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À memória de Roberta Brayner, de um misto ímpar de gentileza, alegria, generosidade e dedicação. Titre : Élaboration par chimie douce de photoanodes à base de TiO 2 pour la photoélectrocatalyse de l'eau en phase liquide ou gazeuse Résumé : L'hydrogène (vecteur énergétique très efficace et ne produisant que de l'eau lors de sa combustion) est aujourd'hui une alternative sérieuse au remplacement des combustibles fossiles. Pourtant, son approvisionnementprovenant à ce jour majoritairement de sources fossiles -n'est pas durable. L'une des alternatives les plus prometteuses serait de produire cet hydrogène par la dissociation électrochimique de l'eau, assistée par la lumière du soleil. Cette approche simple sur le papier reste en pratique très coûteuse à cause des faibles rendements de conversion de l'énergie lumineuse en énergie chimique. L'approche expérimentale choisie dans ce travail, vers une production d'hydrogène plus accessible, consiste à mettre au point des matériaux pour photoanodes capables de procéder à l'oxydation des molécules d'eau pour l'obtention de dioxygène et dihydrogène, grâce à la lumière du soleil, sur une gamme spectrale la plus étendue possible (UV et Visible), et d'intégrer ces matériaux dans des dispositifs compacts, fonctionnels, à faible coût de revient. Le matériau choisi pour la photoanode consiste en des hétéro-nanostructures de dioxyde de titane sur du titane métallique (TiO2/Ti), préparées grâce à l'oxydation chimique contrôlée. Ensuite, deux approches sont évaluées pour améliorer leur performance : le couplage avec des semi-conducteurs nanocristallins à petit gapquantum dots (QDs) -et l'optimisation de la structure TiO2/Ti elle-même. Pour la première approche, des QDs de classe II-VI (ZnS, CdS, CdSe), ainsi que de CuS, sont synthétisés par chimie douce (procédé polyol) et ajoutés par imprégnation aux précédentes nanostructures de TiO2, agissant en tant que photosensibilisateurs ou co-catalyseurs. Dans un système classique à électrolyte liquide, le système CuS-TiO2/Ti fournit les meilleurs résultats. La seconde approche consiste à mettre au point le procédé d'oxydation chimique contrôlée pour jouer sur la morphologie, la composition chimique ainsi que la structure cristallographique des structures TiO2/Ti qui en résultent. La synergie entre anatase et rutile en surface et le déficit croissant en oxygène en profondeur sont des facteurs qui potentialisent l'absorption optique et minimisent la recombinaison des charges photogénérées, ce qui permet d'améliorer la performance PEC sans l'utilisation de QDs. Finalement, les photoanodes issues de cette deuxième partie ont été adaptées pour fonctionner dans une cellule PEC à électrolyte solide (SSPEC). Ne disposant plus d'électrolyte liquide, les molécules d'eau à oxyder sur la surface des photoanodes proviennent de l'humidité de l'air. Un système SSPEC qui opère en phase gazeuse à 80% d'humidité relative (RH) sur la photoanode de TiO2/Ti et à 0% RH sur la cathode en C-Pt, exposé à un simulateur solaire (1 sun), génère, de façon reproductible, des densités de photocourant (j) de l'ordre de 0,03 mA cm -2 sans tension appliquée (0 V) et de l'ordre de 0,10 mA/cm 2 à 0,8 V même après avoir opéré à 40% RH. L'ajout d'humidité sur la cathode rehausse la valeur de j. Les valeurs de j reportées pour une photoanode de nanotubes de TiO2 (anatase) dans un système similaire à 80% RH, sont de l'ordre de 0,005 mA cm -2 à 0 V et 0,01 mA à 0,8 V. Des valeurs supérieures (2 mA) ont été obtenues pour des photoanodes en rutile à 1,2 V, > 90% RH et illumination UV, des conditions moins réalistes d'opération.

Mots clefs :

Chimie douce, dioxyde de titane, photoélectrocatalyse de l'eau, hydrogène, suboxyde de titane, matériaux gradués en fonctionnalité, énergie renouvelable Title: Soft Chemistry Processing of TiO 2 -based photoanodes for water splitting in liquid phase or in humid air Abstract: Hydrogen (an energy vector with a high energy density and yielding only water as combustion by-product) is today a promising alternative to reduce our dependency on fossil fuels. Its obtention, howeverwhose sources are mostly fossil currentlyis not sustainable. One of the most promising alternatives is to produce this hydrogen by using sunlight to assist the (photo)electrochemical water splitting. This approach, deceivingly simple in theory, remains elusive due to high costs and low yields of the overall conversion of light into chemical energy. The experimental approach adopted for the present work towards a more accessible production of hydrogen consists in perfectioning photoanode materials that are capable of performing the oxidation of water molecules to obtain dioxygen and dihydrogen, thanks to the input of sunlight, over a spectral range as wide as possible (UV and visible), and to integrate these materials into compact, functional and cost-effective devices. The material of choice for the photoanodes is comprised of heteronanostructures of titanium dioxide on a metallic titanium support (TiO2/Ti), prepared through controlled chemical oxidation. Subsequently, two strategies are evaluated regarding the improvement of their performance: their coupling with nanocrystalline small-gap semiconductorsquantum dots (QDs)and the optimisation of the TiO2/Ti structure in itself. For the first one, class II-VI QDs (ZnS, CdS, CdSe), as well as CuS, were synthesised by soft chemistry (the polyol method) and added to the previously prepared nanostructures, acting as photosensitisers or co-catalysts. Within a classic system, with liquid electrolyte, the CuS-TiO2/Ti system yields the best results. The second strategy consists of tuning the controlled chemical oxidation procedure to optimise the morphology, chemical composition and crystalline structure of the oxide. The synergy between anatase and rutile at the surface and the increasing oxygen deficiency along the depth of the material are factors that potentialize the light absorption and minimise the recombination of photogenerated charge carriers, which enables an improved PEC performance without having to resort to QDs. Finally, the photoanodes originated from this second part were adapted to operate in a PEC cell with a solid electrolyte (SSPEC). Without a liquid electrolyte, the water molecules to be oxidised on the surface of the photoanode are obtained from the air humidity. A SSPEC system operating in gas phase at 80% relative humidity (RH) at the TiO2/Ti photoanode and 0% RH at the C-Pt cathode, under 1 sun illumination, generates in a reproductible manner photocurrent densities (j) of the order of 0.3 mA cm -2 at 0 V bias and 0.10 mA cm -2 at 0.8V bias, even after operating at 40% RH. The insertion of humidity at the cathode chamber further increases the j values. The reported values for a similar system operating at 80% RH with a photoanode consisting of TiO2 nanotubes (anatase) are of the order of 0.005 mA cm -2 at 0 V et 0.01 mA cm -2 at 0.8 V. Higher values (2 mA) were obtained for rutile photoanodes, but under less realistic operational conditions (1.2V, >90% RH and UV illumination).
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Résumé en Français

Chapitre 0

Si l'augmentation rapide de la demande globale d'énergie, entraînée par les avancements technologiques, a permis des progrès remarquables, elle a aussi provoqué des nombreux problèmes environnementaux. Il est absolument nécessaire de réduire notre dépendance des combustibles fossiles en les remplaçant par des sources propres et renouvelables d'énergie, tout en prenant compte des facteurs socio-économiques, qui jouent un rôle important dans le succès de l'implémentation de ces nouvelles alternatives.

L'accès à l'énergie est un facteur intimement lié au développement économique et les inégalités qu'y parviennent, ainsi que les émissions en carbone entraînées par les pays selon les différents stages de leur développement.

Tenant compte que :

• La plupart de la demande d'énergie dans les prochaines décennies proviendra des pays en pleine croissance économique (quand les émissions en carbone sont les plus intenses) ;

• Les régions les plus nécessiteuses d'énergie (zones rurales ou appauvries) ont souvent des difficultés d'accès à des réseaux électriques centrales et/ou à des sources d'eau potable ;

• La crise sanitaire a exposé la fragilité de divers systèmes et chaînes d'approvisionnement à caractère très centralisé, ainsi que la vulnérabilité des endroits isolés ;

• L'efficacité d'un matériau ou dispositif n'est qu'un parmi les facteurs qui peuvent prédire le degré de succès d'implémentation de nouvelles infrastructures pour l'obtention d'énergie dans des endroits isolés (avec la simplicité d'implémentation et de maintenance étant aussi importants) ;

Nous avons tourné notre regard vers l'obtention d'hydrogène (un vecteur propre et efficace pour le stockage de l'énergie solaire) à partir de la photoélectrocatalyse de l'eau. Pour ce faire, nous avons poursuivi des différentes stratégies pour la fabrication de photoanodes de façon à optimiser leur performance tout en réduisant ou éliminant l'usage de composés toxiques et des techniques de production complexes et/ou coûteuses. En plus, nous avons évalué la compatibilité de ces photoanodes avec un dispositif compact à électrolyte solide pour réaliser la photoélectrocatalyse de l'eau présente dans l'humidité atmosphérique. L'ensemble de ces efforts vers la réduction de la charge environnementale de l'obtention d'hydrogène permet d'envisager l'application des photoanodes et dispositifs étudiés dans des systèmes particulièrement adaptés à l'obtention et stockage décentralisés d'énergie dans des endroits isolés ou avec un accès restreint au réseau électrique ou à des sources d'eau potable.

Les principales entraves pour le déploiement de systèmes d'obtention d'hydrogène via watersplitting sont leur coût élevé et la nécessité de développement de méthodes de fabrication des cellules photoélectrochimiques (PEC) à large échelle, ainsi qu'éventuelles contraintes de transport.

Les principaux efforts dans le domaine de la photoélectrocatalyse de l'eau se tournent vers le développement et l'amélioration de matériaux pour l'élaboration de photoanodes. Pour que ces matériaux soient envisageables en tant que photoanodes pour le water-splitting, il faut que leurs bandes de valence et de conduction soient bien placées par rapport aux potentiels d'oxydation de l'eau et de réduction du H + , et que leur distance relative (et donc la taille de la bande interdite) permette d'attendre un potentiel suffisamment grand pour entraîner les réactions pertinentes, tout en restant dans le domaine de la lumière visible (donc un Eg entre 1.6 et 2.0 eV).

Finalement, il faut aussi que le matériau soit chimiquement stable dans les conditions opérationnelles, pas toxique ou autrement nocif pour l'environnement, et fabriqué par des procédés respectueux de l'environnement et à faible coût.

Jusqu'à présent, aucun matériau ne présente toutes ces caractéristiques, et les stratégies employées pour en arriver sont en général centrés sur :

• L'optimisation de la plage d'absorption dans le domaine de la lumière visible ;

• La suppression de la recombinaison des paires porteurs de charge photo générés ;

• L'amélioration de leur stabilité dans des conditions réalistes d'opération ;

• L'optimisation des procédés de fabrication pour affaiblir les coûts et les émissions de carbone.

Parmi une grande variété de semiconducteurs, le plus répandu dans le domaine du watersplitting est le TiO2, qui est très stable chimiquement, pas cher et pas toxique, mais avec une performance limitée par son absorption optique limitée au domaine de l'UV et par un haut taux de recombinaison des porteurs de charge photogénérés.

Ainsi, une multitude de méthodes sont utilisées pour surmontes les limitations des photoanodes basées sur le TiO2, notamment :

• Leur couplage avec d'autres matériaux ayant un effet synergétique ;

• La mise au point de leurs caractéristiques intrinsèques (contrôle de la composition, phase crystalline, nature et quantité des défauts) ;

• Leur nanostructuration (et conséquent augmentation de la surface disponible).

Additionellement, des avancements récents ont été faits sur l'utilisation de cellules PEC en état solide (avec un électrolyte polymérique conducteur de protons) pour l'obtention d'hydrogène en se débarrassant des contraintes opérationnelles liées à l'utilisation des électrolytes liquides traditionnels (dispositif encombrant, risques de fuite et contamination, corrosion des électrodes, pertes diverses d'efficacité).

En considérant tous les facteurs présentés ci-dessus, les travaux présentés sur cette thèse sont organisés en différents parties :

Le premier Chapitre est dédié aux informations de base sur la photoélectrocatalyse de l'eau et de la production d'hydrogène, ainsi qu'à une révision de la littérature sur les photoanodes à base de TiO2 et les cellules PEC en état solide.

Le deuxième, troisième et quatrième Chapitres présentent les résultats obtenus dans ce travail :

• Les Chapitres 2 et 3 sont centrés sur les stratégies pour l'optimisation des photoanodes (dans un premier temps par leur couplage avec des différents types de quantum dots, ensuite par la mise au point des caractéristiques du TiO2 lui-même par chimie douce) ;

• Le Chapitre 4 discute l'utilisation des matériaux obtenus dans des cellules PEC à électrolyte solide pour la photoélectrocatalyse de l'eau présente dans l'humidité atmosphérique ;

• Le dernier Chapitre présente les conclusions globales, le positionnement des résultats obtenus par rapport à leur contexte et quelques perspectives pour des futurs développements regardant le water splitting.

Chapitre 1

Bien que des modules photovoltaïques (PV) puissent être couplés à des électrolyseurs pour l'obtention d'hydrogène, systèmes photoélectrochimiques (PEC) peuvent potentiellement devenir plus efficaces et moins chers. Il est évidemment nécessaire de poursuivre le développement de matériaux et méthodes avec une efficacité accrue et un grand contrôle sur les mécanismes impliqués, mais à court et moyen terme il est plus urgent de favoriser les systèmes avec une meilleure faisabilité globale afin de garantir une compétitivité qui permettrait d'éventuellement remplacer des sources d'énergie fossiles ou autrement polluantes.

Concernant la préparation de photoanodes pour la photoélectrocatalyse de l'eau, il est nécessaire de développer un matériau qui soit efficace, durable, sans danger pour l'environnement et à faible coût. Certainement il faudra trouver un compromis entre certain de ces critères mais l'équilibre globale doit être favorable.

Concernant le choix du matériau, il faut utiliser un semiconducteur dont les niveaux d'énergie des bandes de conduction et de valence soient compatibles avec les potentiels de l'oxydation de l'eau, tout en étant stable chimiquement dans les conditions opérationnelles. Parmi divers oxydes métalliques, l'oxyde de titane se démarque comme une alternative viable (constituant la plupart des photoanodes décrites dans la littérature) grâce à sa stabilité chimique, son faible coût (selon la méthode d'obtention) et sa non-toxicité (même si des études récentes questionnent l'impact environnemental de ses formes nanométriques). Cependant, il présente des faibles efficacités à cause de son bandgap large, qui ne permet que l'absorption de la portion UV de la lumière, et des taux importants de recombinaison des porteurs de charge photogénérés.

En termes générales, les stratégies pour l'amélioration des photocatalyseurs peut miser sur l'augmentation de la quantité des sites actives disponibles sur une électrode (en augmentant la concentration du catalyseur ou sa surface exposée, par exemple) et/ou sur l'amélioration de l'activité intrinsèque de ces sites.

Concernant la production de TiO2, les procédés en milieux liquides présentent des avantages en termes économiques et techniques, en plus de permettre la fabrication d'une variété de formes nanostructurées de façon contrôlée, mais l'un des facteurs potentiellement problématiques est l'adhésion de ces nanostructures aux substrats conducteurs sans impacter la performance du système.

Dans la poursuite de l'amélioration de la performance des photoanodes à base d'oxydes de titane, le dopage du TiO2 et son couplage avec des sensibilisateurs ou co-catalyseurs sont des stratégies très répandues. Les dopants les plus fréquemment utilisés sont N, C, S, F, P, Fe, V, Cu et Mn (particulièrement lors des traitements hydrothermaux ou des calcinations en présence des précurseurs de ces dopants). La présence excessive de dopants peut entraîner la formation de sites de recombinaison et réduire l'activité photocatalytique du système.

Il est aussi possible de procéder au dopage du TiO2 avec du Ti 3+ , normalement par une réduction partielle des Ti 4+ (calcination sous atmosphère réductrice, réduction par aluminium fondu) pour obtenir des performances photoélectrochimiques supérieures.

L'élaboration de composites avec nanocristaux semiconducteurs est une technique prolifique qui s'en sert des quantum dots ou nanoparticules avec des bandgaps plus étroits que celui du L'utilisation des QDs de CdSe a résulté en densités de photocourent similaires à celles pour le CuS, mais une fois que (en plus de la toxicité de ces QDs) le système nécessite d'électrolyte sacrificiel pour son opération, ce système est moins attractif que le précedent.

Chapitre 3

L'un des moyens pour optimiser la performance PEC des photoanodes à base de TiO2 (autre que l'élaboration d'hétéronanostructures) est la mise au point des caractéristiques de l'oxyde lui-même, ce qui permet de réduirevoire éliminer -l'utilisation de co-catalyseurs ou sensibilisateurs.

Parmi les différents allotropes de TiO2, l'anatase est celui qui, pur, présente les meilleures activités photocatalytiques. Cependant, des diverses études montrent que la performance de matériaux contenant un mélange de phases -particulièrement ceux avec une majorité d'anatase et une petite quantité de rutile -est capable de surpasser celle de l'anatase pure.

Dans ce type de système, l'interface entre les phases est un facteur important dans la séparation des charges photogénérées grâce aux différentes durées de vie des porteurs de charge dans les deux allotropes et à la différence relative entre leurs band bending (et donc l'endroit où les porteurs de charges sont majoritairement piégés).

