contained a Pt-cylinder CE was appropriately sealed. The K-borate/Li-borate solution was degassed with Ar for 1 h. During the electrolysis (+2.3 V vs RHE), evolved O2 accumulated in the anolyte headspace and was measured the in-situ Neofox-kit-probe oxygen measurement system. To calculate the quantity of evolved O2 (nO2,prod), the O2% value given by the sensor was converted in the number of moles using the perfect gas law. The consumed charge Q (3.72 C, Figure 4.13) delivered during the preparative electrolysis was used to calculate the theoretical value of produced O2 and the calculation of ηF was carried by eqn ( 56) and (57).

Surface characterization

The measurements of SEM, XPS, TEM, EDS and total reflectance are same as introduced in the previous chapter. The cross-section sample was first thinned using a tripod to approximately 20 µm and a final polishing was performed by ion milling with a Fischione ion mill model 1010.

Conclusion

To conclude, distinguished from previous trends of research in Ni, Co, and their alloys, we reported that Fe NPs generated through cathodic electrodeposition onto Si which can promote hole transfer from the Si absorber to the electrolyte for achieving OER under solar illumination at alkaline pH. We have shown that NP coverage is crucial for performance, as it strongly affects photocurrent density and stability. We have also shown the importance of the electrolyte pH for that system, which can drastically improve the operation time. In particular, we reported that replacing the 1 M NaOH solution (pH 13.6) by a mixed K-borate/Li-borate buffer (pH 9.6) allowed to impressively improve the operation time from 4 h to more than 130 h, which is among the longest time reported for this type of n-Si-based photoanode (Table S4.1). Finally, we have highlighted the importance of the Si structuration by demonstrating a ~40% enhancement of the maximum photocurrent density when employing micropyramidal n-Si, allowing to reach state-of-the-art photocurrent densities when compared with similar systems (the performance comparison for several reported electrodes are shown in Table S4.1). In addition to providing a new (buried-junction and protection-layer-free) photoanode entirely based on abundant materials and low-cost methods, these results generalize the recent research reported on pinched-off n-Si/Co [6] and n-Si/Ni [1,3] inhomogeneous junctions by showing that other catalyticallyactive transition metals can be electrodeposited on n-Si. Until now, the wet low-cost electrodeposition technique was applied to the planar and/or structured n-Si to produce randomly-dispersed metal NPs. In the next chapter, we will prepare structured catalytic metal nanowires on n-Si using a specific technique which allows the tuning and customizing of semiconductor/metal Schottky junction.

Chapter 5. Precise customization of nanoscale Schottky junctions at n-Si photoanodes

Introduction

The previous Chapters were focusing on the structuration of Si and deposition of OER cocats with, in particular, Ni and Fe electrodeposition. This low-cost strategy [1] triggers the deposition of randomly dispersed transition metal nanoparticles (M NPs) from an aqueous solution onto n-Si to prepare inhomogeneous n-Si/M NPs Schottky junctions (where M = Ni [2][3][4][5] , Co [6,7] and Fe [8] ). Such modified surfaces can then be directly employed as stable photoanodes (typically >10 h [9] and >300 h [10] at pH ~14 and ~9, respectively) without a protective conformal layer. This low-cost wet process is effective in granting an inhomogeneous Schottky junction on the Si surface with high effective barrier heights [11] , however, the geometrical properties of these nanoscale Schottky junctions have a low degree of control because the NPs are randomly dispersed on the surface as described in the previous chapters (Figure 5.1 (a)). These photoanodes are described as inhomogeneous junctions operating in the "pinch-off" regime, as described in section 1.1.1.2. Herein, a mixed contact is established between n-Si and i) a low Schottky barrier height (SB,m) region, and ii) a high barrier height (SB,h) region (see section 2.3.1). Although it has been demonstrated that the low barrier height region is imposed by the metal contact through Fermi level pinning [12] , the nature of the high barrier contact (n-Si/SiOx [13] , n-Si/M(OH)2 [10] , n-Si/MOOH [14] or n-Si/MOx [3] ) is still under debate in the literature. It has been shown that when the characteristic size of the M NP is comparable or smaller than the depletion width (WSC ~10-1000 nm), the distinct regions are no longer behaving as parallel contacts and the minority carriers experience a high effective barrier height (SB,eff) (Figure 5.1 (b)). Therefore, the precise control over the size, the spacing and the number of metal cocat should be very important for the photoelectrochemical properties of the photoanode. Pinch-off is extremely beneficial because it takes advantage of the SB,h contact to generate a high photovoltage and the SB,m contact to create a low resistance pathway for photogenerated minority carriers, which are readily injected at the catalytic surface for OER (Figure 5.1 (a)). In terms of photoelectrochemistry, the NW geometry is particularly interesting, because according to Tung, is expected to promote pinch-off [15] .

In this Chapter, we employed a unique technique for preparing metal nanowires (M NWs, M=Ni, Co and Fe) by electrodeposition, which allows the nanoscale Schottky junctions to be customized. The method is called "Lithographically Patterned Nanowire Electrodeposition (LPNE)", which was developed by Penner et al. [16][17][18][19] in 2006 which allows the specifically deposit M NWs, typically on insulating surfaces (glass slide, most of the time). Using LPNE method, the morphologies and geometrical features of deposited metal can be controlled, which means that the manipulation of inhomogeneous Schottky junction can be customizable.

Here, we used this technique for the first time on photoactive n-Si. The design of the photoresist (PR) template created by photolithography, the geometrical features and spacing of M NWs can be variously designed. Using LPNE method, it is now available to designing nanoscale Schottky junctions for the photoanode, with a high degree of customized Schottky junctions with catalytic M NWs on n-Si. This Chapter will introduce how LPNE method designed the M NWs on the n-Si for the investigation of possibility of nanoscale Schottky junction customization, and the extension catalytic M NWs to other transition metals. conduction band energy as a function of the position in n-Si in the pinch-off regime; the scheme is adapted from the report from Lewis et al [20] . The φSB,m is barrier height at the metal contact, the φSB,h is the high barrier height, and φSB,eff is the effective barrier height which controls the photoanode photovoltage.

LPNE for electrode preparation

The scheme of the LPNE process is depicted in Figure 5.2, a process that combines the advantages of photolithography, which provides the control over the structuration of the array at the micrometer scale; and the advantages of electrochemistry, which provides the fine-tuning of the dimension of each nanostructure at the nanoscale, in a parallel manner. To the best of our knowledge, LPNE has not been previously used on photoactive Si and such a geometry, even if it has been predicted promising [15] , has never been employed for water splitting. 

Effect of the NWs distance

The photoelectrochemical activity of n-Si/Ni NWs surfaces was then studied by voltammetry in 1 M NaOH, as shown in Figure 5.5 (a). In the dark, the anodic activity was negligible (black curves), however, the four surfaces exhibited intense anodic photocurrents under simulated sunlight (1 sun). The photoelectrochemical features of the n-Si/Ni NWs photoanodes are in good agreement with those described for conventional inhomogeneous n-Si/Ni photoanodes [9,13] . For instance, n-Si/Ni NWs are subject to a gradual improvement of the performance during sequential CVs (Figure S5.2) caused by the oxidation of the Ni surface to Ni(OH)2-NiOOH during the activation [9,14] , as we previously discussed in section 2.3. Unless specified, in the following sections, all voltammetry curves correspond to the 30 th CV cycle. The comparison of OER activity for the 4 surfaces is shown by the colored curves of Figure 5.5 (a), which reveal that d does not significantly influence on the jmax which has a value of ~33 mA cm -2 , close to the jmax = 31 mA cm -2 obtained by using the IPCE spectrum recorded at 2 V vs RHE in 1 M NaOH (Figure S5.

3).

A surprising result is that the higher d value did not result in a decrease of the onset potential, which is contradictive with a high barrier height region). Besides, Figure 5.5 (a-d) show that the OER onset potential increases with d, confirming the fact that a too low density of Ni NWs is detrimental to OER performance. Therefore, it suggests that φSB,eff of d = 10 μm is higher than that of d = 96 μm. Although qualitatively, this activity trend was supported by dark/light OCP measurements performed in an aqueous solution containing the Fe III (CN)6 3-/ Fe II (CN)6 4-redox species (Figure 5.6). The results, compiled in Figure 5.5 (c) show that, in these conditions, Vph varies from 426 to 392 mV with d ranging from 10 to 96 µm. However, it has a meaningful influence on the photoelectrochemical reaction kinetics. Indeed, the OER slope decreases with the increasing d. If this cannot be clearly explained, we are currently performing further investigations by computation to understand this trend through a collaboration with physicists. Another interesting feature is the quasi-reversible wave that occurs before OER, which is shown in Figure 5.5 (b) for four n-Si/Ni NWs photoanodes manufactured with different d values (30 th CV cycle). This wave corresponds to the Ni III OOH/Ni II (OH)2 redox wave [21,22] and its magnitude relates to the number of n-Si/Ni NWs on the surface. Figure 5.5 (d) plots the anodic charge (integrated below the forward scan peak) (QNi) as a function of the Ni geometrical area (ANi), calculated using the previously determined geometrical parameters.