La présence de défauts en oxygène peut entraîner l'amélioration de la performance des photoanodes de TiO2 de différentes façons. Près de la surface, les défauts peuvent devenir des sites réactives pour l'oxydation de l'eau et en profondeur, ils peuvent piéger et orienter les porteurs de charge. En moindre quantité, ces défauts peuvent élargir le spectre d'absorption de la photoanode ou, en devenant non-stoechiométriques ou sub-stoechiométriques, ces matériaux acquièrent des propriétés particulières, telles qu'une conductivité électrotonique comparable à celle du graphite (cas des phases de Magnéli, TinO2n-1; 4≤n≤10).

La formation de gradients de concentration de ces défauts en oxygène est bénéfique à l'amélioration de la performance PEC des oxydes de titane, comme lors de la formation d'une structure quasi coeur-coquille où la formation d'une jonction homophase entre l'intérieur riche en Ti 3+ et l'extérieur stoechiométrique favorise la séparation des porteurs de charge et résulte en une performance supérieure pour les nanoparticules élaborées.

Prenant compte de ces facteurs, nous avons optimisé le procédé de préparation des substrats En termes de performance PEC, l'échantillon gris est similaire aux substrats utilisés dans le chapitre précèdent Cela ne représente pas une grande amélioration au niveau de la performance, mais entraîne des avantages au niveau pratique parce que nous avons éliminé l'étape la plus longue, la plus coûteuse et avec le plus de contraintes pratiques : le traitement hydrothermal en autoclave en milieu fortement basique pendant 24h.

Les échantillons violet et doré ont tous les deux présenté une densité de photocourant beaucoup supérieure à celle de l'échantillon gris, et comparable ou plus grande que celle obtenue par la préparation d'hétéronanostructures du type QD/TiO2, la performance de l'échantillon doré étant la meilleure, avec des valeurs de l'ordre de 0.8 mA.cm -1 même au-dessous de 0.8 V de potentiel appliqué.

L'amélioration de la performance des photoanodes à base d'oxyde de titane (dans le cas de l'échantillon doré) a été attribuée à la synergie entre les phases mixtes de TiO2 (anatase et rutile) à la surface et à la distribution spatiale des déficits en oxygène, qui permet une plage plus large d'absorption de lumière et une séparation et transport de charges plus efficace.

Les échantillons gris, violet et doré ont été aussi préparés sur des grilles de titane métallique (au lieu de plaques de titane) pour leur emploi dans les systèmes à électrolyte solide décrits dans le prochain Chapitre.

Chapitre 4

Le développement de sources alternatives d'énergie doit prendre en compte, en plus de l'efficacité et de la durabilité des matériaux, leur capacité à opérer dans une variété de These times will make even more apparent the effects of the access to energy sources on economic and social spheres. Measures like lockdown, social distancing, shelter-in-place and quarantine are imposed under the assumption that individuals have access to a reliable energy source to stay connected to each other and public services, cook, store food and cool or heat their homes. 5,6 It still too soon to predict the long-term effects of this crisis in any sectorrenewable energy included. But despite the declining demand for electricity (due to the closure of factories and businesses), the collapse of oil and gas prices, and overall disruption in investment and supply chains; both the International Energy Agency (IEA) and the International Renewable Agency (IRENA) still highlighted the importance of maintaining the investments in renewable energies during and after the crisis. Industry reports suggest a growth of the renewable energy industry to the detriment of the fossil fuel one; and the advantages of renewable fuels, especially the ones adaptable to an off-grid context, are more than evident in a crisis response. 5 Decentralized renewable power can respond to the necessary speed of solution implementing that a pandemic requires. 6 This gives the tried-and-true pledge for an urgent energetic transition a new dimension: we do need to increase the global energy production in an environmentally sustainable way, but we

Conclusion et perspectives

For such reasons, one must prioritize certain aspects: environmental impact, fuel import vulnerability, cost of energy supply, risk of plant disaster, operational costs, reliability, carbon and pollutant emissions and reliability.

A case study on an off-grid renewable energy system that provides energy to rural healthcare centres in Nigeria considered that a PV/diesel/battery system was the most economically viable option. Such systems, however, are very susceptible to fuel price fluctuation (and governmental subsidies), in addition to the environmental and operational downsides of using diesel as fuel

( f h f '
than its fossil counterpart) and batteries as energy storage. 8 This adds some extra entries to the list of desirable characteristics for alternative energy sources:

the more we aim towards reliable and durable systems that operate based on widely available materials and can be adapted to different areas, the better.

tons of water per day. And to supply one-h f h ' q of thousands of hydrogen plants would be needed.

Hydrogen and water photoelectrolysis

As of 2008, hydrogen was primarily used in the chemical industry, but already represented a promise of becoming eventually a significant fuel, with the U.S. Department of Energy developing a multi-year plan for the development of hydrogen-related technologies, such as infrastructure, fuel cells and storage, with a target hydrogen cost of U$2 to U$4 kg -1 . 15 Nowadays, while H2 still remains being used mostly for industrial processes, it gradually gains importance as an energy vector. Despite the numerous production alternatives (Figure 13), approximately 96% of the 500 billion cubic meter of hydrogen that are annually produced come from fossil fuel processing (mostly methane). It is also possible to produce hydrogen from biomass decomposition, but this process has a slow production rate and requires energy consuming bioreactors of considerably large volumes (from 1 to 1700 m 3 required to match a 5 kW PEM fuel cell). 11
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might be an important factor in increasing its importance in the energy mix. It allows for a diversity of regions to produce their own energy while encouraging a relative homogeneity of transport and consumption infrastructures, increasing energetic and economic security instead of reinforcing the centralization of economic and political power. 15 Soft chemistry processing of TiO2 -based photoanodes for water splitting in liquid phase or in humid air | Chapter 0 2021 50

• Straddle the redox potentials of the H2 and O2 half reactions with its CB and VB edges, respectively;

• A sufficient electrical conductivity to extract the photogenerated electrons and transfer them to the cathode;

• A large contact surface to facilitate the reaction kinetics and a long-term stability against corrosion in aqueous electrolytes.

To date, no cost-effective material or system satisfies all of the technical requirements listed above. 17 o By enlarging its absorption range from just UV to UV and visible light;

• Charge transfer processes:

o To limit the recombination of the photogenerated excitons and consequent efficiency losses;

• Operational lifetime:

o Optimizing the materials and adapting them to be effective under milder conditions, which has a direct impact on the implementation and maintenance cost of the technology for energy generation;

• Material processing:

o Developing a robust and scalable manufacturing process that consumes as little energy as possible and emits very little pollutants and greenhouse gasses;

o Prioritizing cost-effective processes.

In this regard, titanium dioxide or titania (TiO2) stands out as a material of choice for the development of photoanodes, even if it does not satisfy all the above listed criteria. Titania is chemically very stable and not toxic; its overall cost varies according to the precursors and material processing, but it can be produced by less expensive soft chemistry routes with a strict microstructural control. It also exhibits suitable band edge positions, balancing thus the fact that it possesses a band gap too wide to absorb more than UV sunlight (around 3.5 eV). 9 Indeed, several strategies are employed to push the limits of TiO2 photocatalysts. The most practiced one consists of increasing surface area to volume ratio, allowing to reinforce photon absorption and electrolyte interaction. The most representative example of this successful approach is the use of 1D-shaped TiO2 like nanowires, nanofibers, nanotubes and nanorods.

The production of such nanomaterials first can be achieved by the use of a porous template, typically porous anodic alumina membrane (AAM) which is subsequently dissolved. It can also be achieved by electrochemical 18 or sol-gel 19 deposition on a conductive substrate, by the controlled chemical corrosion of Ti sheets 20 or by their anodization 21 . In all the cases, a

The topic of this thesis

Although great strides have been made on the study of the effect of surface modification of TiO2 photoanodes in conventional PEC cells, there are few reported studies which integrate them in SSPEC devices for water splitting. The novelty of the latter has motivated the development of the present work. Our approach was to focus on the material processing conditions (the harshness of the surface oxidation) and the surface decoration with selected polyol-made QDs to systematically study their effect on the PEC performances of the resulting QDs-TiO2/Ti hetero-nanostructures in two distinct PEC systems:

(1) a conventional one, operating in an aqueous liquid electrolyte and (2) the so-called solidstate process, operating with a proton exchange membrane (PEM) electrolyte and using air moisture as water source. The present manuscript presents the main obtained results on such purpose, organized within five chapters.

The first Chapter is devoted to provide a background about photo-electrocatalysis, its fundamentals and its applications in liquid water splitting for hydrogen production. The last chapter presents some conclusions along with an outlook into the future of the light assisted electrochemical water splitting as a field and, more specifically, the further developments needed for the solution processed QD-TiO2/Ti to be used as efficient photoanodes in monolithic embedded SSPEC cells and the role of our work on a wider context.

To ensure that the text remains clear and fluid, technical aspects such as experimental setups, reagent brands, data analysis software, equipment specifications or supplementary data that are not explicitly relevant to the discussion of the obtained results are available at the end of each chapter. 
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PEC principles

Charge carrier photogeneration

Principle

As a consequence of the overall mechanisms and the material requirements, the key criteria for efficient solar water splitting are expressed as the product of the light absorption efficiency; the charge separation efficiency and the injection efficiency of the photogenerated carriers to the reactants; a broad light absorption range; efficient charge transfer from the bulk of the semiconductor to the surface; and rapid consumption of the photogenerated carriers for the surface reaction with minimum overpotential.

TiO 2 surface photochemistry

Heterogeneous photocatalysis is a broad and complex field which covers potential applications of materials into energy production, pollutant remediation, material design and chemical synthesis. Each and every aspect of the photocatalytic processsuch as the role of the catalyst (whether a reductant or oxidant), the mechanism of the reactiondepends on a variety of factors -the catalyst's composition, morphology and defects, its chemical environment, the application of an external potential bias (photoelectrocatalysis). 5 Such complexity and interdependency of factor makes it difficult to rationalize the involved mechanisms in a straightforward manner, and despite being one of the most widely studied materials in photocatalysis, there is still great debate regarding the mechanisms involved in its photocatalytic processes at a molecular level. 5 Let's focus on OER, the reaction which takes place at the anode. OER has a large overpotential.

The overpotential is the additional voltage that appears at an electrode where a finite current density is flowing. The current density is directly proportional to the rate of hydrogen evolution at the cathode, and the large anodic overpotential implies that the overall potential of the cell increases together with the rate of hydrogen evolution. The overall potential is effectively an energy barrier that has to be overcome with the energy provided by the light excitation, and a large potential requires light of higher frequency. Therefore, visible light can only drive the Oxygen plasma treatment provides the same type of results. Typically, Zhang et al. have fabricated TiO2 anatase films by reactive magnetron sputtering metal Ti target followed by thermal annealing in air at 450 °C for 2 h. 27 They have shown that the hydrophilicity of the produced films may be significantly improved by exposing them to oxygen plasmas. The resulting hydrophilicity shows high stability whenever under the natural light or in dark.

Interestingly, other authors report that by adjusting the oxygen plasma processing parameters the superhydrophilicity of TiO2 surface may be achieved. 28 

TiO 2 doping and/or sensitization

TiO2 is an n-type semiconductor with a wide band gap, and optical absorption in the UV region (< 400 nm). Besides, the photogenerated electrons and holes are easy to recombine in TiO2 nanostructures, including 1D ones. It is thus necessary to modify the 1D TiO2 nanostructured materials to overcome these drawbacks. This can be achieved through (1) doping with metal and non-metal elements (2) loading metal nanoparticles to act as a surface plasmon resonance (SPR) photosensitizer for driving the visible light, (3) compositing with another semiconductor to form hetero-nanostructure that provides suitable energy levels for synergic absorption and charge separation for enhanced utilization of solar energy.

Doping with metal and non-metal elements

Incorporating a secondary electronically active species into the lattice is able to sensitize 1D TiO2 nanostructured materials for enhanced visible light absorption and suppressed recombination of electrons and holes. Asahi et al. first reported that the nitrogen doped TiO2 by sputtering in nitrogen-containing gas mixture and it showed extended absorption from UV light to visible light regions. 29 Hou et al. have conducted systematic investigation on N-doped TiO2 nanotubes which were immersed in hot ammonia solution via hydrothermal method. 30 Doping with nitrogen can effectively narrow titania bandgap and facilitate the transfer of photogenerated carries, dramatically enhancing its photocatalytic activity. Besides, carbon atoms have also been introduced into TiO2 lattice leading to real improvements on titania photoresponse. C-doping was for instance achieved by hydrothermal treatment in a glucose Many strategies have been adopted to decorate 1D TiO2 nanomaterials with noble metal nanoparticles (Figure 14 **** ). Typically, hydrothermally fabricated TiO2 branched nanorods supported on FTO were immersed in 0.3 mM HAuCl4, dispersed in water, and irradiated with a 300 W Xe lamp for 6 h to coat them with Au NPs. 12 Both the particle size and the amount of loading were facilely controlled via adjusting the concentration of HAuCl4. Highly ordered an overview of the photoelectrochemical activities of the designed QD-based heteronanostructures. where the Jsc is the photocurrent density in A.m -2 and P is the power density of illumination intensity in W.m -2 . In some reports, an extra term (ηF) is incorporated in (Eq.4) in order to compensate the losses if HER and/or OER are not 100% Faradaic. However, the ηF may not be constant as the HER and OER progress when the cell operates, due to accumulation of undesirable products as reaction intermediates undergo side reactions in cathodic/anodic or both electrodes. When using (Eq.4), it is important to establish that the recorded photocurrent density corresponds to the generation of hydrogen and oxygen in cathode and anode, respectively (i.e., Faradaic efficiency of both HER and OER are 100%).

Despite all the electrode design improvements, stable electrode and/or photoelectrode materials with desirable band energy positions are not currently available that would allow the design of PEC water-splitting devices that can operate without an external bias. Due to this situation, most of the described PEC devices to date use an externally applied voltage to assist the overall water-splitting process. [START_REF] Walter | Solar Water Splitting Cells[END_REF] As for devices that operate under an external applied voltage, the magnitude of the required voltage depends on the band energy positions in the electrolyte concerned. It is clear from this equation that the externally applied voltage Vapp (in V) cannot exceed 1.23 V under standard operational conditions if the PEC water-splitting cell is to have a non-zero efficiency:

STH = J × (1.23-Vapp)/P
where J is the external photocurrent density in A.m -2 , P is the power density of illumination intensity in W.m -2 . In this case, it is assumed that the Faradaic efficiency for water splitting is 100%.

Depending on the type of semiconducting material(s) used, a theoretically current density of 15 

-

Introduction

In this chapter we will focusafter a brief review of selected topicson the use of different Quantum Dots (QDs) as a strategy to improve the photoelectrochemical (PEC) performance of 1D-TiO2 nanostructures.

For such, we will use one single type of TiO2-based substrate (which has been previously well established and characterized) to evaluate the performance improvement provided by a variety of finely tuned QDs, operating in a classic three-electrode configuration, in liquid electrolyte and single compartment cells.

Challenges of this approach include the choice of a material that interacts favourably with the TiO2's wide gap, while also envisioning a sustainable application of the optimized system in the future. We make efforts to steer clear of highly toxic materials, rare elements and energyconsuming productive processes. An important point is also the stability of the chosen materials, which can impact significantly the cost of implementation and up-scaling of the system in the future. The linker free sensitization of Titania with QDs is an ongoing research topic and several efforts have been made on that direction (see Chapter 1). But since the photoelectrochemical behaviour of the resulting QD-TiO2 hetero-nanostructures is strongly dependent on the crystalline quality of the involved QDs, the processing of these QDs and QD-TiO2 remains a key issue for the desired application and motivates us in developing original experimental approaches for that.

The methods of choice were the polyol process for the synthesis of QDs, and in-solution impregnation for the preparation of QD-TiO2 heteronanostructures. Polyol process is a wellknown and versatile soft chemistry route. It consists in dissolving metal salts in a polyol solvent in which nucleophilic substitution and condensation reactions may proceed, within quite environmentally friendly conditions (moderate heating, no hazardous reagents…). Compared to the classical sol-gel route, the polyol-mediated synthesis offers several advantages: the use of common ionic salts as precursors instead of costly and sophisticated alkoxides; a wide range of operating temperatures (up to the polyol boiling point) making it possible to obtain inorganic solids with good crystallinity; 1,2 and it does not systematically require the addition of dispersing agents for particle size control. The polyol itself plays this role in the reactional medium, being released after washing, leading to particles with almost free surfaces, which is important for the desired application in terms of charge transfer between the QDs and titania.

Impregnation is certainly the easiest and the most sustainable route in building heteronanostructures. It is often used for the preparation of supported metal catalysts 3,4 and from time to time, reported for the preparation of semiconductive heterojunctions. 5 We selected a set of metal chalcogenides, namely ZnS, CdS and CuS, to be used as co-catalysts in the engineered QD-TiO2/Ti photoanodes, and, CdSe to act only as sensitizer, in regard to their own energy diagram.

Although several works exist on the photocatalytic properties of ZnS-, CdS-, CuS-and CdSe-TiO2 nanomaterials, those involving both the polyol process for QD synthesis and the insolution impregnation route for the QD-TiO2 architecting are scarce.

We describe in this section all the preparation steps of these photoanodes, their characterization with special emphasis on their efficiency in solar light assisted water-splitting, as well as their performance improvement by tackling the problem of the QDs' surface oxidation. The discussion of the obtained results will be divided in two parts according to the similarities between the systems: ZnS, CdS and CuS will be discussed on a first moment as TiO2 cocatalysts operating in solution using passive electrolyte; and CdSe on a second moment, as TiO2 photosensitizers, still operating in solution but using sacrificial electrolyte. 6,7 2. Requirements on Materials and Methods: Theoretical Review

Designing heteronanostructures

The major concerns on engineering TiO2-based photoanodes include the creation of an Ohmic contact between TiO2 and its conductive substrate, and the promotion of an efficient heterojunction with the semiconductive co-catalyst or sensitizer.

Ohmic contact issue

A good Ohmic contact between the photoactive semiconductor and the conductive substrate ensures optimal charge carrier transfer, minimises electrical resistance and consequent losses, greatly impacting the PEC performance of a photoelectrode. 8 As the name implies, they follow Ohm's law, which establishes current as a linear function of applied potential. 9 Formally, Ohmic contacts do not rectify an electric current and do not inject minority carriers into the bulk of the semiconductor, but can have a moderate resistance. Generally, in order for the contact to be Ohmic, the substrate must enrich the majority carriers at the interface to a level greater than in the semiconductor bulk. For instance, a p-type semiconductor requires typically a conductive material with a work function (/M) larger than the semiconductor work function (/S). Gold (/M = 5.3 eV) 10 is a candidate for a large work function ohmic contact. In this configuration, holes gather at the surface forming an accumulation layer and the semiconductor behaves as a metal at the junction. Similar arguments apply to n-type materials where a conductive material with a smaller work function than that of the semiconductor is required.

Aluminium (/M = 4.3 eV) 11 is a small work function candidate.

It is worth mentioning that the work function of a given material depends on several factors including chemical composition and crystallographic orientation. Thus, the selection of a contact material can be guided by reported work function values but is best done through a careful characterization of the electronic properties of the contact/semiconductor interface. 12 In particular, the formation of an Ohmic contact at the semiconductor/metal interface instead of a Schottky barrier should be verified. Indeed, Schottky barriers usually reflect majority carriers back into the bulk of the semiconductor and impede charge transport. Additionally, some substrates may alloy with the semiconductor, leading to a different material with its own work function. This alters the contact, for better or worse, which needs to be verified experimentally. 8 Considering all these factors, the choice of a TiO2/Ti contact offers a good compromise between advantages and drawbacks. One of such drawbacks is the opacity of the Ti substrate to light, requiring a direct illumination of the TiO2 nanostructure.

From a material processing point of view, constructing an efficient TiO2/Ti Ohmic contact entails the development of material synthesis and shaping methods allowing the best charge transfer between the semiconductor and the metal substrate. Whereas there are certainly deposition/assembly methods that lead to more efficient semiconductor/electrolyte contacting and semiconductor/light interaction, most of them usually come at a high economic or operational cost (such as monocrystalline materials that require highly specialized substrates and costly processes). 8 For instance, Molecular Beam Epitaxy (MBE) allows the growth of highly crystallized semiconductive film, but requires the use of specific crystalline substrates, heating and high vacuum. Chemical Vapor Deposition (CVD) also enables the obtention of such films, but demands often toxic volatile chemical precursors. Other routes, like Atomic Layer Deposition (ALD), provide highly crystalline atomically deposited layers but are not at all adapted for the engineering thicker, mechanically robust films. ALD is also a time-consuming process since it requires low deposition rates to ensure good thickness control.

Electrodeposition of the desired semiconductive film on electrically conductive surfaces (typically within an aqueous solution of the salt of the material of interest) can be also a processing option but it suffers from some drawbacks. Indeed, even if it allows a control of the deposited film's characteristics by simply tuning the intensity/pulse/frequency current, it mainly yields poorly crystallised (sometimes amorphous) deposits and requires posterior calcination to tentatively improve its electrical contact with the conductive substrate. Oriented nanotubes on metallic substrates were also successfully produced by seeding with TiO2 NPs (by dip coating in a NP suspension, for instance) prior to the hydrothermal treatment. 13 But the 110 the case of CdSe or Si QDs, whom VB edge are upper than O2/H2O redox potential 17,18 (Figure 3 * , Figure 4 † ).

From a material processing point of view, these semiconductive heterojunctions in the QD-TiO2 system can be built by different experimental approaches, the best ones being those providing an epitaxial growth of the QD on TiO2. Unfortunately, these routes are often costly and people accept to use less efficient methods in term of epitaxial interface quality, particularly when QD surface is free from organic surfactants. By this way the TiO2 and QD contacting remains valuable in regard to the desired application.

Characteristics of the materials

Beside its 1D nanostructuration, titania thickness in the designed QD-TiO2/Ti photoanodes must be of an optimal scale range. Usually, the desirable thickness for a photosensitive semiconductor material is on the order of the absorption of the incident light to maximize the generation and collection of charge carriers, as excess material can increase the likelihood of charge recombination and the overall cell's Ohmic resistance, at no extra absorption gain. This desirable thickness is related to the α absorption coefficient, and for a direct band material (with α ≈ 10 6 cm -1 operating at ≈ 600 nm in the visible range) it should be around 1 µm, while for an indirect band gap material (α ≈ 10 4 cm -1 ), it may be necessary to develop a film with a few hundred micrometres of thickness. However, poor charge carrier transport is a factor that pushed towards the need of thinner films for optimal performance. 8 Another relevant parameter concerns the bulk and surface crystalline quality of the involved semiconducting nanomaterials. TiO2 photoactive materials with a low number of defects offer fewer recombination sites, and smaller particle size usually represent a smaller distance for charge carriers to migrate before reaching their reaction sites, also lowering recombination probability. This concerns also the involved QDs in QD-TiO2-based hetero-nanostructures, meaning that it is crucial to develop QD as well QD-TiO2 chemical synthesis routes allowing such a crystalline quality. Moreover, the concentration of QD in the final composite photoanodes should be kept at low levels, not only to limit the device's toxicity and potential environmental issues with an implementation of the technology, but because at higher 111 concentrations QD (CdS for instance) may be more likely to become an electron recombination centre and decrease the efficiency of the electron-hole separation process. 19 Besides, focusing on QD co-catalysts and/or sensitizers processing, it is important to check their chemical stability during PEC processing. Indeed, most of used QDs are metal chalcogenide nanoparticles, which suffer from superficial oxidation, favoured by their very small size, and consequently from efficiency loss. Typically, sulphide-based QDs, like CdS or ZnS, are often reported with the formation of a sulphate shell on their surface, reducing their photocatalytic abilities. 20,21,22,23 The architecture of the support nanostructure can be a very relevant factor when elaborating the QD-TiO2-based hetero-1D-nanostructure. The use of TiO2 as nanofibers (NFs) or nanotubes (NTs) can affect the distribution and morphology of the QDs, as well as the charge carrier transport and recombination. For an architecture of QDs deposited on TiO2 NFs or NTs, for example, it has been found that, while both benefit from a PEC performance improvement and the NFs architecture favours a more even distribution of the QDs, the overall predominant effect is potentialized by the better charge transport in the TiO2 NTs architecture, resulting in a better PEC performance. 24 Finally, the elaboration of these hetero-nanostructures may be critical. It must be easy to achieve, allowing a good electrical contact between the involved QD and TiO2 phase while controlling the final QD concentration and size. To date, several routes have been explored for such a purpose. Focusing on in solution methods, there are: the electrophoretic deposition (EPD), which is simple with a short deposition time, the successive ionic layer adsorption and reaction (SILAR), the chemical bath deposition (CBD) and the colloidal impregnation, which involves preformed QDs allowing a better control of their size and concentration in the resulting composites. 16 

Photoanode elaboration

For these studies, our starting point was a substrate whose engineering has been previously well-established, and employed different types of QDs (ZnS, CdS, CdSe and CuS) to explore different ways of improving its PEC performance. The substrate of choice was an array of intertwined anatase nanofibers made by controlled hydrothermal corrosion of metallic Ti sheets.

The QDs were chosen according to the theoretical compatibility with TiO2 and their ease of fabrication, using synthetic routes as environmentally friendly as possible.

As the stability of the resulting system is a characteristic just as important as its efficiency to ensure its sustainability, we propose a facile aqueous sulfidation treatment to counteract the tendency of some QDs to oxidize when exposed to air, due to their reduced size.

The resulting heteronanostructures are then characterised to assess the impact of the different QDs and their respective surface treatments on the PEC performance of the original substrate.

Elaboration of 1D-shaped

TiO2/Ti

The elaboration of the TiO2/Ti substrates consists of three main steps (Figure 5): mechanical polishing, chemical treatment, hydrothermal treatment and calcination in air. The main driver of the substrates' final properties and morphology is the hydrothermal step, in which the previously prepared metallic Ti foils are submitted to a strongly oxidative environment in an autoclave to produce a highly porous surface of nanostructured polycrystalline anatase.

The plates were rinsed with deionized water, protonated (in 50 mL of HCl 0.1 mol L -1 for 2 h, twice), rinsed again with deionized water and dried at 80°C. Despite seeming like a simple step, the acid rinsing can interfere with the morphological evolution, the final crystallinity and surface area of the formed 1D titania structures and consequently their photocatalytic activity. 24 Also, an ion exchange performed with a too high acid concentration can lead to detaching of the titanate film due to rapid change in crystal structure. Also an incomplete exchange of the Na + between titanate layers can have catastrophic effects. 14 The air calcination took place at a 45 min heating ramp, with a target temperature of 400°C (or 450°C as a maximum) kept constant for 60 min. The heating was then turned off and the system slowly cooled down to room temperature, with the oven closed. At lower calcination temperatures the samples do not present a satisfactory crystallinity and at higher temperatures, they become brittle and mechanically fragile. This agrees with literature reports on unsupported hydrothermally prepared TiO2 NTs partially fragmenting during calcination at 300-400°C. 26 At higher calcination temperatures, anatase phase persists but the morphology may change from nanowires at 600°C to porous thin films at 750°C, before transitioning to a dense rutile thin film at 900°C. 26 

Photoanode characterisation

To ensure that the elaborated hetero-nanostructures present the desired set of physical and chemical properties, we proceeded to a series of complementary characterization techniques.

The results are presented in three independent sets. Unfortunately, for logistic reasons, all the PEC essays were not performed exactly on the same PEC cells (different cell sizes and interelectrode distances). So, the comparison the of PEC results was restricted to the QDs-TiO2/Ti and bar TiO2/Ti systems analysed within the same setup. In all the cases, the measurement conditions are specified for each studied system. 

Structural and microstructural analysis

The structure of the prepared photoanodes was characterized by X-ray diffraction (XRD), while comparing their recorded pattern to those of pristine QDs and TiO2/Ti. Whereas the QD pattern matched very well with the tabulated CdS, ZnS wurtzite and blende structures, respectively, those of QDs-TiO2/Ti did not. They evidenced only the signature of the crystalline anatase TiO2 and the hexagonal Ti phases (Figure 14). Indeed, while XRD is a suitable technique for the characterization of most nanocrystalline powders, it is less adapted to detect QDs that are too small and/or in a very reduced concentration over a substrate, which is the case for the present systems. Raman spectroscopy provided a similar set of information (Figure 15) as XRD.

The recorded spectra evidenced the characteristic anatase signature without a clear indication of the presence of the QDs, which is related to the limitations of the technique and the characteristics of the system. The absence of significative difference between the samples is, counterparts. This evidences that a small amount of non-oxidized CdS QDs is able to sensitize more efficiently TiO2 catalysts toward water oxidation reaction. TiO2-CdS 20 nm sized CdS QDs were deposited on TiO2 films using gas/liquid interface assembly followed by SILAR method 42 Not indicated 4-6 (at -0.9 V) 0.1M Na2SO4 Xenon arc lamp Light exposed area of 0.25 cm 2 TiO2-CdS TiO2 nanotubes arrays prepared by electrochemical anodization method were subsequently coated with 5 nm sized CdS QDs using SILAR method 43 Not indicated 0.12 (at 0 V) the best reported CdSe/CdS-TiO2 hetero-junctions ( 54), or the best engineered CdSe-TiO2

anodes with an integrated hole transfer layer like PEDOT, 55 operating in passive electrolytes.

But it is two orders of magnitude higher than CdSe/TiO2 anodes prepared by other routes and operated in a similar sacrificial electrolyte. 56 As a further confirmation of the possible mechanism that justifies the improvement of our system by coupling with CdSe, the photocurrent density of a bare TiO2/Ti photoanode was evaluated using both a passive and a sacrificial electrolyte (see the inset in Figure 43). Clearly a slight difference in the photocurrent response exists between these two electrolytes and this difference is not at all significant when compared to the enhancement generated by the CdSe sensitization.

As a consequence of this observation, we can infer that the contribution of the CdSe VB photogenerated holes is crucial to the generation of thiosulphate (from the sulphide and sulphite aqueous ions from the electrolyte) (Eq. 3) that will limit the system's electron-hole recombination by abstracting holes from the TiO2's VB, replenishing the sulphite concentration (Eq. 4) (the sulphide concentration decrease can be compensated over longer operation times by the addiction of Na2S or by using a new batch of electrolyte). Thermodynamically, this could also happen over TiO2's VB, but the results suggest that this might not be kinetically favourable.

h + (VBCdSe) + S2-+ SO3 2-→ S2O3 2- (Eq. 3)

h + (VBTiO2) + 1 2 S2O3 2-+ 3OH -→ SO3 2-+ 3 2

H2O

(Eq. 4)

eeking further validation for the system's behaviour, we proceeded to electrochemical impedance spectroscopy (EIS) analysis. EIS was performed applying a sinusoidal voltage (200kHz-100MHz frequency range, 10 mV amplitude) and the recovered data were treated (Zview software) through well-defined fitting processes (χ 2 ~10 -4 ). The imaginary part of the impedance Zim was then plotted versus the real part of the impedance Zreal (Nyquist plots) for bothn impregnated and non-impregnated titania photoanodes (Figure 43) and the equivalent circuit (EQC) used to model the raw data was indicated.

The best fits were obtained for an EQC consisting of the electrolyte resistance (Rs), the Helmholtz double layer resistance (Rdl) with its in parallel capacitance as a constant phase element (CPEdl), and the space charge layer resistance of the semiconductor (Rsc) with its in parallel CPEsc 57,[START_REF] Chatzitakis | Comparison of the photoelectrochemical performance of particulate and nanotube TiO 2 photoanodes[END_REF] .

The refined parameters are summarized in Table 3. They clearly evidence the fact that the improvement of the photocurrent for the impregnated anode agrees with a lower charge transfer resistance (Rdl+Rsc) and smaller RctCdl product, indicator of higher intrinsic catalytic activity (ICA) 57 .

Conclusion

In this Chapter we proposed the optimisation of TiO2-based PEC systems through the engineering of hetero-nanostructures, and more specifically by optimising the processing of the QDs to be coupled with the TiO2 substrate.

On a first moment, we proposed a smart way of counteracting the surface oxidation that hinders the performance of CdS and ZnS, especially when at very reduced sizes. The QDs were obtained through the polyol method and underwent aqueous sulphidation, which allowed us to recover the originally intended composition of the NPs and resulted in a pronouncedly improved photocurrent density.

Secondly, we adapted a polyol-based microwave synthesis to the optimisation of CuS QDs, hoping to replace the effective but highly toxic Cd, steering towards a more sustainable system. In addition to achieving a simpler and faster productive process for the fabrication of highly crystalline and size-controlled nanoparticles, we significantly reduced their surface oxidation by using an adequate sulphur precursor, which eliminated the need for an extra step as it was required for CdS and ZnS. Within the same operational conditions, the CuS-sensitised sample performed better than the ones sensitised with the treated CdS or ZnS QDs.

Finally, for the system containing the CdSe QDs (obtained through a classical polyol method, as opposed to microwave-assisted), the obtained photocurrents were from a similar magnitude as the ones for the CuS-TiO2, but the CdSe system requires the use of a sacrificial electrolyte to operate effectively, which -in addition to its toxicity -makes it a less attractive system for future applications.

Having developed a variety of experimental methods for the synthesis of QDs to improve the PEC performance of TiO2-based photoanodes -and having advanced towards a more benign alternative to CdS -, the next Chapter will be dedicated to the optimisation of the TiO2/Ti support in itself. 
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Introduction

As an alternative to QD-sensitized hetero-nanostructures, a distinct approach to enhance TiO2based photoelectrochemical water-splitting is to improve the characteristics of Titania itself, reducing or eliminating altogether the need for co-catalysts or sensitizers. For such, in this Chapter we tackle the tuning of the TiO2/Ti substrates used in Chapter 2, with the overarching objective of keeping the process as environmentally benign as possible, i.e., by avoiding notoriously costly, time/energy consuming or non-scalable processes, and focusing on less harmful chemicals.

From the main issues previously faced and according to current trends within the literature, the general directions of our efforts fall within four main focuses:

i. Process: the hydrothermal treatment step that yielded our Titania NF arrays was comprised of a 24h-long treatment in autoclave, with concentrated NaOH and H2O2.