This plot shows a linear correlation between these two parameters (R² = 0.982), highlighting the good agreement between the photoelectrochemical and the characterization data. The slope of the linear fit gives a charge density of 3.9 ± 0.2 mC cm -2 , which agrees well with what was determined on a 100 nm-thick planar Ni film (4.4 mC cm -2 ) activated in similar conditions (Figure S5.4). The fact that the best performance (Figure 5.5 (a)) as well as the highest Vph (Figure 5.5 (c)) is measured for the lowest d value is very interesting. Indeed, as discussed in the introduction section, increasing the number of Ni NW per electrode should result in the increase of the number of low barrier height contacts (Figure 5.1 (b)). Thus, in a first approximation, it should induce a decrease of фSB,eff correlated to a decrease of the photoanode performance, which is opposite to what we have measured. Actually, this counterintuitive phenomenon may find an explanation if one considers that the high barrier height contact is not correlated with the metal catalysts, but a part of the Ni NWs themselves, as it would be the case for a φSB,h contact established between n-Si and an oxide-based element of the outer part of the Ni NWs (e.g. Ni(OH)2, NiOx or NiOOH), which is supported by the experimental data of Figure 5.5 (b, c) and recent reports [6,14] . As shown in Figure 5.5 (e), this surface can operate in a Li/K borate buffer solution at 2.3 V vs RHE for 12 h without losing its performance, delivering an average photocurrent density of 31 mA cm -2 , which is very close to the jmax value (33 mA cm -2 ) determined from the LSVs of Figure 5.5 (a). These results show that our approach allows for manufacturing stable OER n-Si based photoanodes with high control over the Ni catalyst geometry and distance; that this last parameter influences the photoelectrochemical performances, next, we will discuss the effect of the electrodeposition charge. The origin of this charge-specific nucleation of these NPs is still unclear and is currently under investigation in our lab. The OER performances of the surfaces were compared with the photoanodes fabricated by different Qedep values. The corresponding CVs recorded under illumination are shown in Figure 5.7 (d), for Qedep = 1-30 mC (colored CVs, 30 th CV cycle) and the first 4 CV cycles for Qedep = 0 mC (black CV). The latter is a control sample that underwent the same preparation process but not the Ni electrodeposition step (Figure 5.2, step (2)). This measurement shows an absence of OER response which demonstrates the absolute necessity of Ni and that the activity does not originate from deleterious surface modification or impurities linked to the preparation process. The three colored CVs reveal that Qedep has a strong influence on the OER. In particular, increasing Qedep decreased jmax by 23% that varied from 34.1 to 26.1 mA cm -2 (at E = 2.9 V vs RHE). This variation can be easily understood by considering the influence of the metal surface coverage on the light absorption by the n-Si substrate as discussed in Chapter 4 (n-Si/Fe NPs, surface coverage by NPs). Indeed, fewer photons are absorbed for high Ni coverage, which decreases jmax, in good agreement with what has been recently reported for other inhomogeneous n-Si/M photoanodes [2,8] . The n-Si/Ni NWs photoanode presenting the best OER kinetics in the low overpotential region was that obtained with Qedep = 3 mC, which is probably the consequence of an improved n-Si/Ni NW interface resulting in a lower resistance at the nanoscale Schottky junction, that is beneficial for the overall photoanode's photoelectrochemical performance. Overall, these results show that the precise control of Qedep allows the manipulation of the morphology of the Ni cocats on n-Si, and it can be conveniently tuned with the electrodeposition charge.

Effect of the NWs width

Extension to other catalytic M NWs: Co and Fe

We now illustrate the versatility of the method in terms of eligibility of the catalytic transition metals NWs. For that, we employed the templates that produced to the best OER photoanodes (PR stripes distance and width = d = 10 µm) and used them for the electrodeposition of Co and Fe NWs. In addition to Ni, these two materials were chosen because they are also cheap promising OER catalysts in the form of randomly-dispersed NPs which are known to yield efficient catalytic inhomogeneous n-Si/M NPs Schottky junctions [6][7][8] . The left panels of The OER activity of n-Si/M NWs surfaces and their stability was then investigated by imposing 30 sequential CV cycles in the same conditions as before. Figure 5.8 (d,e) show the CV recorded on n-Si/Co NWs and n-Si/Fe NWs, respectively. Herein, the black CVs demonstrate the absence of anodic response in the dark and that both surfaces exhibited a considerable photoanodic response under simulated sunlight with current densities in the order of 10 mA cm -2 . The n-Si/Co NWs photoanode had good stability, as revealed by the sustainable photoelectrochemical signal recorded over the 30 cycles (Figure 5.8 (d), pink curve). Contrariwise, n-Si/Fe NWs yielded poor stability as revealed by the sequential decrease of the electrochemical signal during cycling (Figure 5.8 (e), blue curve).

Conclusion

Consequently, we have proposed an electrodeposition approach for customization of inhomogeneous n-Si/M NWs Schottky junctions. This method allows unprecedented tailoring of the geometrical parameters of the nanoscale metal contacts (Ni, Co, and Fe), which acts as hole collectors as well as catalytic sites for the photoelectrochemical reaction. Our measurements reveal that the photoelectrochemistry of the n-Si/M NWs photoanodes exhibits a strong dependence on the composition of the nanoscale contacts, their morphology as well as their respective spacing. In particular, with regards to pinch-off, our results are consistent with a high φSB,eff region originating from the contact between n-Si and a metal oxide or oxyhydroxide phase present on the NWs. We do think that this method has the potential to bring important insights since geometry control at the nanoscale is a crucial aspect of inhomogeneous pinched-off photoanodes. Shortly, it may allow opening new doors in the development of cheap and efficient solar-to-fuel conversion photoelectrodes. n-Siplanar/Ni 14 32 1.08 7 [5] n-Siplanar/Ni/Co 14 37 1.02 n.c. n-BSi b /Ni/NiFe 13.6 24 1.12 8.5 [8] n-Siplanar c /Fe 13.6 20 1.19 4 [13] n-Siplanar/Fe 9.6 24 1.29 128 [13] n-SimPy/Fe 9.6 34 1.25 >11 [13] ALD n-Siplanar/Fe2O3 13.8 31 ~1.1 n.c. [24] n + n-SiNW d /Fe2O3 13.8 42.5 ~1 n.c.

[24]

a Edep = electrodeposited, b BSi = Black Si, c the results reported for this work were obtained for an electrodeposition time of 2 s, d SiNW = Si nanowires, e measured arbitrarily at 200 μA cm -2 , f tstab = stability in operation (unless specified, defined here as the time needed to reach 80 % of jmax) 
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 I Figure I. Current energy production from renewable energy and expected future energy production until 2050,US Energy Information Administration (EIA), annual energy outlook 2020[7] . The unit of Y-axis is billion kilowatthours.
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 11 Semiconductor basics 1.1.1.1 Introduction to semiconductors Generally speaking, materials can be categorized into three groups that are: the conductors, the semiconductors and the insulators.

Figure 1 .

 1 Figure1.1 Graphical scheme of the energy levels from one atom to bulk atoms[11] .

Figure 1 . 2

 12 Figure 1.2 Graphical scheme of the three groups of materials. Metals have overlapped energy bands, semiconductors have a small bandgap, and insulators have a large bandgap.

Figure 1 . 3 A

 13 Figure 1.3 A Band diagram of intrinsic (pure) semiconductor[14] . Fermi level is in the middle of the bandgap (midgap).

Figure 1 .

 1 Figure 1.5 (a) Band diagram of p-type Si and its holes. Dashed line near EV is the Fermi level of p-type semiconductor. Arrows in (b, c) show the charge movement[14] . The impurity atom takes the electron and creates a hole at the arrow in (c).

  Figure 1.5 (a), dashed line) whereas EF of n-type semiconductor relocates above the intrinsic EF (Figure 1.6 (a), dashed line) due to the additional electrons.

Figure 1 .

 1 Figure 1.6 (a) Band diagram of n-type Si and its electrons. Dashed line near Ec is the Fermi level of n-type semiconductor. (b, c) show the movement of free electrons[14] . The semiconductor lattice has an electron donor atom. This additional ionized electron makes the semiconductor an n-type material.

Figure 1 . 7

 17 Figure 1.7 Energy band diagrams of metal and n-type semiconductor contacts. Where Evac is vacuum energy, Ec is energy of conduction band minimum, Ev is energy of valence band maximum, EF,s is Fermi level of semiconductor, EF,m is Fermi level of metal, φSB,m is Schottky barrier height, фm is metal work function, фs issemiconductor work function, фBB is the magnitude of band bending, and χs is electron affinity of the semiconductor[20] .

Figure 1 . 8

 18 Figure 1.8 Inhomogeneous barrier heights diagram of semiconductor, showing the difference of partial SBH. A pinch-off effect region shows 0.3 eV difference in barrier height and showing pinched-off SBH[19] .

Figure 1 . 9

 19 Figure 1.9 Diameter of the depletion layer as a function of the size of metal disk; (a) 0.03, (b) 0.1, (c) 0.3, and(d) 1 μm[20] . The dashed line presents the bulk SBH of semiconductor/metal interface model.

Figure 1 .

 1 Figure 1.11 A conventional PEC energy diagram for a semiconductor working electrode (WE) and a metal CE.фH,s is the potential difference across the Helmholtz layer at the WE surface to the bulk electrolyte, фH,m is the potential difference across the Helmholtz layer at metal CE surface to the bulk electrolyte, фR is the energy of redox couple in the electrolyte respect to the vacuum level (in this figure, H2/H + ), IE is the ionization energy, and are constants for a given material. The фBB depends on the distance from the surface[31] .

  Figure 1.15 (a)), excluding the situation where charge transfer occurs via surface states (Figure 1.15 (b)) or via minority carrier injection from the electrolyte (Figure 1.15 (c)).

Figure 1 .

 1 Figure 1.15 Energy band diagrams of charge transfer at n-type semiconductor. (a) electron transfer from the conduction band, (b) from surface states (ESS) and (c) injection of holes from the electrolyte into the valenceband[40] .

Figure 1 .

 1 Figure 1.16 Scheme of different types of PECs. (a) A regenerative PEC. The light is converted into electric powerwith a regenerative redox couple, (b) PECs for water splitting into hydrogen fuel and oxygen through light energy conversion[45] .

Figure 1 .

 1 Figure 1.17 Integrated value of ASTM AM1.5G which corresponds to 1 Sun (100 mW cm -2 ).

Figure 1 .

 1 Figure 1.18 Band diagrams of semiconductors in the depletion regime under illumination. Dotted/dashed lines are energy levels under illumination, whereas full lines are in the dark. (a) n-type semiconductor, (b) p-type semiconductor.

Figure 1 .