Even though the reactional temperature itself was not particularly high (80°C), the long reactional times (plus the posterior 4h of protonation), the impossibility of preparing a great number of samples at once or bigger samples, due to the autoclave's size, and the harsh chemical environment are aspects that would hinder a potential up-scaling of the process and drive up the productive costs, making it an unrealistic method for a commercial production of the photoanodes.

ii. Composition: there are numerous studies on the doping of TiO2 aiming at reducing its bandgap or introducing intermediary defect levels that can increase its light absorption capability or improve charge separation. Some of them introduce new elements into the oxide matrix, and some others rely on the self-doping by favouring the formation of Ti 3+ into the lattices, compensating the sub-lattice cation charge by sub-lattice anion vacancies.

iii. Structure: the crystalline phase of the formed oxide and the interface between different crystallites can also play an important role in the photoanode PEC performance.

iv.

Microstructure: the search for high surface Titania | electrolyte contact areas, creating more reactive sites, where the target reactions can take place, while optimizing the amount of used material. In this brief overview, we highlight some works that address key points specifically related to such enhancements in TiO2-based PEC technology before presenting our own strategies to achieve that purpose and the obtained results.

Mixed Phase, nonstoichiometry and porosity for titania-based PEC applications

Mixed phases of titania outperform pure allotropes

Considering the three main crystalline titania polymorphs as pure phases, anatase is the one that exhibits, to date, the greatest photocatalytic activity, despite its metastability. Rutile (the most stable one) and brookite present only a modest and zero photocatalytic activities, respectively. 1,2 Reports on mixed phases, however, evidence a high photocatalytic response which may exceed that of pure anatase, typically for composites constituted by a large quantity of anatase and a small quantity of rutile. 3,4 In such composites, the solid-solid interface is assumed to be a key factor in enhancing the photocatalytic reactivity of mixed phase titania and may be the location of catalytic "hot spots". 5 The role of anatase-rutile interface on charge carriers separation and consequent improvement of the photoactivity of mixed phase materials is nowadays evident. (l = 10 mm, ø = 0.44 mm) had grain sizes ranging from 5.9 to 8.3 µm, with the Magnéli phase extremity presenting the bigger grains (Figure 5).

The resulting compositional gradient generated a higher PEC efficiency compared to analogous fibres composed solely of stoichiometric TiO2 or Magnéli phase. The performance improvement was attributed to the combined features of the different regions on the fibres: the region with a relatively smaller oxygen vacancy content presented enhanced light absorption, while the most reduced region (Magnéli phases) assured effective electron-hole separation thanks to its metal-like electrical conductivity.

The method of choice for the first reported obtention of Magnéli phase NPs smaller than 30 nm, in 2017, 17 was induction thermal plasma. The starting material was a suspension of rutile NPs in isopropyl alcohol (IPA) and water at different ratios, inserted in a plasma reactor with Ar as both the plasma and the carrier gas. The NPs were then pressed into a pellet and treated at 550°C in H2/Ar, which improved the crystalline quality of the lattice structures but induced some oxidation from the -OOC functional groups on the NPs' surface. The resulting samples presented a mixed composition of several TiOx phases, with varying lattice distances and some dislocations, when observed on HRTEM. The difference in the extent of the reduction of the Ti oxides was attributed to the IPA-derived carbon formed during the synthesis, since carbon can reduce TiO2. (This also explained the formation of titanium carbide, TiC, on the sample with highest IPA ratio).

A noteworthy point was the tendency to preserve and/or form intermediate phases, especially Ti4O7, when both TiO2 and Ti2O3 are present in the synthesized NPs, before heat treatment, which may have involved the transfer or partial delocalization of d electrons and furthermore affect the electron conductivity. A factor that hindered the electronic conductivity was the contact resistance between particles, which was reduced after heat treatment.

practice, to produce such particles, they used different proportions of titanium hydride and titanium oxysulphate-sulphuric acid hydrate (TiOSO4•xH2SO4•xH2O) in a 27 h long hydrothermal reaction (200°C, autoclave). After drying at 60°C for 12 h, the yellowish sample was not submitted to further heat treatment. The resulting photocatalysts have been characterized as Ti 3+ -rich anatase core surrounded by a Ti 3+ -poor (or free) anatase shell, providing, for the reasons exposed above, enhanced photocatalytic properties.

Highlights

To summarize, the most prominent aspects to pursue on the optimization of the titania composition are an optimal phase ratio between its polymorphs (especially anatase and rutile)

and the introduction of oxygen deficiencies (or even the promotion of suboxide phases). Both factors are important on improving light absorption and charge separation, which results in a higher PEC efficiency. Additionally, the intimate contact between the different crystalline domains and the spatial distribution of the oxygen deficiencies are also highly desirable features. Their hypotheses were experimentally supported by the comparison of the recorded UV-Vis absorption spectra of the prepared samples. It was found that increasing the amount of oxalic acid results in a lower light absorption in the UV region, but a higher one between 440 and 800 nm, which did not necessarily translate to better photocatalytic activity, as a consequence of rutile predominance (Table 1 † † ). The best performance was that of the sample prepared with a 3.7 atomic ratio between oxalic acid and Ti(SO4)2, which translated in that case to a 0.37 mol L -1 oxalic acid concentration (Table 1). For this concentration, the produced titania consists of 67% of anatase and 33% of rutile, confirming that mixed phases are much more valuable for the desired application than pure anatase. Oxalate anions can be also used, instead of oxalic acid, to form water-soluble titanium complexes (Ti oxalate hydrate) that can be used to control titania's properties on environmentally benign bottom-up wet syntheses. 21,22,23 The thermal decomposition of the oxalate hydrates leads to high specific surface area micrometre-sized crystalline titania particles. These particles are formed by brookite nanodomains at treatment temperatures as low as 300°C, and by rutile larger in size crystallographic domains at higher temperatures, with mesoporosity being originated, in both cases, from the removal of water from the oxalate complexes. 23 Formic acid (FA) is another organic acid used to promote rutile phase, porosity and titanium mixed valence state in wet processed titania photocatalysts. Indeed, Khan et al 24 air calcination at a minimum of 400°C is strongly affected with the use of formate chelating agent. They revealed that anatase-rutile mixture is obtained when formic acid is introduced in the reaction medium, while pure anatase is obtained when it is not (control sample). They evidence that the coordination mode of formate group is a key issue in the titania formation mechanism. As formate acts as chelate instead of bridging ligand, a titanium gel network with a weakened structure is formed in the sol-gel reactional solution. Such structure readily collapses during calcination favouring thus rutile formation. In addition, as already reported for oxalic acid, the thermal decomposition of formic acid during the calcination step promotes the of release gaseous carbon oxides, generating porosity, oxygen vacancies and titanium mixed valence states, leading to significantly improved photocatalytic activity compared to the control sample prepared under similar conditions.

Soft chemistry processing of

Addition of moderate amounts of hydrogen peroxide leads to mixed phase TiO 2 particles with better crystalline interfaces

The effect of hydrogen peroxide as morphology directors are not restricted to TiO2: Soliman et al 25 tuned the properties of their electrochromic WO3 spin-coated thin films with the addition of 1% H2O2 , in presence of 4% oxalic acid. The original spherical NPs changed into nanorods, and the low porosity film was converted into an open pores structure (by transitioning from a monoclinic to a hexagonal system). The morphological changes resulted in improved transmittance, diffusion and coloration properties.

Francatto et al. 26 synthesized TiO2 NPs with enhanced reactivity due to a peroxo-modification of their surface. They used either metallic Ti or titanium isopropoxide as a precursor, and proceeded to a wet-chemistry synthesis in H2O2 and ammonia at 80°C under ambient pressure to obtain mixed-phase TiO2 NPs. These NPs were then used to obtain Bi12TiO20 (through solidstate reaction at 200°C) with improved interfaces between themselves as a consequence of the energy locally released by the thermal decomposition of the surface peroxo groups during the heating.

Savinika and Chumakov 27 analysed the effects of different peroxo precursors and annealing temperature on the enhancement of the photocatalytic activity of mixed-phase TiO2 NPs. They used hydrogen peroxide, ammonium persulphate and urea hydrogen peroxide and showed empirically that the addition of hydrogen peroxide in the reaction medium led to particles exhibiting improved photocatalytic behaviour.

Oxygen vacancies can also be generated in TiO 2 produced by in-solution corrosion of Ti metal

Wei et al. 28 proposed the synthesis of self-doped TiO2 from a metallic Ti powder precursor. In practice, they dispersed a given mass of Ti powder in a NaOH aqueous solution, they added then varying amounts of 30% H2O2 (0; 20; 50 or 100 µL), treating the resulting suspension in an autoclave at 180°C for 12 to 30 h. The precipitate was then protonated with HCl, grinded and calcined at 500°C for 3 h in N2 atmosphere. The loose TiO2 NPs were successfully used to obtain H2 from aqueous methanol, even for the catalysts produced starting from a large amount of H2O2. They found that this efficiency was attributed to oxygen vacancies due to either a localized reduction of the TiO2 by the remaining metallic Ti or to the removal of surface OH groups and the distribution and concentration of the oxygen vacancies affect the visible light absorption.

Highlights

Regarding the experimental methods to promote the desired features of our co-catalyst and sensitizer free TiO2-based photoanodes, certain aspects stand out among the relevant literature:

o Organic acids influence the phase formation and the light absorption capabilities of the TiO2.

o Peroxides can generate surface peroxo groups, improve/tune the resulting morphology, phase and the grain boundaries within the resulting polycrystalline oxide layer.

o Syntheses from Ti metal corrosion may yield oxygen-deficient oxide phases, provided that the processing conditions are not excessively harsh.

o Privileging the formation of robust and well-adhered oxide layers over TiO2

unsupported NPs can result in more efficient and sustainable devices by providing a better contact between the crystallites among themselves and with the substrate.

Tuning titanium dioxide's properties through soft chemistry

In accordance with our previous conclusions, we proceeded to seek the optimal processing conditions to allow for the improvement the performance of our TiO2 substrates without having to resort to hetero-nanostructures. The main priorities are: (i) high degree of surface nanostructuration, (ii) formation of a controlled amount of oxygen vacancies, (iii) promotion of an efficient anatase-to-rutile phase ratio to improve light absorption and photogenerated charge separation Keeping in mind the viability of practical applications of our system in the future, we turned to soft chemistry as the means to reach our goals. Our starting point were the hydrothermally prepared TiO2 nanofiber arrays on metallic Ti used as a support for our hetero-nanostructures in Chapter 2. From this previously established procedure, we analysed the influence of key parameters on the resulting oxide layer and chose the most promising ones to be tested within the Solid State Photoelectrochemical (SSPEC) cells studied in Chapter 4.

Our premises are that, even though we start from a relatively expensive precursor (metallic Ti),

we might be able to gather enough leverage to counteract this initial disadvantage: fewer steps for the assembly of the photoanode, the flexibility and mechanical strength of the material, the possibility of recycling the metallic Ti, the longevity of the material and the more efficient oxide/substrate interface.

As mentioned in Chapter 2, one of the points subject to improvement on the synthesis of the hydrothermally prepared TiO2 NFs on metallic Ti is the loss of material due to the harsher synthesis conditions (approximately 3% of the original mass of a metallic Ti sheet) and relative mechanical fragility of the oxide layer. their photo-electrocatalytic behaviour in comparison to the standard system, referred to as "white titania" due to its macroscopic appearance.

Titania processing: Chemical oxidation

The elaboration of the TiO2-based photoanodes on the surface of metallic Ti foils consists of three main steps: mechanical polishing, chemical treatment and calcination in air. The parameters in each step were individually varied and tuned in order to obtain optimal properties of the resulting samples while pursuing a simple, cost-effective and environmentally friendly synthetic route.

The metallic plates were cut to a convenient size (typically 0.8 × 2.0 cm 2 ), mechanically polished § § ,washed in ultrasound (in water, ethanol and acetone) and air-dried before being submitted to the subsequent steps.

The chemical treatment is the key step that allows us to tune the properties of the final TiO2 layer. Several iterations of this step were evaluated and, in this work, we present the ones that originated the most interesting and/or distinct families of samples.

The prepared Ti plates were introduced in a recipient with a treating solution of different compositions at 100°C for 2 h, rinsed in water and left to air-dry. The treating solution is composed of an aqueous solution of an organic acid at a fixed concentration, namely 0.6 mol L -1 *** , and varying concentrations of H2O2. The air calcination step was kept constant for all the samples, at a 45 min heating ramp, with a target temperature of 450°C maintained constant for 30 min. The heating was then turned off and the system cooled down spontaneously to room temperature, with the oven closed.

The obtained samples and results will be presented in two parts within this Chapter: § § Samples with different degrees of mechanical polishing were tested, from a rough polishing to a mirror-like polishing. Since no significant differences were observed on the final photo-electrochemical properties of the resulting titania, to simplify the productive process, we established an intermediary polishing as the typical procedure.

*** This OA concentration is inferred from our previous works, those described in Chapter 2.

Part 1: A preliminary study on the synthesis parameters

The first part of this Chapter is dedicated to a preliminary study on the influence of the nature of the organic acid component in the chemical treatment of our Ti plates. Our goal is to formulate some first hypotheses about the phenomena taking place within our systems and to choose the best samples to work with throughout the remainder of this Chapter.

We evaluate different acids, as well as the effect of varying the amount of hydrogen peroxide used with each of these acids as a route to improve the resulting TiO2 specimens. We evaluated the light absorption properties of the samples, since our interest is to widen the wavelength range that they are capable of absorbing, generating then a larger amount of charge carriers. We also performed RAMAN Raman spectroscopy, SEM imaging and contact angle measurements on a selection of relevant samples. We proceeded to a preliminary PEC assessment of the selected samples by performing cyclic voltammetry in a single compartment PEC cell with a quartz window and a Pt mesh CE, in a passive Na2SO4 0.5 mol L -1 electrolyte, illuminated by a Xenon lamp (150 W).

Highlights and conclusions (Part 1)

The global tendency on the sample's series analysed is to converge towards the anatase phase for H2O2 concentrations above 10%, regardless of the acid, with increasing porosity/nanostructuration for higher peroxide contents.

The effect of the organic acid on the crystalline structure of the TiO2 is prevalent at very low peroxide concentrations, and leads to the mixture of phases. The MAA deviates from this by still promoting phase mixture up to 10% H2O2, but this does not result in improvement of photocatalytic activity, probably due to the lower contribution of the anatase phase. While the average PEC performance of the MAA series was better than the other ones, OA yielded the best performing sample, while requiring a very low peroxide content.

The UV-Vis and Raman spectra indicate the presence of oxygen deficiencies or even titanium suboxides (Ti 3+ and oxygen deficiencies) for the samples at very low peroxide concentrations, which could explain the improved PEC performance, but XPS analyses indicate that there are no different oxidation states of Ti at a surface level nor oxygen sub-stoichiometry and do not exclude a possible carbon doping (Ti-C=O bonding). It also does not exclude the presence of a spatial distribution of such deficiencies, which would prevent their detection by XPS if the external layer of highly stoichiometric TiO2 has a thickness over 10 nm.Agreeing with what has been reported for OA, the increase of MAA or AA content does not improve the obtained photocurrent.

The best photocurrent values were obtained for the sample treated with 0.6 mol L -1 oxalic acid and 0.5 wt-% H2O2 ***** . This better PEC performance is likely due to the ratio between the different phases of TiO2, that favour the light absorption and charge carrier separation (as discussed in the introduction), and is enough to overcome the negative effect of the lack of nanostructuration of the surface and lack of hydrophilicity, compared to other samples.

For the Part 2, our sample of interest will be the OA 0.5%, referred from now on as the purple sampleaccording to its visual aspectfor convenience. Our counterpoints for the "extremes" of the experimental conditions (OA dissolved in water with no H2O2 added, and OA dissolved in in H2O2 with no water added), are referred to as the golden and the grey samples respectively, also after their appearance.

***** Equivalent to 0.6 mol L -1 for oxalic acid. The weight percentages of H2O2 are referent to the commercially available hydrogen peroxide solution, for convenience.

Part 2: Properties of the titania produced according to the optimized wet processing conditions

Taking into consideration the findings from Part 1, we gear our attention towards more specific goals to further characterize and improve our selected sample. We aim, then, at promoting the formation of mixed phases and investigating the presence and spatial distribution of oxygen vacancies and Ti 3+ from the titania surface layer to the metallic Ti core.

In practice, we chemically treat the moderately polished titanium sheets in an aqueous solution of 0.6 mol L -1 of oxalic acid and 0.5% of H2O2 and then we calcine it at 450°C for 30 min in air. This sample (which is the best performing sample from Part 1) is hereafter referred to as purple titania, in relation with its apparent colour. It is fully characterized and its photoelectrochemical properties are investigated and compared to three reference samples.

The first one is the white titania. It was processed through a controlled hydrothermal corrosion followed by a calcination in air at 400°C for 1 h, the starting point of this study (see Chapter 2).

The two others were obtained using similar conditions than those applied for the purple titania, but fixing the H2O2 content to 0% for one (which yields a golden sample) and to 100% † † † † † for the other (resulting in the grey sample) (Figure 9). Note that the colour may be an indication of the thickness and the defectiveness of the TiO2 crystals. Indeed, whereas thick and stoichiometric titania appears as white, thinner layers involving oxygen vacancies and titanium cations with a mixed valence state may appear coloured, depending on the type and concentration of the defects. † † † † † As a reminder, the 100% mention indicates then the maximum amount of peroxide we can evaluate, i.e., with no addition of water to the 30 wt.-% H2O2 that was used to dissolve the OA.
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C content, we can infer that the presence of hydrogen peroxide in the chemical treatment restricts the presence of residual oxalate groups in the surface of our material and may be also the presence of carbon doping in the material core.

On the other hand, there is neither a significative difference between the Ti 2p profiles nor any evidence of different coexisting Ti species. This suggests, as discussed in Part 1 of this chapter, that the most external layer of the samples is composed by titanium (IV) oxides, which agrees with the atomic ratios between the metal oxide component of the O 1s spectra and the total Ti content, but seems to diverge from Raman and UV-Vis findings. Note that the absence of Ti 3+ in reduced nanostructured TiO2 has been previously observed and was associated with the electron localization at the vacant oxygen sites. 40 Altogether, these effects may be considered to explain the recorded titanium XPS line profile in the golden and purple samples. (see ref. 38), associating the yellow-golden colour to a thickness in the same range than that TEM measured Let's come back to the evidence of a porous structure in the recorded micrographs. One possible explanation for the porous region observed on our golden TiO2 sample could be analogous to the hypothesis defended by Li et al in 2020 on their synthesis of self-doped TiO2 porous cubes, in which they stated that both said porosity and Ti 3+ doping have their origins on the CO and CO2 generated during the thermal decomposition of the oxalate. 1 At first, that hypothesis does serve us well: the porous region in our sample is also the region with the most significant oxygen deficiency, and such pores could have been generated by trapped gas, provided that the most external oxide layer was consolidated early on during the calcination process. This expansion, followed by an eventual escape of the trapped CO and CO2, would generate also structural defects and favour the mixture of phases that we observe in our sample.

Furthermore, upon close analysis of the nanocrystals that form the most external layer (since the oxide | electrolyte interface is of great importance for the overall PEC performance of the photoanode), we can see the polycrystalline nature of the external layer of the golden sample, as well as some Ga islands (originated from the FIB) that are accommodated in the porous regions (Figure 40).

The presence of pores is a positive aspect that we could not anticipate from the SEM images.

In addition to increasing the total exposed surface area, this porosity is expected to favour the transport of ions across the sample, presumably having a positive impact on the overall performance.

Apparent colour Thickness (Å)

Pale yellow 344

Yellow 349

Brown 447

Violet 492

Dark blue 515

Blue 536

Pale blue

Hydrophilicity

Contact angle measurements were performed at the end to determine the hydrophilicity of the three samples. Compared to the other samples prepared with oxalic acid (Figure 21 (Part 1) vs.

Figure 43c), the golden sample is considerably hydrophilic, with contact angle values between 30 and 40° as is usual for the most hydrophilic, anatase-like, peroxide-rich samples (except for the porous ones, which absorb the water). As a possible insight on the surface states of our samples throughout the different steps of the synthesis, we can take the example of the drastic change in the contact angle of a water droplet on our sample's surface before and after its calcination. A similar behaviour is observed for the purple sample, although less pronounced

(see Appendix).
This could suggest that the oxalate species on the sample's surface, whose arrangement on the surface would likely expose its carbon chain, are no longer present on the sample's surface, giving place to a more favourable interaction of the TiO2's surface with the water. Another possible explanation for the increased hydrophilicity of the Golden sample, compared to that of the Purple one, is the presence of defects on the oxide's surface, which are known to increase the hydrophilicity of TiO2. The possibly higher content of rutile phase and smoother surface on the Purple sample can also be factors that decrease its hydrophilicity. Both the Grey and the White samples are superhydrophilic, porous and promptly absorb water, not allowing for contact angle measurements, as shown in the Appendix.

Since there have been reports of improved PEC performance for Ti suboxides that did not undergo calcination (see this Chapter's overview of the State of the Art), we investigated if that would be the case, in some degree, for our system.

As exemplified by the chronoamperometry (Figure 44 e), it is indisputable that the calcination is a necessary step of our synthetic route.

From the UV-Vis and Raman spectra we can infer that the sample right after the chemical treatment (prior to calcination at 450°C for 30 min) is similar to the native oxide layer of the Ti plates. We can also see that the surface morphology is determined during the chemical treatment and is, then, not the only factor that influences the surface hydrophilicity (b vs. c).

On a short note, different degrees of mechanical polishing did not change the sample's behaviour (d).

All these results may be correlated to the structural and microstructural properties of the designed photoanodes. Focusing on the Golden sample, which exhibits the best PEC properties, we obtained a highly non-stoichiometric, stratified oxide layer with a compositional gradient.

The surface consists of a low-crystallinity TiO2 phase, with some residual carbon from the oxalic acid precursor and is rich in oxygen. The zone just below the surface presents, in contrast, a highly oxygen-deficient zone, compact at first and with a porous architecture below the first 130 nm. The zone between this porous region and the bulk metal presents a less pronounced oxygen deficiency that gradually fades into the metallic Ti.

Such unique characteristics were only attainable through the use of the oxalic acid as a chelating agent, which, by favouring the formation of Ti(III) complexes, facilitated the formation of the mixed anatase/rutile phase while preventing excessive crystallite growth. When the samples were calcinated, the oxalate groups, when converted to CO and CO2, reduced the TiO2 and promoted the formation of pores.

The formation of Magnéli phase regions was possible due to the passivation of the surface during calcination in air, and the presence of metallic Ti, in addition to the reducing carbon species. This likely created a reducing micro-environment within the sample, while providing extra energy from the thermal decomposition of the oxalates, allowing us to obtain the Magnéli phase at an unprecedently low calcination temperature, in air. This stratified, multistoichiometric architecture is expected to provide us the photoelectrocatalytic abilities of the anatase/rutile mixture, and the improved conductivity properties of the Magnéli phase, reducing the charge recombination rates and improving the overall performance of our device.

The addition of peroxide to the reactional mixtureeven small amounts as in the case of the Purple sampleoxidizes the Ti ions in the oxalate complexes and keeps the oxalate from getting trapped into the oxide. There is still an oxygen content gradient as the presence of the metallic titanium is a constant in the calcination setup, but this more subtle gradient favours the generation of defects rather than the formation of a Magnéli phase, which improves the overall performance by increasing visible light absorption, but lacks the benefits that the substoichiometric oxides bring to the system.

Recently, the Magnéli phases of Ti oxides (TinO2n-1; 4 ≤ n ≤ 10) have been object of renewed interest for their high electrical conductivity, especially for applications in water remediation and energy storage and conversion, although rarely for water-splitting. 43,44 Globally, the main routes for their obtention are carbothermal reduction or H2 reduction of TiO2. As a consequence, some of the most frequent hindrances are the harsh/costly synthesis conditions, uncontrolled decrease in the temperature resulted in a pronounced decrease in photocurrent, for the golden sample we observed a very slight improvement of the photogenerated current (Figure 45). This opens perspectives to further improve the PEC properties of the sample or, at the very least, optimize the procedure and make it even more energy-efficient.

When using thicker (1.2 mm) Ti plates as starting material, we observed a pronounced loss in the photocurrent, which might indicate that the electrical conductivity plays an important role in the recombination of photogenerated charge carriers within our system. This corroborates the good results we had with the Magnéli phase containing samples and indicates one extra advantage to using Ti meshes over plates.
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Conclusion

By simplifying the chemical corrosion conditions of Ti sheet (or meshes) we succeeded to produce TiO2/Ti photoanode with remarkable structural and microstructural properties improving considerably their PEC performances toward water oxidation reaction. Indeed, by a low energy consumption process, reducing the calcination temperature and time and decreasing the amount of transformed titanium metal on titanium oxide we succeeded to form a thin but thick enough active oxide layer able to absorb UV and Visible light to generate the required holes and electrons for the redox water reactions, to separate and transport the charge carriers which are the main requirements for an efficient light assisted water splitting.

Interestingly, we also evidence that hydrogen peroxide is not mandatory to achieve such a purpose, since the sample obtained by just treating the moderately polished titanium sheets in an aqueous solution of 0.6 mol L -1 of oxalic acid and calcinating it at 450°C for 30 min in air exhibits the highest photocurrent, whatever the applied bias under Xenon lamp illumination (150 W). This treatment provides mixed phases, nanocrystals, mixed valence state, oxygen vacancies with a gradient of concentration from the extreme surface to the deeper layer, within a total oxide thickness of ~300 nm on Ti sheets (or meshes), leading to an enhanced light absorption and more effective charge transport and then high PEC performances.

It was already stated that a significative improvement in the photo efficiency results from a judicious proportion between the TiO2 layer and the titanium suboxide one, at the interface between the dioxide and the metal. 41,42 Since we achieved an optimal set of conditions for the evaluated parameters and have proposed a reasonable hypothesis for the source of the observed phenomena, on Chapter 4 we will keep the same sample, the so-called golden titania, and confront it again to the purple and grey ones, in a Solid-State PEC Cell, operating in gas phase. It is important to weigh in on the relative importance of the different characteristics of said samples.

are repeated 5 times on different areas of the surface sample and averaged to determine the final CA value.

X-ray photoelectron spectroscopy

XPS spectra were recorded using a K-Alpha+ system (ThermoFisher Scientific, East-Grinstead, UK) fitted with a micro-focused and monochromatic Al Kα X-ray source (1486.6 eV, spot size Using water vapour as a feedstock opens a variety of potential implementations for our systems: larger scale water-splitting units could be installed over the oceans (conditioned to the development of hydrogen storage, transport and distribution systems), smaller off-grid systems could provide fuel to rural or deserted communities, or even be adapted and coupled to industrial vapour outlets and profit of the high-humidity and high-temperature environment to produce increased quantities of hydrogen.

List of figures

By engineering a system that functions independently of access to main power grid infrastructure or improved water sources, we hope to provide a method for using the available sunlight in a more effective way, especially in areas that are more vulnerable to power shortages.

This chapter focuses on the adaptation and operation of the samples studied in Chapter 3 in SSPEC cells operated in completely gaseous conditions and describes the behaviour of the resulting systems. We will present a brief overview of the relevant literature and the optimizations required to transpose our photoanodes from a classic PEC assembly to a solidstate one. The need to accommodate a liquid electrolyte makes most PEC devices rather bulky, prone to accidents or environmental damage due to leakage (which is especially problematic if it employs toxic materials or corrosive electrolytes). The presence of the liquid electrolyte also reduces the durability of the system by favouring electrode corrosion and increases demand for overall maintenance. 4,5 Therefore, the use of a solid (polymeric) electrolyte can significantly improve the cost effectiveness, portability and durability of the resulting system. For such, it is necessary to adapt the photoanode architecture: a mesh of metallic Ti as substrate, as opposed to the standard plates. This ensures: partial light transmission (for future compatibility with more elaborate architectures and/or photocathodes), a reduced use of Ti, an overall lighter and more flexible device, 6 while maintaining the favourable aspects of using metallic Ti as precursor, conductive substrate and structural support of the photoanode.

Solid-

Another positive aspect of operating SSPEC devices under a gas phase feed rather than a liquid one is the absence of bubble formation (and its collateral issues regarding light attenuation and impaired mass transport). 7 This was demonstrated, in an analogous setup, by Khaselev and Turner in 1998 through a monolithic device for PV-photoelectrochemical hydrogen generation using a GaInP2/GaAs p/n, p/n tandem cell with a Pt anode. The PV-PEC device operated in 3 mol L -1 H2SO4 electrolyte under concentrated sunlight (about 11 suns), and, despite promising results, the bubble formation and the susceptibility of the semiconductor to corrosion in the used electrolyte were highlighted as significant setbacks. The formation of bubbles caused localized damage on the sample where they were "trapped" by a physical feature of the cell.

bubble formation in liquid feedstock, and partly due to differences in the local surface environment at the membrane that might change the catalytic overpotential;

• the RH strongly influences the J-V behaviour of the system, with no observable current for RH60% at symmetrical anode | cathode conditions, with a slightly higher tolerance for lower RH values at the cathode chamber at asymmetrical conditions (95% RH at anode), since the water is effectively consumed at the anode, but less water in the cathode chamber reduces Nafion® hydration. They suggest a periodic rehydration or adding a hydroponic polymer to the membrane to act as a reservoir;

• the intentional introduction of O2 at the anode chamber is not detrimental to the device's

performance, but at the cathode, it hinders the Hydrogen production by performing the opposite reaction as the anode and forming water from the produced protons and the atmospheric O2, which is more favourable thermodynamically and would replace or compete with the H2 evolution;

• higher operational temperatures should improve the kinetics and overall performance of the system, as well as the higher water content in the air, but could also be a factor for the faster depletion of the membrane water, making it more critical to control its moisture levels;

• the ability to operate with vapour feedstock can ease the engineering constraints of a PEM-based photoelectrolyzer, provided that the light is properly managed, the materials are stable at the operating pH and that high surface area semiconductor electrodes are covered with a polymer electrolyte to maximize three-phase contact area;

• PEM electrolysis has been sustained using water vapor at current densities sufficient to support an efficient photoelectrolysis system operating under 1 Sun illumination;

• At 20°C with an IrRuOx water oxidation catalyst and a Pt black reduction catalyst, an applied bias of ~1.7 V resulted in a current density of 20 mA cm 2 . Under these conditions, a water vapour feedstock endured electrolysis current densities < 30 mA cm - 2 at a lower applied bias than it was required to attain the same current density in water.

during the PE reaction, leading to a photocurrent decreased (by 25% during a 3h irradiation period at 1.2 V).

Nafion decomposition was also reported by Amano et al, in 2019. 25 They synthesized thin TiO2 layers (through simple thermal oxidation, at different temperature and time ranges, 450 to 750°C for 1, 2 or 3 h) and anatase TNTs (through anodization at 50 V for 3h in ethylene glycol containing fluorine and water, and subsequent calcination in air at 550°C for 2 h) on a Ti microfiber felt substrate. As previously, they coated their photoanodes with Nafion® ionomer.

They operated in gaseous conditions (Ar at 20 mL min -1 , >90% RH) under UV illumination (365 nm, I0 = 40 mW cm -2 ) and observed the gradual decomposition of the Nafion® layer.

Interestingly, they reported that the use of SrTiO3 layers on a similar substrate and setup, 26 may supress Nafion® membrane degradation. 

Highlights

Regarding the first experimental results on SSPECs to promote vapor atmosphere splitting and generate hydrogen efficiently, certain aspects stand out among the relevant literature:

-Membrane-electrode approach allows building compact PEC architecture, the Nafionbased membrane separating physically the photoanode and the cathode (photocatode).

-Liquid electrolytes can cause degradation of the photocatalysts and membrane, and bubble production hinders electrolyte contact and light absorption -Absence of liquid electrolyte increases device's lifetime, operational safety and facilitates engineering.

-Operation with a membrane-electrode system in gaseous conditions rather than liquid is feasible, -Use of gaseous feedstock increased the efficiency of PEMFCs operating at a current density compatible with the expected for commercial PEC water-splitting cells;

-The chemical environment of the photoanode chamber is the most determinant for the cell's performance.

-The presence of O2 at the anode chamber is not detrimental to the device's performance (the opposite is true at the cathode).

-Adequate contact between the photoanode and the electrolyte membrane is a critical aspect for the cell operation.

-Assembly of the Membrane-electrode based SSPECs by wet-chemistry adhesion yields better performances than the prevailing hot-pressing method;

-Membrane damage (mostly due to mechanical stress) is often the cause of system failure, especially with varying RH.

-The amount of photogenerated H2 is difficult to detect at present efficiencies and scales.

-The predominant Membrane-electrode based SSPECs consist of TNT arrays on metallic Ti or dropcast TiO2 nanoparticles on carbon paper, a Nafion® membrane, and a dropcast C-Pt on carbon paper cathode;

-Most of the reported systems operate with sacrificial reagents (i.e., methanol).

-The relative humidity conditions influence the performance through different mechanisms (speed of water depletion and replenishing, membrane mechanical stress).

Integration of our engineered titania photoanodes in SSPEC cells for hydrogen generation in gas phase

Taking the factors highlighted previously into consideration, we anticipate an improved durability of our SSPEC cell arising from the use of a microporous membrane as the structural support for the deposition of the Nafion® ionomer (as we do in the present work), which should partially counteract the effects of RH cycling related to mechanical stress and improve the overall lifetime of the system. Likewise, by attaching the photoanode on the PEM by wetchemistry adhesion but without covering it in Nafion®, we avoid the decomposition of the latter, keeping the integrity of the membrane, facilitating the interaction of the titania with the water vapour, and obtaining a more realistic assessment of the photogenerated currents.

The focus of this work being the comparative analysis of the different photoanodes, we assess the behaviour of the mesh titania that underwent different material processing within a range of operational conditions towards the optimization and upscaling of the device.

Having previously characterized the studied samples, we can then compare their response on the two different architectures and reason on the underlying factors that influence the overall performance.

source presents a good match with the solar spectrum, especially for wavelengths smaller than 825 nm ④. The cell is illuminated from the anode side through a quartz window ⑤.

Even though preliminary results show that a higher gas flow should increase the photoresponse of the device, in good agreement with reports for similar systems, 7 we performed all of the measurements here described under the same flow conditions in order to compare them easily with previous iterations of the same system. The anode chamber was supplied with air and the cathode chamber was supplied with argon, both at continuous flow. We chose not to perform any measurements in RH conditions over 90% to avoid water condensation on the device's internal surfaces that could interfere with the characterisation of our gas phase systems and to remain close to somewhat realistic operational conditions.

Photoelectrochemical characterisation

In this work, we assessed the performance of our SSPEC cells under varying RH, which is an important step toward the practical application of such systems. The j-E curves were collected under distinct conditions, described below, and their chronological order is informed in the diagram that accompanies each figure describing a RH cycle. § § § The conditions are given always in the same order: anode chamber | cathode chamber.