 1 Figure 1.20 (a) Theoretical maximum photocurrent densities of semiconductors as a function of their bandgap. The curve is obtained from ASTM G173-03, AM1.5G solar spectrum. Green arrows indicate the border of visiblelight wavelength[51] . (b) Theoretical limits of STH conversion efficiency in terms of bandgap[52] .

Figure 1 .

 1 Figure 1.20 (a) shows the effect of Eg on the theoretical maximum photocurrent density and Figure 1.20 (b) shows its effect on STH efficiency. These predictions made only from optical parameters depict the clear role of bandgap on the efficiency. The actual STH efficiencies are lower than those theoretically predicted due to various parameters. The standard equation defining the STH efficiency in operation under 1 Sun is given by:

Figure 1 .

 1 Figure 1.23 IPCE obtained for np + -Si/SiOx/NiFe photoanode biased at 1.85 V vs RHE in 1 M KOH[55] .

Figure 1 .

 1 Figure 1.26 OER mechanisms under alkaline conditions. Reprinted from Li et al [63] . (a) M represents the active site of metal catalyst. OER involves the metal oxyhydroxide (M-OOH, red arrows) formation or direct discharge of oxygen from metal oxide (MO, dark yellow dotted arrows). (b) Gibbs free energy plots of intermediates of OER steps. The real and ideal catalysts are shown by purple and red lines respectively, at three different potentials (applied potential at 0, 1.23, and more than 1.23 V). The dashed lines illustrate a thermochemical barrier which disappears under potential bias. In Figure 1.26 (b), if the catalyst is ideal, the Gibbs free energies for each step are equal (ΔG1 = ΔG2 = ΔG3= ΔG4); however, for a real catalyst, the free energies for each step are different (ΔG3> ΔG1 = ΔG2> ΔG4, Figure 1.26 (b)).

Figure 1 .

 1 Figure 1.27 Overpotentials (η) measured after 2 h at 10 mA cm -2 of various OER catalysts under alkaline (1 MNaOH) or acid (1 M H2SO4) conditions. Adopted from Jaramillo et al[68] .

Figure 1 .

 1 Figure 1.29 Scheme of possible pathway of electron transfer of Ni that generates an O-O bond. OH -ions participate in all the charge transfer steps. The reaction started from the initial state ([Ni II -OH] -), electron transfer occurs at E o'1 and E o'2 . E o'1 and E o'2 are linked by the step for O-O bond formation. The bond-forming step (kapp,1) leads to Ni IV -OO due to the slowness of the bond breakage in [Ni II (OOH)] -[86] .

  Figure 1.30 Scheme of different oxidation states of NiFe alloys built from in situ XAS measurements carried out in 0.1 M KOH solution[88] . The OER reaction starts from Ni 2+ Fe 3+ . When the applied potential is above 1.4 V, the oxidation of Ni 2+ to Ni +3/+4 occurs. Generally, NiOOH and Ni/Fe(OxHy) have an oxidation state that is lower than +4. During the 1 st oxidation step (shown in green), a discharge of OH -from the alloy leads to a vacant site for oxygen. The abundant OH -ions adsorb to the vacant site of metal again, and increase the oxidation state. In the 2 nd step, further oxidation of Ni yields Ni 4+ . When the charge is redistributed from O 2p to Ni 3d, a partial O oxidation occurs and the oxidation state of Ni and O changed (Ni +4-δ and O -2+δ in figure). This important step occurring before the O-O bond formation which takes place in a stable state and the metal oxidation step is correlated to this step.

Figure 1 .

 1 Figure 1.31 Different examples of protection layers of Si photoanodes. (a) TiO2 layer[93] (the Ni serves as a catalyst), (b) Al2O3 layer[94] (the Fe2O3 serves as a dual absorbing and catalytic layer), (c) CoOx/NiOx protection and catalytic layer[95] , and (d) ZrO2 layer (the NiFe serves as a catalyst)[96] . All the layers were deposited by ALD for the protection of Si.

Figure 1 .

 1 Figure 1.32 Si structuration for efficient light absorption. (a) Si nanopores[105] , (b) Si nanowires[106] (inset: optical photograph of the Si nanowires), and (c) Si nanopyramids[107] are prepared by MACE.

Figure 1 .

 1 Figure 1.33 Scanning electron microscope (SEM) images of Co islands electrodeposited on n-Si(100)[115] .Electrodeposition charge: (a) 10 mC cm -2 and (b) 200 mC cm -2 .

Figure 1 .

 1 Figure 1.34 Photoelectrochemical performances of the electrodes reported by Switzer et al. (a) Linear sweep voltammograms of illuminated (1 Sun, red color) and dark (black color) n-Si/SiOx/Co/CoOOH, and dark p + -Si/SiOx/Co/CoOOH (blue color). (b) Calculated photovoltage with a Schottky barrier height of 0.61 eV considering homogeneous n-Si/Co junction (black color) and experimentally measured photovoltage (redcolor)[115] 

Figure 1 .

 1 Figure 1.35 Scheme of junctions with different Schottky barrier heights of n-Si/SiOx/Co/CoOOH. (a) A model of an epitaxial n-Si/CoSi2 Schottky junction with a 0.61 eV barrier height[116] . (b) Electrodeposited thick Co layer with homogeneous junction and its comparably lower barrier height (0.74 eV) than thin Co islands. (c) Electrodeposited Co islands with inhomogeneous Schottky junctions with larger barrier heights (0.91 eV)[115] .

  Figure 1.36 Electrodeposited Ni NPs on unprotected n-Si [117] . (a) CV curves showing the decrease of OER photocurrent densities with the Ni coverage: from 5 s electrodeposition (red curve) to 60 s dense coverage (purple curve). SEM images of Ni NPs-modified Si with Ni electrodeposited for (b) 5 s, (c) 20 s and (d) 60 s.

Figure 1 .

 1 Figure 1.38 (a) Scheme of the fabrication process of Si microwires by lithography. (b) SEM image of fabricated Si microwires arrays. Inset: top view of the microwires arrays[103] .

Figure 1 .

 1 Figure 1.40 Linear sweep voltammograms for metal electrodeposition from a metal cation solution without (i1)and with (i2) suppressor additive[46] . Δη is the overpotential difference caused by the presence of the additive.

  Figure1.41 TEM images obtained from Cu electrodeposition on Pt electrode[126] . The electrolyte was 0.1 M CuSO4 + 0.18 M H2SO4. (a) Electrodeposition current is 400 nA. (b) Current of 75 nA for 10 s/zero current for 10 s repeated after an initial cleaning for 15 s. (c) Electrodeposition in the presence of PbSO4 as an additive in the same electrolyte. A current of 300 nA was applied for 10 s/zero current for 10 s repeatedly. The calculated growth rates are (a) 55 nm s -1 , (b) 1.3 nm s -1 and (c) 14 nm s -1 .

Figure 1 .

 1 Figure 1.41 (a, b) depicts the morphology of a Cu deposit on Pt during the electrodeposition process at different growth rates. As shown in Figure1.41 (b), a slower growth rate yielded a more uniform layer compared to the deposited layer at a higher rate. In addition, Figure1.41 (c) shows the effects of an additive on the morphology of the electrodeposited metal. The concentration of electroactive ions also influences the rate of the electrodeposition process, for example, the deposition of metal from a diluted solution usually produces a uniform layer due to its slower rate of electrodeposition[127] .Also, the pretreatment of the surface may influence the deposition process in the initial stage. This is especially true for polishing because surface roughness can play an important role in the plating. Under some specific conditions, i.e. oxide-free surface and crystal structure, the thickness can be varied by 10 μm[46] . A flat polished surface influences the homogeneity of the electric field which is

  Figure 2.1 (a) and 0.1 M at Figure 2.3 (a)).

Figure 2 .

 2 Figure 2.1 (a) Ni NPs deposited from 20 mM of NiCl2 and 20 mM boric acid. (b) Binary image of (a) that was generated by the freeware ImageJ for surface coverage analysis. (c) Corresponding particle size distribution extracted from (b).

Figure 2 . 2

 22 Figure 2.2 Typical chronoamperometry (CA) curves obtained during Ni electrodeposition on n-Si at -1.5 V vs SCE from 20 mM of NiCl2 and 0.1 M of Boric acid.As discussed in section 1.3.1, because of the importance of the additives, low concentration of boric acid was not suitable for the electrodeposition process. The diameter of Ni NPs deposited from a solution containing 20 mM of NiCl2 and 20 mM of boric acid was calculated using a freeware ImageJ (Figure2.1 (b, c)). The particle size distribution was erratic (30 nm to 400 nm) with a maximum of 130 nm and a too large size distribution (Figure2.1 (c)). Due to the uncontrollable and undesired Ni NPs

  Figure 2.3 (d) and Figure S2.2).

Figure 2 .

 2 Figure 2.3 (a) SEM top view showing the surface of a Ni NPs-coated photoanode. (b) Corresponding TEM crosssectional view. (c) HR-TEM picture of a single electrodeposited Ni NP on n-Si. (d) Corresponding AFM image, (e) cross-sectional view of electrodeposited Ni NPs, (f) high resolution image of the cross-sectional view.The SEM and AFM images provided information about surface coverage of Ni NPs; meanwhile, TEM

Figure 2 . 4

 24 Figure 2.4 SEM pictures of as-deposited Ni NPs: (a) and (c) are top views. (b) and (d) are binary pictures obtained from (a) and (c) and used by the freeware ImageJ for surface coverage analysis.

Figure 2 . 5

 25 Figure 2.5 Scheme showing the interface of a pinched-off inhomogeneous MIS photoanode fabricated by electrodeposition of Ni 0 on n-Si where high barrier height (фSB,h) and Schottky barrier height (фSB,m) originates (a) from the n-Si/SiOx junction and (b) from the n-Si/NiOOH junction We noticed that imposing successive voltammetric cycles under illumination in the anodic regime led to a gradual improvement of the photoanode performance. This can be noticed by comparing the linear sweep voltammogram (LSV) recorded at the first cycle (blue curve) with the one recorded at the hundredth cycle (red curve) in Figure 2.6 (a) (the corresponding cyclic voltammograms (CVs) are shown in the Appendix (Figure S2.8).In the following of this chapter, this electrode treatment will be referred to as "activation". This process can also be promoted potentiostatically, however, activating Ni NPs through electrochemical cycling is particularly relevant here as it allows a fine in-situ measurement of several benchmark parameters at each successive cycle, namely: the light-limited maximum photocurrent density (jmax), the photocurrent density at the standard potential of the O2/H2O couple (j1.23V) and that at the Ni III /Ni II oxidation peak current density (jpa).

Figure 2 .

 2 Figure 2.6 (a) Voltammetry curves recorded in 1 M NaOH solution. As-prepared electrode (blue curve) and the same electrode after being activated by 100 voltammetry cycles (red curve). The electrode was also tested in the dark (black), and an activated non-photoactive Ni (green curve) is also indicated. (b) Variation of j1.23V (red color), jpa (black color), and jmax (blue color) during the electrochemical activation.
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 32 Chemical characterizations before and after the electrochemical activation Chemical analysis of the Ni NPs decorated n-Si electrodes was performed before and after the activation. X-ray photoelectron spectroscopy (XPS) survey spectra (Figure 2.7), confirmed the presence of the expected elements: Si, O, Ni and Na in the activated electrode, the latter being probably integrated into the NP during activation. Several regions of particular interest are reported in Figure 2.8 (a).

Figure 2 . 7

 27 Figure 2.7 XPS survey spectra measured on as-deposited (blue spectrum) and activated (red spectrum) Ni NPscoated Si photoanodes. The top spectra were acquired with a Mg source and the bottom spectra were acquired with an Al source.

Figure 2 .

 2 Figure 2.8 (a) XPS spectra showing the Ni 2p, Si 2p, O 1s, and Fe 2p regions, measured for the as-prepared (blue curve) and activated (red curve) Ni NPs-coated Si photoanodes. The three first spectra were recorded with an Al source and the fourth one with an Mg source. Fits and Shirley backgrounds are represented by black thin lines. (b) XANES spectra at the nickel K-edge of as-deposited (blue curve) and activated (red curve) samples and of the reference compounds: metallic Ni 0 (black dotted), Ni(OH)2 (black dashed) and γ-NiOOH (black dashdotted). (c) linear combination fitting of the activated sample showing the experimental data (red curve), the weighted spectra of the Ni 0 (black dotted), Ni(OH)2 (black dashed) and γ-NiOOH (black dashed-dotted) references, the fit (green) and the residual difference (grey) between the experimental data and the fit.

Figure 2 .

 2 8 (c) shows a fit that was obtained with a Ni 0 /Ni(OH)2/γ-NiOOH composition of 60/29/11. Although the figures of merit of the fits cannot rule out the presence of NiO and/or β-NiOOH, it is clear that contributions from both Ni II /Ni III components are required to reproduce the experimental spectrum.

  .10), possibly due to volume expansion associated with the oxidation of the Ni NPs. In addition, careful observation revealed a small roughness change of the Ni NPs surface in Figure 2.11 (b). TEM confirmed clearly that after activation, the outer surface of the Ni NPs (i.e. the one exposed to the electrolyte) drastically changed. As shown in Figure 2.11 (c, d), all NPs were encapsulated by a ~10 nm-thick rough and polycrystalline shell (Figure 2.12 (b) and Figure S2.5).
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 29 Figure 2.9 SEM pictures of n-Si/Ni surface after activation: (a, c, e) are the top views and (b) is the crosssectional view. The binary pictures (d, f) obtained from (c, e) are used for the surface coverage analysis by the freeware ImageJ.

Figure 2 .

 2 Figure 2.10 Size distribution of the Ni NPs measured before (blue dots) and after (red dots) activation, as determined by SEM measurements and ImageJ analyses.

Figure 2 .

 2 Figure 2.11 SEM images of (a) a cross-sectional and (b) top views of activated Ni NPs. (c) TEM and (d) highresolution TEM images of activated Ni NPs. The external boundary of the shell is indicated by a dashed red line.

Figure 2 .

 2 Figure 2.12 (a) SAED image of a as-prepared surface. Strong reflections correspond to the Si substrate (italic Miller indexes) and diffraction rings correspond to polycrystalline Ni 0 NPs (straight Miller indexes). (b) SAED image of a surface after activation. The diffraction rings are discontinuous because of the small number of crystallites in the selected area. The rings of Ni 0 are indexed in straight characters and the ones indexed by asterisks can be attributed to (starting from the center): spot 1 (measured 2.64 Å): Ni(OH)2 (2.707 Å); ring 1 (measured 2.39 Å): Ni(OH)2 (2.33 Å), NiOOH (2.37 Å) and/or NiO (2.41 Å); and ring 2 (measured 1.53 Å): Ni(OH)2 (1.48 Å), NiOOH (1.47 Å) and/or NiO (1.476 Å).

Figure 2 .

 2 Figure 2.13 (a) MS plots recorded at 2 kHz for an anode before (blue dots) and after (red dots) activation, squares are experimental points and lines are linear fits. (b) Nyquist plots recorded at +1.23 V vs RHE under AM 1.5G illumination, disks are experimental points and lines are fits of the equivalent circuit shown in the inset. (c) IPCE spectra recorded at +1.23 V vs RHE (thick lines) and +2 V vs RHE (thin line) for n-Si modified with Ni NPs before (blue curve) and after (red curve) activation. All curves were recorded in O2-saturated stirred 1 M NaOH.

Figure 2 .

 2 Figure 2.14 (a) CAs curves recorded during prolonged photoelectrolysis for activated photoanodes that were held at +2.9 V (purple) and +1.23 V (red curve), the asterisk indicates when bubbles were removed from the surface, the colored arrows indicate when LSVs were performed. Inset: corresponding OER ηF. (b) LSVs recorded under AM 1.5G illumination at t = 0, 1.7, 5, and 20 h during the photoelectrolysis at +1.23 V, as indicated by the colored arrows in (a). (c) ABPE curves corresponding to the LSVs shown in (b).

Figure 2 .

 2 Figure 2.15 SEM pictures showing (a) a low magnification and (b) -(d) high magnification of top views of the surface of a photoanode after photoelectrolysis at +1.23 V for 20 h.

Figure 2 .

 2 Figure 2.16 CVs recorded under illumination for an n-Si surface undergoing AE in 1 M NaOH (black) and an activated photoanode after the etching of SiOx (red curve). The positions of the OCP, the PP, and the Efb determined in Figure 2.13 (a) are indicated by arrows; the small arrows in the bottom left corner indicate the sweep direction. Inset: schemes depicting the cross-section of the surfaces in the regions of potential indicated on the CVs.
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 217 Figure 2.17(a) Graphs showing the evolution of the OCP of activated photoanodes recorded: under illumination (red curve), under illumination with the photoelectrode being held at +2.9 V for 1 min after each CV (blue curve) and in the dark (black curve). CVs were recorded at the times indicated by the vertical dotted lines. Inset: scheme depicting the cross-section of the surface at the times indicated in the left part of the red curve (the color code is the same as in Figure 2.16). (b) Graphs showing the evolution of the OCP under illumination for an HF-treated n-Si surface (black), for a SiOx-covered n-Si surface (blue) and in the dark for an activated Ni thin film (green curve). (c) LSVs recorded under illumination at the times indicated by arrows during the OCP measurements in the red (top) and the black (bottom) curves of (a).

  Figure 2.17(a) Graphs showing the evolution of the OCP of activated photoanodes recorded: under illumination (red curve), under illumination with the photoelectrode being held at +2.9 V for 1 min after each CV (blue curve) and in the dark (black curve). CVs were recorded at the times indicated by the vertical dotted lines. Inset: scheme depicting the cross-section of the surface at the times indicated in the left part of the red curve (the color code is the same as in Figure 2.16). (b) Graphs showing the evolution of the OCP under illumination for an HF-treated n-Si surface (black), for a SiOx-covered n-Si surface (blue) and in the dark for an activated Ni thin film (green curve). (c) LSVs recorded under illumination at the times indicated by arrows during the OCP measurements in the red (top) and the black (bottom) curves of (a).

Figure 2 .

 2 Figure 2.18 LSVs recorded under illumination at the time indicated by dashed lines plotted on the blue curve of Figure 2.17 (a). The measurements were recorded in O2-saturated stirred 1 M NaOH.

Figure 2 .

 2 Figure 2.19 SEM pictures showing the top views of activated photoanodes: (a) after 20 h of photoelectrolysis in 1 M NaOH at +1.23 V, (b) after being immersed in 1 M NaOH for 30 h under illumination and (c) after the OCP measurements shown in the black curve of Figure 2.17 (a). The scale bars equal 1 μm.

  (a)), these Ni 2+ ions can deposit on Si following the electroless reaction(50).

Figure 2 .

 2 Figure 2.20 (a) and (b) are the schemes depicting the electroless deposition mechanism explaining the enhanced stability of the photoanodes at OCP under illumination. (c) High magnification SEM picture showing the surface of a photoanode after activation. (d) High magnification SEM picture of the same photoanode after being exposed to 1 M NaOH under illumination for 15 h, for clarity 3 NPs are indicated by dashed circles. (e), (f) Low magnification SEM pictures of the photoanode after being exposed 15 h in the electrolyte under illumination. The right parts correspond to their binary pictures which are used for diameter measurements.

Figure 2 .

 2 19 (c) andFigure 2.21). We expect this mechanism to generate an ultrathin Ni coating on the Si surface (Figure 2.20 (b)), that could considerably decrease the Si etching kinetics, explaining the enhanced stability at OCP under illumination. This mechanism is well corroborated by SEM observations at high magnification (Figure 2.20 (d)) and low magnification (Figure 2.20 (e, f)) that revealed differences in the morphology of the NPs present on an activated photoanode before and after immersion in the electrolyte at the OCP for 15 h under illumination.

Figure 2 .