1. "As hydrated". As soon as the cell was installed in the holder device, before being given time to equilibrate, at the conditions of the following step.

2. 80% RH air | dry Ar. The standard operational conditions used in previous works, which allows us to compare the performance of the different iterations of the system and ensure the absence of interference in the cathode chamber.

3. 40% RH air | dry Ar. By decreasing the RH of the device, we hope not only to evaluate the performance of the system under very unfavourable conditions (less favourable than what would be encountered in most places), but also its ability to recover and replenish the original photocurrent densities after operating in less humidity. § § § Unless otherwise stated, the system was left to equilibrate for at least two hours in open circuit after changing the experimental parameters. Prior to the first measurements, the button cell was rehydrated in 1mol L -1 H2SO4, washed and put in the acrylic encasing, and was not removed or replaced until the end of the measurements.

Soft chemistry processing of TiO2-based photoanodes for water splitting in liquid phase or in humid air | Chapter 4 2021 264 4. 80% RH air | dry Ar. We evaluate here the system's ability to recover from operating in harsh conditions, especially the effects of the membrane's dehydration, which can be a good indication of the future utility of the system for real-life applications.

5. 80% RH air | 80% RH Ar. After contemplating the operation of the system under very unfavourable conditions, we decide to operate it in humid Ar to assess its performance without the constant flow of dry Ar that certainly contributes to decrease the humidity content in the membrane.

In order to support our interpretations of the acquired data and the underlying mechanisms that drive our systems, we provide an overview of the different systems and conditions that were analysed.

On a first moment, we will analyse the overall performance of an ensemble of samples under different conditions, as to obtain an overview of the system's operation and to formulate a number of hypotheses on the mechanisms taking place within the systems, focusing first on the golden titania based photoanode, the best system of our standard PEC cells assays (see Chapter

3).

Afterwards, we will discuss in further detail the most relevant configurations, and draw our conclusions. **** All the PEC essays were performed under 1 sun simulated solar light (Newport Oriel ® LCS-100 solar simulator equipped with a 100 W ozone-free xenon lamp and an AM 1.5G filter). The light intensity was regularly calibrated by a monocrystalline Si PV reference cell (Newport 91150V-KG5).

Three types of measurements were typically performed, linear sweep voltammetry, chronoamperometry and impedance spectrometry using a Gamry Reference 3000 potentiostat ⊥ , The obtained results on golden titania are presented and discussed in detail with a set-up including the C-Pt cathode. As already mentioned, the results obtained in the set-up including g-C3N4 photocathode are summarized in the appendix. The results obtained on purple and grey titania, which were assumed as less efficient photoanodes according our previous results (see Chapter 3,) are just given for information to confirm the predominance of the former photoanode.

**** These measurements were performed in collaboration with the Centre for Materials Science and Nanotechnology, Department of Chemistry, University of Oslo.

without the need for interference (such as actively rehydrating the membrane or even replacing it) is crucial for their future implementation, being an indication of a low-maintenance and userfriendly system, which contributes to lower its costs.

It is also a good prognostic that curves 1 and 2 are very close, meaning that there is no need for the Nafion® membrane to be in an "over-hydrated" state to ensure a proper functioning of the system and that it is capable of replenishing the humidity lost to the dry Ar stream at the cathode chamber. In addition, the plotted j-E curves pointed out the fact that the introduction of water vapour in the cathode chamber does improve the photoresponse, but that interference is not as dramatic as for the anode chamber, thanks to the membrane's hydration.

Last but not least, our system yielded relatively high photocurrents especially when compared to reports on similar systems that used anatase-based TNT photoanodes, 21 which should provide a significantly higher response due to the increased surface area of the material. This can be explained by the own structure and chemical composition of our titanium oxide. The presence of a gradient of oxygen composition and the stabilisation of mixed crystalline phases (anatase/rutile) with reduced crystallite sizes and intimate microstructural contacts in relation with our synthesis and processing method (see Chapter 3) clearly contribute to such an improvement.

While the unassisted photocurrents are still quite small compared to the ones obtained with applied bias, most of it can be attained below 0.8V, as we keep in mind the critical values required to obtain systems with a potential technological application.

To check the stability of the photogenerated currents over time, we performed an 1800 s chronoamperometry at the two key conditions: 80% | 0% and 40% | 0%, then returning to 80% | 0%. These measurements were carried out under intermittent illumination (5 min light on vs.

1 min light off), at an applied bias of 1.23V (Figure 22), as a first investigation of the system's capability to sustain its photocurrent with the water layers being consumed at higher rate.

The initial discrepancy between the values for 80% RH before and after operating at 40% RH that we observed with the previous j-E curves are mostly inexistent after the first 5 min.

As previously established, the predominant factor for the limitation of the performance of these PEM-based PEC cells and that involving golden titania photoanode is the dehydration of the membrane over the time and its resulting decrease in conductivity. The dehydration is due to the consumption of the water molecules within the Nafion® membrane and also, to some extent, to the heating of the well after operating for extended periods under illumination.

3.2.2.

Electrochemical Impedance Spectroscopy results obtained on the constructed SSPEC cell with Golden TiO2 photoanode and C-Pt cathode.

To further investigate the processes that predominantly hinder our system's performance and to propose strategies for its improvement, electrochemical impedance spectroscopy (EIS) was performed and the collected data were analysed, focusing once again on the best system (that involving the golden titania photoanodes). All the potentiostatic EIS spectra were recorded considering a 1 cm 2 nominal area for each sample, under 1 Sun illumination, at an AC voltage of 10 mV rms, and DC voltage of 0.2 V, 0.4 V or 1.2 V vs. cathode. The frequency ranged from 1 MHz to 0.1 Hz (10 points per decade). As for the PEC measurements, the RH was varied from 80% to 40% and then back to 80%, with dry Ar at the cathode chamber. The measurements with 80% RH at both chambers were the last in the sequence, when performed. For each of these conditions, the spectra were collected in the dark, then under continuous illumination, and finally in the dark a second time; at 0.2; 0.4 and 1.2V, in the same order.

The Nyquist plots are presented firstly as an overview to enable the formulation of preliminary hypotheses on the underlying mechanisms, given the different behaviours observed when varying the experimental parameters (namely the illumination, the relative humidity and the applied bias).

On a second moment, we focus on a smaller range of conditions to proceed to a more detailed analysis of the best performing system.

Overview

The Nyquist plots are presented firstly as an overview to enable the formulation of preliminary hypotheses on the underlying mechanisms, given the different behaviours observed when varying the experimental parameters, namely the illumination, the relative humidity and the applied bias.

This agrees with the lower obtained j values and with previous reports in the literature indicating that the increased resistance of the Nafion® membrane at lower RH values is an important hindrance to the performance of such devices.

There are differences between the values obtained in the dark before (full darker symbols) and after (contoured darker symbols) operating under illumination: the diameters of the first semicircles are systematically larger at 40% RH after operating under light, and that relative difference is more pronounced for higher bias (when the photocurrent is higher and more water molecules are consumed). For 80% RH (before or after cycling at 40% RH) and 80% | 80%

RH, the magnitude of the difference between the two measurements in the dark becomes smaller with increasing humidity (at high frequencies), and the lower frequency measurements are very similar, except for 1.2 V. This agrees with the LSV curves regarding the cyclability of the system: the j values after operating at 40% RH are closer to the original 80% RH values at lower bias regions.

For a comparison, to complete our overview, we take the SSPEC cell containing the grey and the purple samples. Whereas the golden and the grey samples present an almost similar profile, with the golden one presenting a significantly lower resistance than the grey one, the purple sample presents a more distinct behaviour, where the diameter of the first semicircle is pronouncedly larger than that of its counterparts (Figure 28 and Figure 29, respectively). 

Given that the composition and the assembly of the samples are mostly similar, and that there are reports in the literature that attribute a decrease in the overall resistance observed in EIS to an improvement in the surface hydrophilicity (through the introduction of point defects, for example 27 ) and, consequently, the enhancement of the surface proton conductivity, one can hypothesize that the significantly lower surface hydrophilicity of the Purple sample plays an important role in hindering its performance in solid-state. While in the classic PEC cell with liquid electrolyte, the improved light absorption and charge carrier separation prevailed over other factors and granted the purple sample an improved PEC performance, the operation in gas phase potentializes the impact of the surface hydrophilicity of the photoanode on the overall performance of the cell, since the availability of the water molecules is evidently much lower.

 It is not excluded that, given our operating conditions (the experiments were made following the same sequence (0.2V→0.4V→1.2V, all in the dark, then all in light), the membrane could have been slightly dehydrated from operating under continuous illumination during the EIS measurements (approximately 20 min), which would increase the whole setup resistance, whatever the tested titania samples.

Conclusions

Regarding the SSPEC systems and their operation in gas phase, it is clear that the hydration of the membrane plays a crucial role in the charge transport and that optimizing its properties and stability should be a priority of future studies aiming to adapt the device for practical applications.

On the other hand, even at the current state, the prototypes are able to operate within a realistic range of RHs, and to endure adverse conditions without irreversible losses. They represent a very promising alternative for the development of compact, safe and durable devices for the obtention of hydrogen, especially at remote areas. Our results show that after one minute of "resting" time in the dark, our best performing cell is able to recover approximately half of the photocurrent decrease resulting from 5 minutes of continuous operation, which could be further improved by working on the membrane's ability to rapidly incorporate moisture from the air.

A similar behaviour has been previously reported in other MEAs, although our system does not exhibit as pronounced of an anodic overshoot (AO) peak as the one by Rongé et al. 23 On the performances of photoanodes, the relative difference between the performances of the samples in liquid or in gas phase indicate that their engineering must be specifically geared towards gas phase operation, prioritizing surface hydrophilicity in addition to tuning their light absorption and charge transfer capabilities.

Among the positive aspects regarding SSPEC systems in general, both from the works previously discussed and our own approach, is their architecture in separate compartments, which is intrinsic to membrane-based PEC systems. It allows thus the generation of high-purity H2 while avoiding its contact with O2. It also allows to individually tune the required conditions for each electrode to operate, optimizing the system's performance and avoiding unnecessary use of inert gas. Thanks to their compact configuration, these SSPEC cells exhibit a reduced inter-electrode distance, lowering thus their current losses.

Considering the relative performance of the samples studied in this Chapter, it is known that the charge separation and transport are, along with the light absorption, vital factors directing the overall performance of the photoanode and, consequently, of the SSPEC cell.

On that regard, the superior performance of the Golden sample can be explained by the synergy between the different regions within the structure of the photoanode: the most external, stoichiometric and mixed-phase TiO2 region is responsible for the increased light absorption and adequate hydrophilicity. The progressively present oxygen vacancies below the surface further increase the visible light absorption and act on improving the charge separation and preventing recombination, with the regions containing titanium suboxides or even Magnéli phases contributing to an increased conductivity. This gradual spatial transition creates a path for the photogenerated charge carriers, favouring their transport to the metallic Ti substrate and to the external circuit towards the surface of the cathode or photocathode.

Additionally, we could see that the surface hydrophilicity and surface aera play an important role for the systems operating in gas phase, as seen through the example of the Purple and Grey sample: while the former presented a significantly better performance in classical systems, the latter performed better in gas phase, despite the absence of mixed phases or a significant content of oxygen vacancies This suggests that, once the availability of water is drastically reduced, it becomes more important to develop materials that are capable of promptly capturing water vapour, and with a surface area that allows for a reserve of water that will make the system less susceptible to the depletion of the water on its surfaces.

Consequently, one of the main perspectives concerning our samples is to develop an alternative to add a higher degree of nanostructuration to the Golden sample, while keeping the gradient in composition that grants it its superior performance even with a relatively low surface area. 
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Conclusions and perspectives

Considering the general context (Chapter 0) and the current state of the art (Chapter 1), we decided to prioritize methods for the optimisation of the photoelectrochemical (PEC) performance of TiO2-based photoanodes that are cost-effective and represent a relatively low environmental load.

On a first moment, we optimised the productive process of QDs through a soft-chemistry route, as well as their surface state, when necessary, which grants a longer lifetime to the resulting devices.

Secondly, we optimised the method to obtain TiO2-based photoanodes with a unique architecture that resulted in an improved PEC performance even without resorting to our previously made QDs.

Finally, we adapted these newly obtained TiO2-based photoanodes to a novel operation system that holds great promise in low-cost, low-maintenance and off-grid hydrogen production, by using a solid-state proton conducting polymer as electrolyte and water from ambient humidity as feedstock for water-splitting.

Polyol-made QDs to Improve the Photoelectrochemical Performance of TiO2 NFs Supported on Ti Foil

Regarding the prepared QDs, both CdS and ZnS present a tendency to develop an oxidized shell when exposed to air (especially problematic with reduced particle size), which decreases their efficiency over time. To overcome this issue, we proposed a facile aqueous sulphidation route to recover the original composition of the QDs and optimise their performance and durability. 1 Further optimising the polyol method to obtain NPS with high crystallinity and reduced size, we adopted a microwave-assisted synthesis to prepare the CuS QDs. In addition to simplifying the process, we determined the influence of the sulphur precursor on the resulting size and morphology of the NPs, as well as their surface states. The best set of conditions yielded NPs within tens of nanometres, with a relatively small degree of surface oxidation. The resulting CuS-TiO2 photoanode outperforms its CdS counterpart, even after the surface treatment of the latter. 
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Finally, the CdSe-TiO2 system, which requires a sacrificial electrolyte to operate, presented photocurrent densities similar to the ones obtained with CuS. 2 While this does still represent a sensible improvement regarding the original performance of the anatase nanofibers that compose the support, it is not enough to justify the use of the Cd-based QDs.

Some of the more immediate perspectives for the continuity of these investigations, especially for the CuS QDs, would be a deeper investigation on the mechanisms dictating the size control and the oxidation of the surface of the nanoparticles, by weighing in on the influence of the reactional conditions versus the precursors used.

Likewise, it might be a worthwhile investigation to adapt or replace the procedure used on the aqueous sulphidation to verify if it is possible and/or beneficial to counteract the surface oxidation observed for those QDs.

Tuning the properties of titanium dioxide through soft chemistry

The optimisation of the productive process of the TiO2-based photoanodes yielded unique architectures with an ensemble of desirable characteristics: by a simple soft chemistry treatment, we obtained functionally graded titanium oxides.

The synergy between the stoichiometric, mixed phase TiO2 at the surface and the underlying layers, with an increasing oxygen deficiency towards the metallic support, potentialize both the light absorption and the charge carrier separation and transport, resulting in an improved PEC performance even without the use of sensitizers or co-catalysts.

To the best of our knowledge, no similar photoanodes were prepared and especially at such mild conditions to yield functionally graded, oxygen deficient titanium oxides.

The developed procedure is extremely simple and cost-effective, and the resulting photoanodes are robust and present a remarkable increase in photocurrent density compared to 1D anatase TiO2.

As one of the clear first steps to take (apart from further investigating other reactional parameters and confirming the mechanism that takes place during the calcination to originate the different phases within the samples), we can propose the search for an increase in the nanostructuration of the obtained samples, as well as a surface functionalisation aimed at increasing the hydrophilicity of the samples. 
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A main drawback of our approach is the cost of the metallic Ti, which is our substrate and precursor. However, there have been significative advances on the development of routes for the extraction of metallic Ti from its minerals, which are abundant. Such advances are pushed by the desirable characteristics of Ti for other applications, which drive up its value and, in its turn, encourage the development routes that are more efficient and environmentally friendly.

This tendency could result in a bigger availability and lower cost of the metallic Ti.

Alternatively, exploratory essays could be made on Ti-containing alloys to decrease the cost of the device and explore new compositions of the oxide layer.

Titanium oxide-based photoanodes in solid-state photoelectrochemical cells operating in gas phase

The compatibility of our photoanodes with the solid-state photoelectrochemical (SSPEC) cells opens a new range of possibilities for its future technological applications.

The use of a titanium mesh enables the development of a light, compact and robust device, while reducing the amount of metal used (and therefore, the total cost) and maintaining the possibility of employing photocathodes or photovoltaic cells in tandem with the photoanodes.

It is also promising that the system is able to operate within somewhat realistic conditions: the carrier gas used at the photoanode chamber is air, and even though the obtained photocurrents suffer a sharp decrease when the relative humidity drops from 80% to 40%, the system is capable to spontaneously recover its original performance once the humidity levels are reestablished. Such a novel system brings, however, new topics to the spotlight: the new materials to be designed and adapted to operate in gas phase must be particularly tailored with hydrophilicity in mind, and one important bottleneck is the dehydration of the membrane during the operation of the system, which entails an increase in the overall resistance and obviously a decrease of the photogenerated current.

Among the variety of perspectives that are yet to be explored within these systems, we can cite the possibility of coupling the previously prepared QDs (and numerous others) with the optimised TiO2-based photoanodeswhich unfortunately was not possible due to the sanitary crisisto further improve their performance and to investigate the similarities and 
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discrepancies between the predominant mechanisms for water splitting in liquid and in gas phase.

A very beneficial aspect of the SSPEC systems when considering the use of QDs or other heteronanostructures for water splitting is that the lifetime of the materials is increased (by reducing the corrosion and lixiviation of the sensitizers), and the environmental risk of the highly efficient (but toxic) compounds is reduced, since they are confined in the solid device, with a very low risk of leakage.

All aspects considered, the SSPEC systems might be a promising alternative for hydrogen production at a local scale, especially for isolated or deserted areas, and eventually become a valuable assent in the new energy matrix.

Hydrogen, energy and the public opinion

It is undeniable that the climate change and the energetic crisis are now a very frequent presence in the mainstream media and are the object of a number of political and economic decisions of several countries (although not as many as it should).

That is not to say, however, that all the diffused information is accurate or that the public opinion is on-board with the idea of the energetic transition. Be it for legitimate reasons, like questioning the timeframe, infrastructure and overall consequences of one or another strategy to reduce our dependency on fossil fuels; or for more out-of-touch, biased or uninformed interpretations of our alternatives, we must not forget to put our work in perspective for its reallife applications.

Not only so we can make the most relevant contribution we can, but also for a somewhat immediate reason: the success of the energetic transition depends on some scale of the public perception. The funding and policies that will enable (or not) our independency from fossil fuels will be decided by people that are not specialists and might not trust or understand the implications of the latest developments in photoelectrochemistry. And we do need the means to keep on researching and advancing, especially in the difficult times and global economic crisis triggered by the COVID-19 pandemic.

So, in addition to considering the latest scientific findings and tendencies, it could be wise to take notice on what the general opinion about related topics, as well as communicating effectively to ensure that the most promising technologies receive proper attention and support.

There are already some initiatives on implementing hydrogen production infrastructures: the French company Air Liquide recently installed the world's most powerful PEM electrolyser for hydrogen production, powered by renewable electricity, producing up to 8.5 tons of hydrogen per day. And although some do raise the question of how this powerful PEM electrolyser will be powered 3 , this initiative goes hand-in-hand with the tendency of encouraging the hydrogen production and usage, at a national level (France just dedicated 2 billion euros to its green hydrogen plan, and dedicated 30% of the funds of the "France Relance" program to relaunch the national economy post-COVID to the energetic transition, with a special emphasis on clean transports) or at European level (the European Commission's goals are to have 12-14% of its energetic needs met by hydrogen until 2050). 3,5 
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 2 photoanode avec une électrode en Pt). Finalement, l'une des dernières avancées dans le domaine est l'adaptation des systèmes PEC pour l'obtention d'hydrogène à des dispositifs en état solide (SSPEC) pour la photoélectrocatalyse de la vapeur d'eau. Cela se fait en remplaçant l'électrolyte par une membrane échangeuse de protons, et permet la fabrication d'un dispositif plus compact et durable, où le transport protonique en surface et les couches d'eau adsorbées sur ces surfaces deviennent des facteurs clefs dans la performance de ces dispositifs.
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  photoanodes for compatibility with a SSPEC cell (including the use of Ti meshes as support/precursor) and evaluation of their hydrogen generation capability from water/moisture decomposition under both UV and visible light, with and without applied bias.
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 1011121415172022 Figure 1 -Energy diagram for three types of heterojunctions. .............................................. Figure 2 -Diagram of a typical n-n type heterojunction: a) in contact and b) in equilibrium. ................................................................................................................................................ Figure 4 -Band structure of QDs and redox potentials of water splitting (adapted from ref. 17). .......................................................................................................................................... Figure 3-Schematic diagram illustrating the band gap, the potential energy of the conduction, and the valence band of transition metal sulphides (from ref. 18). ........................................ Figure 5 -General scheme summarizing the preparation of white TiO2/Ti using a controlled hydrothermal corrosion and a subsequent annealing at 450°C. .............................................Figure 6 -TEM micrographs recorded on TiO2 Nanofibers separated from a TiO2/Ti foil resulting from a controlled hydrothermal corrosion and a subsequent annealing at 450°C (from ref. 24). ......................................................................................................................... Figure 7 -Photograph of the polyol synthesis setup. Inset: flask at the end of the reactional time, containing the formed CdS polyol suspension. ............................................................. Figure 8 -Semi-developed formula of the main used S 2-sources for in-solution metal sulphide particle synthesis. ..................................................................................................... Figure 9 -FTIR spectrum of polyol-made ZnS nanoparticles (black line) compared to those of free TOPO (blue line). .......................................................................................................Figure 10 -CdS (left) and ZnS (right) QDs submitted to the aqueous sulphidation process: before (top) and after vigorous agitation (bottom). ................................................................ Figure 11 -TEM observation of ZnS (a), CdS (b), ZnS-t (c) and CdS-t (d) QDs. ................ Figure 12 -TEM observation of CdSe QDs at different magnifications (a, b) and their size distribution diagram (c). ......................................................................................................... Figure 13 -XRD patterns of CuS NPs synthesized under different conditions. .................... Figure 14 -TEM observation of CuS QDs prepared in EG using TAA (left) and ThU (right) reagent while applying a microwave heating of 1200 W for 3 (top) and 1 min (bottom). .... Figure 15 -SEM observation of CuS QDs prepared in EG using TAA (left) and ThU (right) reagent while applying a microwave heating of 200 W for 25 min. ...................................... Figure 16 -XRD patterns of pristine ZnS and CdS QDs (top) and those of their related TiO2/Ti based hetero-nanostructures (bottom). ...................................................................... Figure 17 -Raman spectra of the prepared ZnS and CdS-TiO2/Ti hetero-nanostructures. ... Figure 18 -SEM micrographs recorded on pristine TiO2/Ti substrates before (a) and after (b) exposition to aqueous Na2S solution, and after impregnation with ZnS (c), ZnS-t (d), CdS (e) and CdS-t (f) QDs. ................................................................................................................. Figure 19 a) TEM view of an assembly of titania fibres and (b), (c) of individual ones. d) HRTEM image of an extremity of a representative TiO2 fibre and e) its Scherrer-like FFT pattern matching very well with the anatase structure (ICDD n° 98-000-9853). ..................Figure 20 -TEM view of a cluster of CdS NPs attached onto the surface of a TiO2 NF. b) and c) zoomed images on the two representative areas, CdS and TiO2 ones, and their respective EDS spectra (d and e). HRTEM images of the two selected area (f and g) with the indication of some reticular distances matching well with the TiO2 anatase structure (ICDD n° 98-000-9853) and with the CdS wurtzite one (ICDD n°98-003-1074). ............................................. Figure 21 -Survey XPS spectra of the QD-impregnated photoanodes, made with CdS or ZnS, as-produced and after aqueous sulphidation. .........................................................................Figure 22 -High resolution XPS spectra of the QD-impregnated photoanodes, made with CdS or ZnS, as-produced and after aqueous sulphidation. ....................................................
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 23 Figure 23 -UV-Vis absorption spectra: QD-impregnated samples (a, b: diffuse reflectance mode) and QD colloids (c, d); as-produced or after aqueous sulphidation. ........................... Figure 24 -Experimental setup used for the PEC characterizations of the samples of Part 1. ................................................................................................................................................ Figure 25 -Chronoamperometry under intermittent illumination recorded along a short (top) and a long (bottom) test time. ................................................................................................. Figure 26 -I-V curves under continuous illumination recorded on bare TtiO2/Ti and QDs-TiO2/Ti samples, the treated and non-treated ones. ...............................................................Figure 27 -The photoconversion efficiency ( ) curves of TiO2/Ti and QDs-TiO2/Ti under simulated sun light illumination (Xenon lamp) using a passive electrolyte (0.5M Na2SO4).Figure 28 -XRD pattern of CuS NPs synthesized under optimized conditions (top) compared to those of CuS-TiO2/Ti, and pristine TiO2/Ti samples (bottom). ......................................... Figure 29 -Survey XPS spectrum of CuS NPs synthesized under optimized conditions compared to those of CuS-TiO2/Ti, CuS-t-TiO2/Ti and pristine TiO2/Ti samples. ............... Figure 30 -High resolution XPS spectra recorded at S2p, O1s, Cu2p and Ti2p signals on unsupported CuS NPs, TiO2/Ti and CuS-TiO2/Ti. ................................................................. Figure 31 -High resolution XPS spectra of the CuS QDs synthesized with different precursors and at different reactional conditions. .................................................................. Figure 32 -UV-Vis absorption spectra CuS QD colloids; as-produced or after aqueous sulphidation. ........................................................................................................................... Figure 33 -UV-Vis absorption spectra of CuS-TiO2/Ti compared to that of bare TiO2/Ti. Inset: UV-Vis spectra of CuS colloids in water. ....................................................................Figure 34 -Experimental setup used for the PEC characterizations of the samples of Part 3. ................................................................................................................................................Figure 35 -Linear sweep voltammetry and Chronoamperometry of bare and CuS-impregnated white TiO2 in passive electrolyte............................................................................................ Figure 36 -Linear sweep voltammetry of CuS-TiO2/Ti compared to that of CdS-TiO2/Ti and pristine TiO2/Ti, whie operating on a passive electrolyte (0.5 M Na2SO4 pH= 7). ............... Figure 37 -XRD patterns for the bare and CdSe-impregnated TiO2 samples. Inset: unsupported CdSe NPs. .......................................................................................................... Figure 38 -SEM images of bare and CdSe-impregnated TNFs............................................. Figure 39 -TEM images of the CdSe-impregnated TNFs, mechanically detached from the metallic support and dispersity of the nanoparticles. ............................................................. Figure 41 -Diffuse reflectance UV-Vis absorption spectra of the bare and CdSe-impregnated TNFs. Inset: unsupported CdSe NPs dispersed in ethanol. .................................................... Figure 40 -XPS spectra of the bare TNFs (black), unsupported CdSe NPs (blue) and CdSeimpregnated TNFs (red). ........................................................................................................ Figure 42 -Linear Sweep Voltammetry of bare and CdSe-impregnated TNFs recorded in a sacrificial electrolyte Na2S-Na2SO3). In the inset is given the I-V curves recorded on bare TiO2/Ti contacted with the same sacrificial electrolyte and a passive one (0.5 M Na2SO4) operating within the same conditions and using the same PEC cell. .....................................Figure 43 -EIS of CdSe-TiO2 and TiO2/Ti in sacrificial electrolyte. Inset: high-frequency area. Detail on top: EQC used to model the raw data. ...........................................................
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144 2 .

 2 Rapid overview of the state of the art: Key pointsWhile anatase is the favoured crystalline phase of TiO2 for photoelectrochemical applications, an increasing amount of attention has been devoted to the study of mixed stoichiometric and /or single non-stoichiometric titanium oxide phases in recent years. The premise is that the synergy between the different phases could compensate the main shortcomings of anatase, and/or the titanium mixed valence states and reduce or suppress the need for expensive or toxic sensitizers/co-catalysts.

  Soft chemistry processing of TiO2-based photoanodes for water splitting in liquid phase or in humid air | Chapter 3 Larissa Chaperman | UNIVERSITÉ DE PARIS 149 thermoplastic extrusion of a micrometric TiO2 NPs and stearic acid mixture followed by sintering and carbothermal reduction (carbon black, Ar flow, 1300°C, 1 h). The resulting fibres

  TiO2-based photoanodes for water splitting in liquid phase or in humid air | Chapter 3 Larissa Chaperman | UNIVERSITÉ DE PARIS 153 Finally, Li et al reported that high concentrations of OA led to a predominance of rutile phase.

  showed that the physicochemical properties of titania produced by combining sol-gel precipitation and in- † † Reprinted from Li, L. et al, Journal of Alloys and Compounds 845, 156138 (2020), DOI: 10.1016/j.jallcom.2020.156138. Copyright © 2020, with permission from Elsevier ‡ ‡ The numbers indicated in the sample name correspond the nominal atomic ratio between oxalic acid and titanium (IV) sulphate.

Therefore, we decide

  to supress the hydrothermal step of the process described in Chapter 2, and to tune the chemical treatment by varying the nature of the organic acid and the H2O2 concentration, while keeping the air annealing step almost constant. Synthesis details are given hereafter, as well the characterization of the resulting TiO2/Ti samples and the evaluation of Soft chemistry processing of TiO2-based photoanodes for water splitting in liquid phase or in humid air | Chapter 3 Larissa Chaperman | UNIVERSITÉ DE PARIS157