 2 Figure 2.21 (a, b) SEM pictures showing top views of activated photoanodes after being immersed in 1 M NaOH for 6 h in the dark. Both images are the same surface at different points.These images show clearly that the majority of the NPs shrunk by more than 75% of their initial

Figure 2 .

 2 Figure 2.22 (a), (c) AFM images of: (a) Ni NPs-modified n-Si surface (the scale bar equals 1 μm) and (c) the Ni/Ti coated p-Si surface. (b), (d) XPS spectra of the corresponding photoelectrodes for (a), (c), respectively.

Figure 2 .

 2 Figure 2.23 (a) CVs recorded in Ar-saturated 1 M NaOH in the dark or under illumination with simulated sunlight with: a Ni NPs-modified n-Si photoanode after activation in the dark (black) and under illumination (red curve), a n-Si surface under illumination (pink curve), a Ni NPs-modified p + -Si anode after activation in the dark (blue curve) and a FTO surface coated with a 50 nm-thick Ni thin film (green curve). (b) CVs recorded in Arsaturated 1 M NaOH in the dark or under illumination with: a Ni/Ti coated p-Si photocathode in the dark (black curve) and under illumination (red curve), a p-Si photoanode under illumination (pink curve), a Ni/Ti coated n + -Si surface in the dark (blue curve) and an FTO surface coated with a 1 nm-thick Ni thin film (green curve). (c) CVs recorded in a two electrodes configuration in 1 M NaOH in the dark or under illumination for sets of cathode // anode, as indicated in figure. (d) i -E curves obtained for the PV panel immersed in 1 M NaOH and illuminated with a spot of simulated sunlight (Plight = 820 mW) without photoelectrodes (pink curve) and with the pair of photoelectrodes immobilized on the surface (red curve). The thick lines are a CV recorded in a two electrodes configuration under illumination for p-Si/Ti/Ni // n-Si/Ni NPs in NaOH[56] .

Figure 2 .

 2 Figure 2.24 (a) Scheme showing the elements of the PEC device in operation in 1 M NaOH. (b) Curves showing measurements of the current flowing through the illuminated PEC during preparative-scale water-splitting experiments in NaOH (red curve) and K-borate buffer (blue curve). Inset: curve showing the current evolution when illumination is interrupted (in NaOH). (c) Plots showing the number of moles of H2 (red color) and O2 (blue color) evolved as a function of the time (in NaOH), disks are experimental points, lines are linear fits[56] .

Figure 2 .

 2 Figure 2.25 Plot of the solar-to-H2 efficiency as a function of the input power, in NaOH (red squares) and in Kborate buffer (blue square).

Figure 3 . 1

 31 Figure 3.1 Preparation of BSi, BSi/Ni and BSi/Ni/NiFe photoanodes.

Figure 3 . 2 A

 32 Figure 3.2 A scheme of Si PEE[20] . Photogenerated holes etch and hydrogenate the Si surface. In this case, because the holes are generated on the backside of the surface they will preferentially etch the bottom of the pores.

Figure 3 .

 3 Figure 3.3 (a) Setup used for PEE. (b) Low magnification tilted SEM view showing the macropores covered by a micro-/mesoporous crust. (c) High magnification cross-section SEM picture showing the inner walls of two macropores[15] .

Figure 3 .

 3 Figure 3.4 (a) Secondary AE of photoelectrochemically etched Si as a function of the AE time[15] . (b)Photographs showing the temporal evolution of the Si surface appearance[15] .

Figure 3 .

 3 Figure 3.6 (a) Chronoamperogram obtained during the electrodeposition of Ni on BSi. (b) Applied current density (black curve) and measured potential (red curve) during the NiFe electrodeposition.

Figure 3 . 7

 37 Figure 3.7 Structural characterization of the BSi photoanodes. Cross-section SEM pictures showing the BSi layer (a) before and (b) after electrodeposition of NiFe, inset: TEM image of scratched and broken part of BSi/Ni/NiFe which has been applied for OER. (c) Tilted image of BSi before electrodeposition, and (d) after electrodeposition, inset: A BSi/Ni/NiFe spike detached from the layer after OER and high magnification TEM picture showing a single Ni/NiFe NP after electrodeposition of NiFe.

Figure 3 . 8

 38 Figure 3.8 Chemical characterization of the BSi/Ni/NiFe photoanodes. (a) Bright field STEM image of Ni/NiFe NPs deposited on BSi and corresponding (b) Si, (c) Ni and (d) Fe EDS maps. (e, f) XPS spectra showing the Ni 2p3/2 and the Fe 2p3/2 regions, respectively. (g) XANES spectra recorded at the Fe K-edge. In (e, f), the green spectra were recorded before Ni electrodeposition, in (g), the purple spectrum was recorded after Ni electrodeposition and the red spectrum was recorded after NiFe electrodeposition.

Figure 3 . 9

 39 Figure 3.9 XPS survey spectra obtained for bare BSi (grey curve), after the first electrodeposition step (blue curve) and after the second electrodeposition step (red curve).

Figure 3 .

 3 Figure 3.10 Optical and photoelectrochemical characterizations of the BSi photoanodes. (a) Total reflectance spectra. Inset: photograph showing the visual appearance of a BSi disk prepared on a flat Si square. (b) Cyclic voltammograms recorded in the dark (black curve) or under simulated sunlight at 100 mV s -1 in 1 M NaOH (not corrected from the Ohmic drop). (c) IPCE spectrum (red curve) and corresponding integrated photocurrent (purple curve) recorded at +2 V vs RHE. (d) Experimentally measured (red curve) and theoretical (purple disks) O2 detection curves, obtained during electrolysis at +2 V vs RHE under illumination with simulated sunlight. (e) Chronoamperogram showing the photocurrent density as a function of time during preparative electrolysis at +2 V vs RHE under illumination with simulated sunlight. In (a, b) the purple curve was recorded on planar Si, the green curves were recorded on bare BSi and the red curves were recorded on BSi/Ni/NiFe.

Figure 3 .

 3 Figure 3.11 Chronoamperogram recorded during the preparative-scale electrolysis of Figure 3.10 (d) (1 MNaOH, +2 V vs RHE, the geometrically active area surface of the photoanode was 0.155 cm 2 ).

  Figure S4.1 (a, b)).

Figure 4 .

 4 Figure 4.1 (a) Scheme of Si AE for producing Si pyramidal structure[14] . Because the etching rate of Si facets against to alkaline condition, more Si (111) plane remains (details in section 1.2.3.3). (b) Top view SEM pictureshowing an etched pyramidal structure consisting of Si (111)[15] .

Figure 4 . 2

 42 Figure 4.2 Total reflectance spectra of n-Siplanar (blue curve) and n-SimPy (black curve). (b) XPS survey spectra of n-Siplanar (blue curve) and n-Siplanar/Fe(2s).

Figure 4 . 3

 43 Figure 4.3 XPS spectra showing the Fe 2p region for n-Siplanar/Fe(2s) (red curve) as prepared, (dark blue) after 1 h electrolysis in Li/K borate at 2.3 V vs RHE and (clear blue) after 1 h electrolysis in 1 M NaOH borate at 2 V vs RHE. The peak 2p3/2 position corresponding to Fe 0 (706.5 eV) and oxidized Fe (710.8 eV) are shown by arrows.The peak around 724 eV corresponds to Fe 3p1/2.

Figure 4 .

 4 Figure 4.4 (a) Cross-section HR-TEM image of n-Siplanar/Fe(2s) showing the n-Si/SiOx/Fe interface. (b) EDS spectra recorded on the core part (red curve) and the shell part (blue curve) of an individual Fe NP (these spectra were normalized by the intensity of the Fe signal). (c) Cross-section TEM image of n-Siplanar/Fe(2s).

Figure 4 . 5

 45 Figure 4.5 Top-view SEM images showing Fe NPs electrodeposited on n-Siplanar with times varying from (a) 0.5, (b) 2, (c) 3, and (d) 5 s respectively. As deposition time was longer, the coverage and NP size increased.

Figure 4 . 6

 46 Figure 4.6 Cross-section (top left) and top-view SEM images showing Fe NPs electrodeposited on n-SimPy, with times varying from 0 to 5 s.

Figure 4 . 7 4 . 3

 4743 Figure 4.7 SEM images of n-Siplanar with different electrodeposition times, its binary images and the surface coverage calculated by Image J. Electrodeposition time was varied from 0.5 s to 5 s. (a) 0.5 s, (b) 1 s, (c) 2 s, (d) 3 s and (e) 5 s respectively.

Figure 4 . 8

 48 Figure 4.8 CVs recorded at 100 mV s -1 in the dark on various n-Siplanar/Fe(tedep) surfaces in 1 M NaOH (tedep is indicated for each CV).

Figure 4 .

 4 Figure 4.9 (a) CVs (scan rate = 100 mV s -1 ) and (b) CA curves recorded at 2 V vs RHE under illumination in 1 M NaOH on n-Siplanar/Fe(0s) (black curve), n-Siplanar/Fe(0.5s) (yellow curve), n-Siplanar/Fe(1s) (red curve), n-Siplanar/Fe(1.5s) (blue curve), n-Siplanar/Fe(2s) (green curve), n-Siplanar/Fe(3s) (orange curve), and n-Siplanar/Fe(5s) (purple curve). The CV recorded in the dark on p + -Siplanar/Fe(2s) is shown in grey. (c) Plot of the jmax (colored disks) and the stability time (t, blue bars) as a function of the electrodeposition time (tedep). (d) IPCE spectrum recorded on n-Siplanar/Fe(2s) at 2 V in 1 M NaOH (black curve) and corresponding integrated photocurrent (blue curve).

Figure 4 .

 4 Figure 4.10 Linear sweep voltammograms for onset potentials (scan rate = 100 mV s -1 ) recorded under illumination in 1 M NaOH on n-Siplanar/Fe(1s) (red curve), n-Siplanar/Fe(1.5s) (blue curve), n-Siplanar/Fe(2s) (green curve), n-Siplanar/Fe(3s) (orange curve), and n-Siplanar/Fe(5s) (purple curve).

Figure 4 .

 4 Figure 4.11 CVs recorded at 100 mV s -1 under illumination on n-SimPy/Fe(2 s, black curve), n-SimPy/Fe(3 s, red curve) and n-SimPy/Fe 5 s, blue curve) in 1 M NaOH.

Figure 4 .

 4 Figure 4.12 (a) CVs (scan rate = 100 mV s -1 ) recorded under illumination in borate buffer (pH = 9.6) on n-Siplanar/Fe(2s) (black curve), n-SimPy/Fe(2s) (red curve), and n-Siplanar/Fe(0s) (green dotted line). The CV recorded in the dark for p + -Siplanar/Fe (grey curve) and n-SimPy/Fe(2s) (blue dotted line) are also shown. (b) CA recorded under illumination in borate buffer at 2.3 V on n-Siplanar/Fe(2s). (c) IPCE spectra recorded at 2.3 V in borate buffer on n-Siplanar/Fe(2s) (black curve) and n-SimPy/Fe(2s) (red curve) and corresponding integrated photocurrent (blue curves, bottom: n-Siplanar/Fe(2s), top: n-SimPy/Fe(2s)). (d) Experimentally measured (black curve) and theoretical (red disks) O2 detection curves, obtained on n-Siplanar/Fe(2s) in borate buffer during an electrolysis at 2.3 V under illumination with simulated sunlight. (e) CA curves obtained by averaging the data recorded with three n-SimPy/Fe(2s) surfaces at 2.3 V in borate buffer.

Figure 4 .

 4 Figure 4.13 Chronoamperogram recorded during the preparative-scale electrolysis on n-Siplanar/Fe(2s) in borate buffer at 2.3 V vs RHE, the geometrical surface area of the photoanode was 0.108 cm 2 .

Figure 4 .

 4 Figure 4.14 SEM images recorded on n-Siplanar/Fe(2s) (left column) after 3 h of CA at 2 V vs RHE in NaOH and (column column) after 130 h of CA at 2.3 V vs RHE in borate buffer: (a) 50,000x times, (b) 20,000x and (c) 10,000x.

Figure 5 .

 5 Figure 5.1 (a) Tilted SEM view of an n-Si/Ni NPs photoanode prepared by conventional electrodeposition of Ni NPs onto n-Si. The reaction in (a) is OER under illumination and holes are directed to the Ni NPs. (b) Scheme ofconduction band energy as a function of the position in n-Si in the pinch-off regime; the scheme is adapted from the report from Lewis et al[20] . The φSB,m is barrier height at the metal contact, the φSB,h is the high barrier height, and φSB,eff is the effective barrier height which controls the photoanode photovoltage.

Figure 5 . 2

 52 Figure 5.2 Scheme showing the sequential steps that were used for the LPNE process of Ni NWs electrodeposition. A top view showing the chip is shown in the top and 3D view focusing on the space between two stripes is shown in the bottom, the sequential steps are represented as (1-4). (1) First etching of Ag sacrificial layer for generating the trenches. (2) Electrodeposition of Ni on the exposed Ag. The direction of growth is horizontal direction as shown by black arrows. (3) After the remains removal, on the surface, only Ni NWs remains. The geometrical parameters hNW, w, and d are shown.

Figure 5 . 3

 53 Figure 5.3 Optical microscope images of the Ni NWs 10 µm surface. (a) After the 1 st etching (Figure 5.2, (1)). (b) After the electrodeposition of Ni NWs and the removal of Ag and PR (Figure 5.2, (3)).

  In the first experiments, Ni NWs were prepared with a constant Qedep of 3 mC onto four different templates, each manufactured with a photomask having PR stripes of equal distance and width, but with four different values (PR distance = d = 10, 25, 50, and 100 µm). The resulting n-Si/Ni NWs surfaces were characterized by SEM.

  Figure 5.4 (a-d) show the results obtained from 10 to 100 µm and reveal that the Ni NWs were properly deposited and continuous over >100 µm. AFM experiments (Figure 5.4 (c) and Figure S5.1), allowed to determine a hNW value of 80 ± 8 nm. The Ni NWs' d and w were measured using low magnification and high magnification SEM images, respectively. Even if the width and the spacing of the PR stripes are equal, the etching step of the preparation method (Figure 5.2) inherently induces a break between sequential Ni NWs in the d value. We experimentally determined for the four n-Si/Ni NWs surfaces d values of 9.6 ± 3.5, 24.3 ± 3.2, 48.1 ± 3.4, and 95.6 ± 3.1 µm, which, for clarity reasons, are referred to as 10, 24, 48 and 96 µm in the following sections. As d controls the number of recessed Ag microbands on the surface, for a constant Qedep, it will also influence the quantity of electrodeposited Ni atoms, and, thus, affects w. This is illustrated in Figure 5.4 (d) which shows that w increases from 190 to 330 nm for d varying from 10 to 96 µm. Each steps for the LPNE were observed by optical microscope and when the surface was not properly etched or covered by Ni NWs and undesired Ni spots, the surface was discarded. When the surface satisfied proper criteria of n-Si/Ni NWs, the surface was used as a photoanode.

Figure 5 .

 5 Figure 5.4 (a-d) SEM top view images showing the Ni NWs electrodeposited on n-Si with Qedep = 3 mC for (a) d = 10, (b) 24, (c) 48 and (d) 96 µm. (e) AFM picture (2x2 µm²) of a single Ni NWs electrodeposited on n-Si. (f) Plot of w as a function of d for n-Si/Ni NWs prepared with Qedep = 3 mC.

Figure 5 .

 5 Figure 5.5 (a) LSVs (100 mV s -1 ) measured on n-Si/Ni NWs with different d values and a constant electrodeposition charge (Qedep = 3 mC), in the dark (black curves) and under illumination (colored curves, average of >3 independently prepared samples. (b) CVs (100 mV s -1 ) measured on n-Si/Ni NWs under illumination showing the Ni III /Ni II redox wave. (c) Vph values obtained by OCP measurements in a solution containing the redox couple Fe III (CN)6 3-/ Fe II (CN)6 4-. (d) Plot of QNi as a function of ANi, square are experimental points and the black curve is a linear fit. (e) CA measured at 2.3 V on an n-Si/Ni (Qedep = 3 mC, d = 10 µm) under illumination. The measurements of (a, b) were performed in 1 M NaOH and the measurement of (e) in Kborate/Li-borate buffer. In all panels, the color of the curves and the data points correspond to d = 10 (purple curve), 24 (blue curve), 48 (green curve), and 96 µm (red curve)).

Figure 5 . 6

 56 Figure 5.6 Dark/light OCP measurement performed in 1 equimolar Fe III /Fe II cyanide solution at n-Si/Ni NWs prepared with Qedep = 3 mC for (a) d = 10, (b) 24, (c) 48 and (d) 96 µm. At 10 s, the light was irradiated Also, the shorter w, caused by lower d values (Figure 5.4 (a)) is certainly favorable to pinch-off. Then,

  We fixed the template to produce closely-aligned NW catalysts (i.e. PR stripes distance and width = d = 10 µm) and we changed the electrodeposition charge Qedep to vary the width of the Ni NWs. As shown by Figure 5.7 (a), thin and continuous Ni NWs with a w value as low as 71 ± 7 nm were obtained by decreasing the Qedep down to a value of 1 mC (Figure 5.7 (c), orange bar). Conversely, increasing Qedep to a value as high as 30 mC produced Ni NWs that were more than 10 times wider (w = 751 ± 26 nm, Figure 5.7 (c), blue bar). However, surprisingly, applying such a high charge during electrodeposition also induced the growth of randomly-dispersed hemispherical Ni NPs (additional SEM images are shown in Figure S5.5), similar to the ones obtained in conventional n-Si/Ni NPs photoanodes prepared by conventional electrodeposition as shown in Figure 5.1 (a). Note that one can observe in the right panel of Figure 5.7 (b) that these NPs are only present onto the n-Si region that localized between close Ni NWs, simply because the n-Si regions located between far Ni NWs were not exposed to the plating solution during Ni electrodeposition.

Figure 5 .

 5 Figure 5.7 (a), (b) SEM top view images showing the Ni NWs electrodeposited on n-Si with d = 10 µm for (a) Qedep = 1 and (b) 30 mC. (c) Graph showing w as a function of Qedep for n-Si/Ni NWs prepared with d = 10 µm. (d) CVs (100 mV s -1 ) measured under illumination in 1 M NaOH on bare n-Si (Qedep = 0 mC (black), 4 first CV cycles) and n-Si/Ni NWs (30 th CV cycle) with d = 10 µm and Qedep = 1 (red curve), 3 (purple curve), and 30 mC (blue curve).

  Figure 5.8 (a-c) show SEM images of single Co, Fe, and Ni NWs electrodeposited on n-Si by applying Qedep = 3 mC (additional SEM pictures are shown in Figure S5.6) respectively. The corresponding EDS maps showing the Si kα and the M Lα of the deposited transition metal are also shown in the right row of Figure 5.8 (a-c, top and bottom line, respectively). All these images demonstrate that the M NWs were continuous over long distances (>100 µm), as shown by the SEM images in the inset of Figure 5.8 (d, e), and Figure 5.4 (a-d).

Figure S2. 3 1 Figure S2. 4

 314 Figure S2.3 (a) CVs recorded under AM 1.5G illumination for n-Si modified by Ni NPs before (blue) and after (red curve) electrochemical cycling. CVs recorded in the dark and after electrochemical cycling for n-Si modified with Ni NPs (black) and a sputtered Ni thin film (grey). (b) Hundred consecutive CVs recorded during the electrochemical conditioning of a n-Si surface modified by Ni NPs. All of the curves were recorded in O2saturated stirred 1 M NaOH, at 100 mV s -1 except for sputtered Ni that was recorded at 20 mV s -1

Figure S2. 5

 5 Figure S2.5 TEM images showing Ni NPs electrodeposited on n-Si after activation.

Figure S2. 6

 6 Figure S2.6 Mott-Schottky measurements performed at 1 kHz for an anode before (blue dots) and after (red dots) activation, squares are experimental points and lines are linear fits. Measurements were performed in the dark, in 1 M NaOH saturated with O2 under stirring.

Figure S4. 1

 1 Figure S4.1 (a) 0.1 M FeSO4 and 0.6 M (NH4)2SO4 solution after degassed by Ar gas flow for 10 min. (b) 0.1 M (NH4)2FeSO4 and 0.6 M (NH4)2SO4 solution after degassed by Ar gas flow for 10 min.

Figure S4. 2

 2 Figure S4.2 Typical chronoamperogram obtained for the electrodeposition of Fe on freshly-hydrogenated Siplanar at -1.5 V vs SCE.

Figure S4. 3 Fe

 3 Figure S4.3 Fe NPs electrodeposited n-SimPy surfaces. The reflectance of light is different from planar Si.

Figure S4. 4

 4 Figure S4.4 Fabricated n-SimPy/Fe(2s) electrode after the two-step method.

Figure S5. 1

 1 Figure S5.1 (a) AFM picture showing two Ni NWs deposited on n-Si. (b) Height profiles corresponding to the 5 white lines of panel (a).

Figure S5. 2

 2 Figure S5.2 30 sequential CV cycles recorded under illumination on n-Si/Ni NWs at 100 mV s -1 in 1 M NaOH, here Qedep = 3 mC and d = 10 µm. The red curve is the 1 st CV and the blue curve is the 30 th CV.

Figure S5. 4 Figure

 4 Figure S5.4 30 th CV cycle recorded under illumination on a sputtered 100 nm-thick Ni film at 100 mV s -1 in 1 M NaOH.

Figure S5. 6

 6 Figure S5.6 SEM top view images of (a) n-Si/Co NWs and (b) n-Si/Fe NWs.
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	Symbols EF,p kB Plight VH Ox	Quasi Fermi level of holes Boltzmann constant Incident power density of light source Potential distribution in the Helmholtz plane Oxidant	eV J K -1 mW cm -2 V
	Symbol EF,s kcb + ф Vph PECs	Meaning Fermi level of semiconductor Oxidation rate constant in conduction band Work function of material Photovoltage Photoelectrochemical cells	Units eV cm 6 s mol -1 eV V
	A Eg kcb -фBB w PEE	Surface area Bandgap Reduction rate constant in conduction band Degree of band bending Width of nanowire Photoelectrochemical etching	cm 2 eV cm 6 s mol -1 eV nm
	αc Eloss kht ΔфH WSC p-Si	Cathodic charge transfer coefficient Energy loss when the charge carriers are transferred Rate constant of hole transfer Potential drop across the Helmholtz layer Width of space charge layer p-type Silicon	none V cm 4 s -1 V nm
	αλ Eonset krec фH,s RE	Penetration depth of light Onset potential Rate constant of charge recombination Electrostatic potential at the inner Helmholtz plane at semiconductor surface V nm -1 V cm 4 s -1 Reference electrode
	ANi Ess λ фH,m Red	Geometrical surface area of Ni Surface state Wavelength Electrostatic potential at the inner Helmholtz plane at metal surface Reductant	cm 2 V nm V
	c EV L фm SAED	Speed of light Energy level of the valence band Diffusion length of minority carriers Work function of metal Selected area electron diffraction	m s -1 eV nm eV
	CH Evacuum Lp фs SBH	Capacitance of Helmholtz layer Work function of vacuum Diffusion length of hole in n-type semiconductor Work function of semiconductor Schottky barrier height	F eV nm eV
	COx η m ΔфSC SCE	Concentration of oxidant Overpotential Deposited metal mass Potential drop across the space charge layer Saturated calomel electrode	mol L -1 V g V
	CRed ηF Mmetal фSB,h SEM	Concentration of reductant Faradaic efficiency Atomic weight of metal High barrier height at near SBH Scanning electron microscope	mol L -1 % g eV
	CSC ε0 μp фSB,m SERS	Capacitance of space charge layer Vacuum permittivity Mobility of minority carrier Schottky barrier height at Schottky junction Surface-enhanced Raman scattering	F F m -1 m 2 V -1 s -1 eV
	d εr n ф s Siplanar SC	Distance between metal nanowires Relative permittivity Concentration of majority carrier of n-type semiconductor Electrostatic potential at the semiconductor surface Planar Si	μm F m -1 m -3 V
	e F NA ф b SC SimPy	Elementary charge Faraday's constant Avogadro number Electrostatic potential at the semiconductor bulk Micropyramidal Si	C C mol -1 mol -1 V
	e -g NDopant фsoln STEM	Electron Minority carrier flux Concentration of dopant Potential of bulk solution Scanning transmission electron microscopy	none m -3 cm -3 V
	E G 0 NC χs STH	Applied bias potential Gibbs free energy Concentration of states in the conduction band Electron affinity of semiconductor Solar-to-hydrogen efficiency	V kJ mol -1 K -1 cm -3 eV
	E 0 h ne фR TEM	Standard reduction potential Planck's constant Number of participating electrons in reaction Energy of a redox couple in an electrolyte respect to the vacuum level Transmission electron microscope	V m -2 kg s -1 none eV
	E0 h + Ni фRef WE	Binding energy of XANES Hole Concentration of ionized impurity Redox energy level of reference electrode Working electrode	eV none cm -3 eV
	E 0 cell hNW Nox Q XANES	Cell potential Height of NWs Concentration of oxidizing agents in solution Consumed electrical charge X-ray absorption near edge structure	V nm mol C
	E 0 H+/H2 i Nred Qedep XAS	Standard reduction potential of H + /H2 in acidic condition Current Concentration of reducing agents in solution Consumed electrical charge during the electrodeposition X-ray absorption spectroscopy	V mA mol C
	E 0 O2/H2O I0 ns QNi XPS	Standard reduction potential of O2/H2O in acidic condition Incident photon flux Electron concentration at the semiconductor surface Anodic charge during the electrical cycling of Ni NWs X-ray photoelectron spectroscopy	V s -1 cm -3 C
	E 0 H2O/H2 i0 n0 R	Standard reduction potential of H2O/O2 in basic condition Exchange current Concentration of majority carrier of n-type semiconductor in the dark Universal gas constant L atm mol -1 K -1 V mA cm -3
	E 0 O2/OH-icb Δn Rf	Standard reduction potential of O2/OH -in basic condition Conduction band current photogenerated electron concentration Reflectance	V mA cm -3 %
	EC j n0, bulk T	Energy level of the conduction band Current density Bulk electron concentration Absolute temperature	eV mA cm -2 cm -3 K
	Eeq j1.23V nO2, theo tedep	Equilibrium potential Current density at 1.23 V vs RHE Theoretically calculated amount of produced O2 Electrodeposition time	V mA cm -2 mol s
	EF jmax nO2, prod τp	Fermi level Light-limited photocurrent density Experimentally produced O2 Bulk lifetime of minority carriers	eV mA cm -2 mol s
	Efb jpa p τt	Flatband potential Oxidation peak current density Concentration of minority carrier of n-type semiconductor Transit time of minority carriers	V mA cm -2 cm -3 s
	EF,m jph Δp τR	Fermi level of metal Photocurrent density photogenerated hole concentration Carrier lifetime in the space charge layer	eV mA cm -2 cm -3 s
	EF,n jrec p0 VSC	Quasi Fermi level of electrons Recombination current density Concentration of minority carrier of n-type semiconductor in the dark Potential distribution in the space charge layer	eV mA cm -2 cm -3 V
		1	

Table 2 .

 2 1 Benchmark parameters of ten individual activated Ni NPs-coated Si photoanodes.

	Sample	jpa (mA cm -2 )	j1.23V (mA cm -2 )	jmax (mA cm -2 )
	1	1.09	7.78	36.45
	2	0.85	11.90	30.60
	3	1.26	8.15	28.80
	4	1.46	8.20	28.48
	5	1.58	6.53	24.59
	6	1.08	10.24	26.46
	7	1.04	10.22	27.97
	8	1.05	5.10	21.37
	9	0.74	5.09	27.93
	10	1.05	4.99	26.30
	Average	1.12 ± 0.25	7.82 ± 2.43	27.90 ± 3.94

Table 2 .

 2 2 Tables showing the XANES linear combination fittings performed with the Athena Software. Top table: as-deposited, bottom table: after activation. The values for each component are indicated in percentages. "R" is the goodness of fit and "r-χ 2 " is the reduced χ 2 .

	As deposited Ni NPs-coated Si					
	Fit no.	Ni 0	NiO	Ni(OH)2	β-NiOOH	γ -NiOOH	R (%)	r-χ 2
	1	93	7	-	-	-	0.06	9
	2	92	-	8	-	-	0.07	11
	3	92	-	-	8	-	0.13	21
	4	96	-	-	-	4	0.25	40
	Activated Ni NPs-coated Si					
	Fit no.	Ni 0	NiO	Ni(OH)2	β-NiOOH	γ-NiOOH	R (%)	r-χ 2
	1	70	30	-	-	-	0.28	53
	2	66	-	34	-	-	0.32	61
	3	60	-	-	40	-	0.31	59
	4	70	-	-	-	30	1.7	320
	5	60	-	17	22	-	0.17	32
	6	60	-	29	-	11	0.17	32
	7	64	16	-	20	-	0.10	19
	8	60	24	-	-	12	0.09	17

Table 2 .

 2 3 Values of resistance (R) and capacitance (C), obtained by fitting the experimental values reported in the Nyquist Plot shown in Figure 2.13 (b), the equivalent circuit is presented in the inset of Figure 2.13 (b).

		Rs	C1 (μF)	R1 (Ω)	C2 (nF)	R2 (Ω)
	before activation	119.1	3.0	487.7	28.9	134.7
	after activation	105.2	18.7	153.7	18.7	150.4

Table 3 .

 3 1 Benchmark photocurrent densities values obtained for 10 independent photoanodes.

	photoanode #	j1.23V (mA cm -2 )	j2V (mA cm -2 )	jmax (mA cm -2 )
	1	4.09	21.30	21.70
	2	3.87	25.64	25.85
	3	3.85	23.01	23.35
	4	4.90	22.4	22.84
	5	8.19	21.66	22.52
	6	4.29	26.92	27.37
	7	2.04	22.02	24.18
	8	3.63	23.11	23.40
	9	3.92	22.65	22.87
	10	4.03	23.07	23.81
	average	4.28 ± 0.78	23.18 ± 0.88	23.79 ± 0.84

Table 3 .

 3 2 Structuration and modification methods with the related benchmark parameters for reported examples of structured, highly absorbing, n-Si photoanodes. In this table, wet methods are highlighted in bold.

	n-Si structuration method	protection layer	cocat	j1.23V	operation time	reference

Table S4 .

 S4 1 Values of jmax, onset potential (Eonset), stability in operation for n-Si-based photoanodes prepared by electrodeposition, the values obtained for n-Si-based and n + -n-Si-based coated by ALD with Fe2O3 is also indicated for comparison.

	Electrode	pH	jmax (mA cm -2 )	Eonset (V vs RHE) e	tstab (h) f	ref
	n-Siplanar/Co	14	34	~1.1	2	[6]
					120	
	n-Siplanar/Co	9	>20	~1.2		[6]
					@j = 8 mA cm -2	
	n-Siplanar/Ni	14	33	1.11	10	[2]
	n-Siplanar/Ni	13.6	36	1.03	n.c.	[7]
					300	
	n-Siplanar/Ni	9	n.c.	n.c.		[7]
					@j = 8 mA cm -2	
	Edep a					
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Abbreviations

Abbreviation meaning a higher coverage of metal.

Figure 1.43 Schematic illustration of the initial stage of Volmer-Weber growth of a metal on silicon [40] .

Chapter 3

Structured black Si for improved light absorption: application as a photoanode As previously studied in the frame of randomly-coated n-Si/M NPs photoanodes, such deactivation is likely due to a degradation of the n-Si/Fe interface leading to a detachment of the of n-Si/Fe NWs during operation (section 4.3.3) [8] . It is also interesting to notice that these stability results are well in line with previous studies that reported improved stability at high photocurrent entities for n-Si/Ni NPs [9] and n-Si/Co NPs [7] when compared to n-Si/Fe NPs [8] at high pH. The OER performances for the three n-Si/M NWs photoanodes at their 30 th cycles are compared in Figure 5.8 (f). From this data, it can be seen that, due to its poor stability, n-Si/Fe NWs exhibits the worst performance and that, even if n-Si/Co NWs and n-Si/Fe NWs have a very similar OER onset potential, n-Si/Co NWs (Figure 5.8 (f), pink curve) produce a higher jmax (38.0 mA cm -2 ) than n-Si/Ni NWs (Figure 5.8 (f), green curve, jmax = 32.3 mA cm -2 ), but has a lower fill factor.

Experimental

Materials and reagents

The Ag etchant solution consisted of ammonia (NH3, VWR, AnalaR NORMAPUR, 28%) and hydrogen peroxide (H2O2, Carlo Erba, MOS, For electronic use, stabilized, 30 % m/m). NiCl2•6 H2O (99.3%, metals basis, crystalline) and boric acid (99.8%), from Alfa Aesar, were used for the electrodeposition of Ni NWs. CoSO4•7 H2O (Acros Organics, 99+%, extra pure), (NH4)2FeSO4•7 H2O (Panreac Quimica Sau, 98-101%) and (NH4)2SO4 (Merck, pure) were used for the electrodeposition of Co and Fe NWs respectively. Acetone (Fisher chemicals) was used for the removal of photoresist (PR). NaOH (>98%, ACS reagent) were purchased from Sigma-Aldrich and LiOH (98%) was purchased from Alfa Aesar and KOH (≥85%) was from Merck. K-borate/Li-borate solution was prepared by stirring of 1.1388 g of LiOH, 6 g of boric acid, and 1.9 g of KOH in 50 mL of mQ H2O overnight.

Lithographically patterned nanowires electrodeposition (LPNE)

For the first step, the wafer was cut as several chips to obtain individual templates with a given space. The Ag sacrificial layer of chip was etched by a freshly made Ag etching aqueous solution that consisted of 5 vol % of NH3 and 1 vol % of H2O2 solution in the freshly prepared mQ H2O under minimum intensity of stirring, for 1 min -1 min 30 s. When the first etching was finished, the surface was then cleansed by ultrapure water. The second step was the electrodeposition of metal NWs using electroplating baths. The Ni plating solution consisted of same concentration that used in Chapter 2. In case of Co and Fe NWs electrodeposition, freshly prepared 0.1 M of CoSO4 and 0.6 M (NH4)2SO4, 0.1 M of (NH4)2FeSO4 and 0.6 M of (NH4)2SO4 solutions were used for the LPNE process respectively. The potentiostat used for electrodeposition was a SP150 (Biologic). The RE was a SCE, and the CE was a large platinum plate electrode that was placed in front of the WE consisted of 1 st etched Ag layer on the n-Si. When all the electrodes were immersed into the electroplating solution, the electrodeposition was carried out at -1 V vs SCE for entire electrodeposition process until it reached the charge limit (1, 3 or 30 mC). After electrodeposition, the surface was rinsed with ultrapure water and the PR layer was dissolved by acetone. The last step was the etching of the remained Ag in the Ag etching solution again for 10 min until the entire Ag was etched, and only Ni NWs remained as shown in Figure 5.2 (3). After preparation, all the surfaces were observed by optical microscope and SEM; the unsatisfying ones were discarded.

Photoelectrochemical measurements

All the measurements except OCP measurements have carried out in the same method and condition as described in the previous chapters. The OCP measurement was carried out in the 1 mM of equimolar Fe III /Fe II cyanide electrolyte using n-Si/Ni NWs as the photoanode, carbon electrode as the cathode and Pt quasi-reference electrode in a homemade four-neck PEC comprising a quartz window at a single compartment. The solution was degassed with Ar flow at least 30 min to remove the O2 from the electrolyte. Initially the OCP of electrodes was measured in the dark for 10 s, and irradiated the light on the n-Si/Ni NWs surface to measure the Vph.

Surface characterization

The SEM and its EDS are used by same devices as introduced in the previous chapters. SEM picture analysis was performed using the ImageJ software. AFM images were acquired on a NT-MDT Ntegra microscope in semi-contact mode with FM tips (APPNANO, SPM Probe Model: FORTA-50, resonance frequency: 43-81 kHz). The images were treated and analyzed with the open-source Gwyddion software.

Conclusion and perspectives

In this thesis, the fundamental background of photoelectrochemical water splitting with Si material was introduced in the first chapter. Si is an already widely employed semiconductor in various applications including electronics and energy. This material was used in photoelectrochemical applications mainly as a light absorber for promoting photoelectrochemical water splitting using transition metal cocats. Among the catalysts for OER, Ni, Co and their alloys with Fe were frequently investigated in alkaline media due to their earth abundancy and reasonable costs. Due to the notorious instability of Si as a photoanode, many previous reports have employed Si with conformal protective and/or catalytic layers, however, since the first report on inhomogeneous Schottky junction with n-Si/Co by electrodeposition, inhomogeneously coated Si-based photoanodes started to be explored.

In Chapter 2, we studied randomly-dispersed electrodeposited Ni NPs on unprotected n-Si surface. These electrodes were investigated in the highly alkaline electrolyte which is an excellent medium for OER, but highly corrosive for Si without a protection layer. Despite this, our surfaces showed stable performance and we investigated their activation. Also, we figured out how the photoanodes without protection layer could accomplish a stable performance for relatively long time in operation and unbiased condition. In addition, further studies about different M NPs needs to be carried out for the confirmation of the universality of unexpected stability in the unbiased condition.

Highly light-absorbing BSi surface was fabricated and applied for the photoelectrochemical water splitting in Chapter 3. The BSi was prepared by rapid two-step etching process, using PEE for preparing a porous template and AE for further etching it. After this two-step process, the Si surface exhibited a matte black color. On the BSi, Ni/NiFe NPs were electrodeposited by two-step electrodeposition process. Unexpectedly, The BSi electrodes demonstrated lower performance than planar structured photoanodes, which can be explained by higher recombination rates of photogenerated electron-hole pairs.

Chapter 4 is devoted to the study of Fe NPs deposited on n-Si. Indeed, most of the previous reports were published with Ni, Co, and/or their alloys with different ratio of Fe, however, Fe metal was not applied as a single cocat component for the photoanode, neither as a Schottky contact phase. We have shown that Fe NPs could promote the photoelectrochemical water splitting and studied the effect og the surface coverage of Si surface which is a crucial factor for the performance photoanode. However, at the highly alkaline solution, Fe NPs were detached and degenerated rapidly. Thus, the photoanodes were investigated in less corrosive K-borate/Li-borate buffer solution, which has improved the stability dramatically (4 h to 130 h). In this condition, the n-Siplanar was replaced to n-SimPy which improved its performance by ~ 40% of jmax compared to that of n-Siplanar. This report generalized and expanded our electrodeposition-based method to produce Si-based photoanodes. Previous Chapters modified the Si surface to control the light absorption using PEE and/or AE. However, in the last Chapter, we adapted the LPNE technique for the cocat structuration which can control the n-Si/M Schottky junction at the nanoscale. Depending on the design of the photomask, the structure of cocats can be constructed with various morphologies and geometrical features. Our method allowed to prepare M NWs on n-Si, and it confirmed that using structured transition M NWs on n-Si is feasible to apply for photoelectrochemical water splitting. Regarding its nanoscale contact, morphologies and respective spacing, it exhibited a strong dependence; however, it still requires further investigation in the near future to fully understand our results. 

Appendix