  of 400 µm). The pass energy was set to 150 and 40 eV for the survey and the narrow highresolution regions, respectively. The spectra were calibrated against the (C-C/C-H) C 1s component set at 285 eV. The chemical composition was determined by using the manufacturer sensitivity factors using Avantage software, version 5.9902. Survey spectra to identify elements on the surface were collected in steps of 1 eV at pass energy of 150 eV. High-resolution ones of separate photoelectron lines (C, O, N, S and Ti) were taken by steps of 0.1 eV at pass energy of 40 eV. The photoelectron take-off angle was normal to the surface of the samples. The sample surface covered by the analysis is (3.140.40.4 = 0.5024 mm 2 ). Spectra processing (peak-fitting, area calculation…) was done with Avantage software.
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 1234 Figure 1 -Surface band bending of (a) anatase and (b) rutile (from ref. 7). .......................... Figure 2 -Enhancement of visible light absorption with increasing oxygen vacancy (from ref. 9). ............................................................................................................................................Figure 3 -Calculated defect levels for rutile TiO2, discriminated by their respective Kröeger-Vink notation (adapted from ref. 10). .................................................................................... Figure 4 -Shear planes on a Magnéli phase structure, which facilitates electron transport (a). Relative electrical conductivities of the titanium sub-oxides according to their oxygen vacancy content (b) (from ref. 9)............................................................................................Figure 5 -Scheme (a), photography (b) and diagram of the manufacturing process (c) of functionally-graded sub-stoichiometric titania fibres (from ref. 17). ..................................... Figure 6 -Scheme of the band structure of the homophase junction (from ref. 11) ..............Figure 7 -XPS spectra of Ti 2p level in a crystalline matrix oxide (from ref. 22). ............... Figure 8 -Scheme of reactional parameters varied for the samples in Part 1. ....................... Figure 9 -Scheme of reactional steps and main parameters discussed in Part 2, as well as the visual aspect of the samples at each stage and surface morphology (SEM images) .............. Figure 10 -DR-UV Vis absorbance of the MAA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 11 -Cyclic voltammetry of selected samples within the MAA series (lower peroxide concentrations on left and higher ones on the right). ............................................................. Figure 12 -Raman spectra of selected samples within the MAA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 13 -Representative pictures of the contact angle measurements performed on the MAA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. .................................................................... Figure 14 -DR-UV Vis absorbance of the AA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 15 -CV of selected samples within the AA series (lower peroxide concentrations on left and higher ones on the right). .......................................................................................... Figure 16 -Raman spectra of selected samples within the AA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 17 -Representative pictures of the contact angle measurements performed on the AA sample series using a droplet of 1 µL of pure water (see appendix). Plot of the contact angle as a function of the H2O2 content. .......................................................................................... Figure 18 -DR-UV Vis absorbance of the OA-treated samples with increasing H2O2 concentration: 0.5% to 5% (a), 10% to 50% (b) and 50% to 100% (c). ................................ Figure 19 -CVs of selected samples within the OA series (lower H2O2 concentrations on left and higher ones on the right). .................................................................................................Figure 20 -Raman spectra of selected samples within the OA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 21 -Representative pictures of the contact angle measurements performed on the OA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. ................................................................................ Figure 22 -XPS spectra of OA, MAA and AA samples at the same peroxide concentration. ................................................................................................................................................Figure 23 -Deconvoluted Ti 2p and O 1s XPS spectra of OA, MAA and AA samples at the same peroxide concentration. .................................................................................................
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 5 Figure 1 -Surface band bending of (a) anatase and (b) rutile (from ref. 7). .......................... Figure 2 -Enhancement of visible light absorption with increasing oxygen vacancy (from ref. 9). ............................................................................................................................................Figure 3 -Calculated defect levels for rutile TiO2, discriminated by their respective Kröeger-Vink notation (adapted from ref. 10). .................................................................................... Figure 4 -Shear planes on a Magnéli phase structure, which facilitates electron transport (a). Relative electrical conductivities of the titanium sub-oxides according to their oxygen vacancy content (b) (from ref. 9)............................................................................................Figure 5 -Scheme (a), photography (b) and diagram of the manufacturing process (c) of functionally-graded sub-stoichiometric titania fibres (from ref. 17). ..................................... Figure 6 -Scheme of the band structure of the homophase junction (from ref. 11) ..............Figure 7 -XPS spectra of Ti 2p level in a crystalline matrix oxide (from ref. 22). ............... Figure 8 -Scheme of reactional parameters varied for the samples in Part 1. ....................... Figure 9 -Scheme of reactional steps and main parameters discussed in Part 2, as well as the visual aspect of the samples at each stage and surface morphology (SEM images) .............. Figure 10 -DR-UV Vis absorbance of the MAA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 11 -Cyclic voltammetry of selected samples within the MAA series (lower peroxide concentrations on left and higher ones on the right). ............................................................. Figure 12 -Raman spectra of selected samples within the MAA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 13 -Representative pictures of the contact angle measurements performed on the MAA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. .................................................................... Figure 14 -DR-UV Vis absorbance of the AA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 15 -CV of selected samples within the AA series (lower peroxide concentrations on left and higher ones on the right). .......................................................................................... Figure 16 -Raman spectra of selected samples within the AA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 17 -Representative pictures of the contact angle measurements performed on the AA sample series using a droplet of 1 µL of pure water (see appendix). Plot of the contact angle as a function of the H2O2 content. .......................................................................................... Figure 18 -DR-UV Vis absorbance of the OA-treated samples with increasing H2O2 concentration: 0.5% to 5% (a), 10% to 50% (b) and 50% to 100% (c). ................................ Figure 19 -CVs of selected samples within the OA series (lower H2O2 concentrations on left and higher ones on the right). .................................................................................................Figure 20 -Raman spectra of selected samples within the OA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 21 -Representative pictures of the contact angle measurements performed on the OA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. ................................................................................ Figure 22 -XPS spectra of OA, MAA and AA samples at the same peroxide concentration. ................................................................................................................................................Figure 23 -Deconvoluted Ti 2p and O 1s XPS spectra of OA, MAA and AA samples at the same peroxide concentration. .................................................................................................
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 3446 Figure 24 -UV-Vis absorption (left) and CV (right) obtained for an increase in MAA (blue) or AA (green) concentration, for a constant peroxide content of 0.5%. ................................ Figure 25 -XPS spectra of MAA samples at different concentrations. ................................. Figure 26 -Deconvoluted O 1s and Ti 2p XPS spectra of MAA samples at different concentrations. ........................................................................................................................ Figure 27 -GIXRD pattern recorded in the -2 configuration ( = 1°) on both grey (top), purple (middle) and golden (bottom) samples matching very well with the anatase titanium oxide phase for the former and the alpha titanium metal one for the later. The vertical blue lines correspond to these tabulated structures. ....................................................................... Figure 28 -Spectra of the golden, purple and grey samples compared to those of bulk anatase, rutile and brookite phases. Inset: Samples synthesized on Ti mesh substrates instead of plates, presenting the same profile as the standard ones. .................................................................. Figure 29 -Diffuse reflectance UV-Vis absorption spectra of golden, purple and grey samples, standard White sample for reference. ...................................................................... Figure 30 -XPS spectra (C 1s and O 1s) of the different samples......................................... Figure 31-Deconvoluted C 1s, O 1s and Ti 2p XPS spectra of golden, purple, grey and White samples. ..................................................................................................................................Figure 32 -Photography, SEM and TEM images of the Golden, Purple and Grey samples. Inset: White sample. ............................................................................................................... Figure 33 -TEM image from a fragment of the oxide layer of a Golden sample. Inset: TEM of Magnéli phase reported by Yang et al for comparison (ref. 29) ............................................ Figure 34 -FIB-TEM images of the Golden sample..............................................................Figure 35 -FIB-TEM images of the Golden sample, bright (left) and dark (right) field.......Figure 36 -FIB-TEM images of the Golden sample, indexed FFT of selected regions of the image. Inset: diffraction pattern of the image. ....................................................................... Figure 37 -FIB-TEM images of the Golden sample, dark (left) and bright (right) field. EDS of the same region. ................................................................................................................. Figure 38-SEM and FIB-TEM images of the Golden sample on a Ti mesh substrate.......... Figure 39 -electron diffraction patterns, FIB-TEM images and composition of the Golden sample (mesh) ........................................................................................................................ Figure 40 -STEM images of the top layer of the Golden sample (mesh). ............................ Figure 41 -FIB-TEM images and composition of the Purple sample. .................................. Figure 42 -FIB-TEM images and electron diffraction patterns of the Purple sample. .......... Figure 43 -Raman spectra (a), SEM images and contact angle measurements (b, c), UV-Vis absorption (d) and chronoamperometry (e) of the golden sample (OA -0% H2O2) before and after the calcination step. ........................................................................................................ Figure 44-LSV of the Golden, Purple and Grey samples in passive electrolyte, -0.5 to 1.5V vs. Ag/AgCl, 10 mV.s-1. Inset: CV ....................................................................................... Figure 45 -CA of the three samples in passive electrolyte, at 1.23. and at 0V vs. Ag/AgCl. Inset: OCP. ............................................................................................................................. Figure 46 -Comparison of the LSV of the Golden and Purple samples obtained at 80 and 100°C, while operating in passive electrolyte, -0.5 to 1.5V vs. Ag/AgCl, 10 mV.s-1. .........
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 21 Rapid overview of the state of the art: key points.
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 9 Figure 1 -Average annual relative humidity, 1961-1990 (from ref. 5). ................................ Figure 2 -Proton conductivity of nanoporous anatase thin films at room temperature under different RH conditions (from ref. 9). ....................................................................................Figure 3 -Developed chemical formula of Nafion®. ............................................................ Figure 4 -(A) Transient photocurrent response of Seger and Kamat's membrane assembly at different concentrations of methanol in H2SO4 0.1 mol L -1 , (B) photocurrent in function of methanol concentration. (adapted) and (C) device's scheme (from ref. 20). ......................... Figure 5 -SEM micrographs of the TiO2/WO3/stainless-steel photoanode at different magnifications (A, B) and schematic representation (C) of the proposed all-solid PEC cell (from Ref. 12). ........................................................................................................................ Figure 6 -Schematic representation of the electrolysis unit operating in (a) gas and (b) liquid feedstock. Current density vs. applied voltage when varying the RH symmetrically for both electrodes (from ref. 7). .......................................................................................................... Figure 7 -Schematic representation of the PEC assembly used by Ampelli et al (from ref. 23). ................................................................................................................................................Figure 8 -Rate of H2 production of TNT arrays with or without Pt NPs, in liquid (40°C) and gas (70°C) phases, through photoreforming of 10% ethanol in water (from ref. 23). ........... Figure 9 -i-V responses of the engineered cell in presence of methanol (a) or not (b) with illumination (red) and without (black). Inset: i-V curve obtained with a different cell indicating an open circuit voltage of -0.4V (from ref. 20). .................................................... Figure 10 -Schematic representation of the whole SSPEC device used by Xu et al (from ref. 21). ..........................................................................................................................................Figure 11 -i-t plots of TiO2/C (wet adhesion) in humid atmosphere in presence of methanol (a) and in its absence (b) at 0.8V (red), 0.4V (blue) and 0V (black). H2 production at 0.8V in presence of methanol (mass spectrometry) (from ref. 21). ....................................................Figure 12 -LSV (dark, light and chopped light) for the SSPEC (a) and in tandem SSPEC devices (b). Chronoamperometry under chopped light, at different bias, for both systems (c) (from ref. 21). ......................................................................................................................... Figure 13 -SEM micrographs of the (a,b) standard and (c,d) Nafion® embedded photoanodes (from ref. 28). ......................................................................................................................... Figure 14 -CV and chronoamperometry obtained for the vapour-fed water splitting systems using WO3/Mo-doped BiVO4 photoanodes, with and without Nafion® coating (from ref. 24). ................................................................................................................................................ Figure 15 -Components of the membrane-electrode assembly. ............................................ Figure 16 -Visual aspect and morphology of the sample series synthesized through chemical oxidation. ................................................................................................................................ Figure 17 -Detail of the circular scaffolding limiting the catalyst deposition area. .............Figure 18 -SSPEC cell assembly: different visual aspects and procedures for different cathode architectures. .............................................................................................................Figure 19 -SSPEC cell inserted in its frame, and indications of the gas inlets and outlets for both chambers, as well as the Pt wires that enable its connection to the potentiostat. The square sample at the centre measures 1x1 cm. ....................................................................... Figure 20 -Experimental setup for the SSPEC characterisation (1), independent control of the gaseous environment of the device's chambers (2), SSPEC cell connectivity (3), spectrum of the solar simulator used in the experiments (4), illuminated device (5). ...............................
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 1217 Figure 1 -Average annual relative humidity, 1961-1990 (from ref. 5). ................................ Figure 2 -Proton conductivity of nanoporous anatase thin films at room temperature under different RH conditions (from ref. 9). ....................................................................................Figure 3 -Developed chemical formula of Nafion®. ............................................................ Figure 4 -(A) Transient photocurrent response of Seger and Kamat's membrane assembly at different concentrations of methanol in H2SO4 0.1 mol L -1 , (B) photocurrent in function of methanol concentration. (adapted) and (C) device's scheme (from ref. 20). ......................... Figure 5 -SEM micrographs of the TiO2/WO3/stainless-steel photoanode at different magnifications (A, B) and schematic representation (C) of the proposed all-solid PEC cell (from Ref. 12). ........................................................................................................................ Figure 6 -Schematic representation of the electrolysis unit operating in (a) gas and (b) liquid feedstock. Current density vs. applied voltage when varying the RH symmetrically for both electrodes (from ref. 7). .......................................................................................................... Figure 7 -Schematic representation of the PEC assembly used by Ampelli et al (from ref. 23). ................................................................................................................................................Figure 8 -Rate of H2 production of TNT arrays with or without Pt NPs, in liquid (40°C) and gas (70°C) phases, through photoreforming of 10% ethanol in water (from ref. 23). ........... Figure 9 -i-V responses of the engineered cell in presence of methanol (a) or not (b) with illumination (red) and without (black). Inset: i-V curve obtained with a different cell indicating an open circuit voltage of -0.4V (from ref. 20). .................................................... Figure 10 -Schematic representation of the whole SSPEC device used by Xu et al (from ref. 21). ..........................................................................................................................................Figure 11 -i-t plots of TiO2/C (wet adhesion) in humid atmosphere in presence of methanol (a) and in its absence (b) at 0.8V (red), 0.4V (blue) and 0V (black). H2 production at 0.8V in presence of methanol (mass spectrometry) (from ref. 21). ....................................................Figure 12 -LSV (dark, light and chopped light) for the SSPEC (a) and in tandem SSPEC devices (b). Chronoamperometry under chopped light, at different bias, for both systems (c) (from ref. 21). ......................................................................................................................... Figure 13 -SEM micrographs of the (a,b) standard and (c,d) Nafion® embedded photoanodes (from ref. 28). ......................................................................................................................... Figure 14 -CV and chronoamperometry obtained for the vapour-fed water splitting systems using WO3/Mo-doped BiVO4 photoanodes, with and without Nafion® coating (from ref. 24). ................................................................................................................................................ Figure 15 -Components of the membrane-electrode assembly. ............................................ Figure 16 -Visual aspect and morphology of the sample series synthesized through chemical oxidation. ................................................................................................................................ Figure 17 -Detail of the circular scaffolding limiting the catalyst deposition area. .............Figure 18 -SSPEC cell assembly: different visual aspects and procedures for different cathode architectures. .............................................................................................................Figure 19 -SSPEC cell inserted in its frame, and indications of the gas inlets and outlets for both chambers, as well as the Pt wires that enable its connection to the potentiostat. The square sample at the centre measures 1x1 cm. ....................................................................... Figure 20 -Experimental setup for the SSPEC characterisation (1), independent control of the gaseous environment of the device's chambers (2), SSPEC cell connectivity (3), spectrum of the solar simulator used in the experiments (4), illuminated device (5). ...............................
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  Nous avons utilisé une variété d'acides organiques et de concentrations de peroxyde d'hydrogène pour contrôler la formation de différentes phases cristallines et le degré de nanostructuration de nos photoanodes. Par rapport aux substrats utilisés dans le Chapitre précèdent, nous avons supprimé le traitement hydrothermal (qui pourrait être une source de problème lors d'une éventuelle mise en échelle du procédé). Les substrats ont été coupés, mécaniquement polis et lavés avant leur traitement chimique. Après le traitement, les substrats ont été lavés et calcinés sous air pendant 30 minutes à 450°C (10°C.min -1 ). Les essais PEC ont été faits dans une cellule à un seul compartiment, dans Na2SO4 à 0.5 mol.L -1 , dégazé au préalable.Pour les trois acides, des analyses XPS n'ont pas indiqué la présence de Ti 3+ (dans les 10 nm les plus externes de la surface qui la technique est capable d'examiner) ni de dopage au soufre, mais ne peut pas exclure (ni confirmer) la présence de dopage au carbone. L'augmentation de la concentration des acides n'améliore pas leur performance PEC.Dans un second temps, nous avons procédé à une investigation plus approfondie et une optimisation de l'échantillon le plus performant parmi ceux de la Partie 1.La nouvelle série de référence est composée par cet échantillon (désormais surnommé purple titania d'après son aspect visuel), par l'échantillon le plus riche en H2O2 de la série OA (surnommé grey titania) et par un nouvel échantillon préparé sans l'ajout de peroxyde, le golden

NTF/Ti utilisés dans le Chapitre 2, avec l'objectif général d'éviter autant que possible l'usage de produits environnementalement nocifs et les étapes coûteuses ou avec une consommation importante de temps/énergie. Nos efforts se sont centrés sur quatre fronts principaux : i. Procédé : suppression ou modification des étapes pouvant empêcher une éventuelle mise en échelle ou production commerciale des photoanodes ; ii. Composition : les modifications du bandgap du TiO2 et l'introduction de défauts (tels que les vacances d'oxygène, et par conséquence des espèces Ti 3+ ) peuvent augmenter la capacité d'absorption de la lumière dans le domaine du visible ou améliorer la séparation et transport des charges ; iii. Structure : les différentes phases crystallines et les interfaces entre elles peuvent jouer un rôle important dans la performance PEC des photoanodes ; iv. Microstructure : l'augmentation de la surface de contact entre TiO2 et l'électrolyte incrémente la quantité de sites actifs et optimise la quantité de matériau utilisée. Dans un premier temps, nous avons évalué l'impact du type d'acide organique sur la composition, morphologie et performance des photoanodes. Les acides choisis sont l'acide oxalique (OA), l'acide mercaptoacétique (MAA) et l'acide acétique (AA), avec différentes concentrations de peroxyde d'hydrogène. L'acide oxalique a été mis en évidence comme un facilitateur de la formation de rutile et l'acide acétique, comme un promoteur de la phase anatase. Plusieurs pistes ont été évoquées pour expliquer l'influence des acides sur les éventuelles différences entre les échantillons obtenus, tels que leur pouvoir chélateur ou un potentiel rôle en tant que source de dopage en carbone ou soufre. Les échantillons traités avec le MAA présentent des profils distincts (UV-Vis et Raman) selon la plage de concentrations de H2O2, mais cette variation ne se traduit pas directement sur leur comportement photoélectrochimique ou sur l'hydrophilicité de leurs surfaces. Les échantillons traités avec l'AA présentent une tendance similaire à celle des échantillons MAA pour les observations en UV-Vis et Raman, mais une augmentation très prononcée de la nanostructuration et de l'hydrophilicité des surfaces. Cependant, les densités de photocourant obtenues sont très faibles. Les échantillons traités avec l'OA présentent des tendances différentes d'absorption de lumière, particulièrement avec des faibles concentrations de H2O2. Les densités de courant les plus élevées sont aussi observées pour les faibles concentrations de H2O2, malgré les hauts degrés des nanostructuration et d'hydrophilicité observés pour les traitements contenant quantités plus importantes de peroxyde. Ces caractéristiques de surface, avec les profils observés en UV-Vis et Raman, indiquent la formation de phases mixtes de TiO2, ainsi que la présence potentielle de Ti 3+ . titania. Ces trois échantillons ont des aspects visuels (et morphologies) très distincts entre eux. L'échantillon gris est le plus proche d'un échantillon « classique » de TiO2 anatase, structuré comme un ensemble de nanofibres. L'échantillon violet et le doré absorbent de la lumière visible, l'échantillon doré étant encore plus « mixte » que le violet selon leurs spectres Raman. L'échantillon violet à été identifié comme une mixture d'anatase et rutile (TEM et Raman). Une identification claire et sans ambiguïté de l'échantillon doré n'a été possible que lors de l'observation de ses sections transversales. L'analyse des diagrammes de diffraction dans des régions spécifiques des photomicrographies FIB-TEM a permis d'identifier des zones distinctes dans cet échantillon. Une surface stoechiométrique de phase anatase qui transitionne vers une zone mixte avec du rutile, et ensuite dévient de plus en plus déficiente en oxygène, avec des suboxides de titane, y compris des phases de Magnéli. D'après des rapports sur la littérature et la morphologie poreuse qui caractérise les régions les plus déficientes en oxygène, la formation de cette architecture se doit à la réduction du TiO2 par le CO et CO2 originaires des ions oxalate lors de la calcination de l'échantillon, une fois que la couche oxydée la plus externe isole les parties les plus internes et empêche leur contact avec l'air.
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	a permis d'élargir la plage d'absorption de lumière et aussi de favoriser la séparation et le
	transport des porteurs de charge photogénérés, ce qui a résulté en une amélioration significative
	de la performance de ces photoanodes, même sans avoir recours à l'élaboration
	d'héteronanostructures. Les photoanodes étant des couches fortement adhérées aux substrats
	métalliques, le risque de contamination environnementale est fortement réduit par rapport à
	l'utilisation de nanoparticules libres. Bien que le coût du titane métallique soit un facteur
	important qui peut entraver leur future application, des efforts importants sont faits pour le
	développement de routes alternatives pour l'obtention de titane (grâce à ses caractéristiques très
	envisagées dans une grande variété d'applications)
	Finalement, ces photoanodes ont fait preuve de compatibilité aussi avec l'opération en phase
	gazeuse, ce qui permettrait l'obtention d'hydrogène aussi dans des endroits sans accès à de
	Selon le contexte général et l'état de l'art décrits dans les Chapitres 0 et 1, nous avons décidé réserves d'eau ou à des réseaux électriques. L'utilisation d'un électrolyte solide permet le développement des dispositifs compacts, fiables et versatiles, avec une durée de vie potentiellement plus élevée (une fois que l'électrolyte liquide est fréquemment la source de plusieurs des problèmes concernant les cellules photoélectrochimiques). Ils sont capables Légende de l'image N° de l'image Page(s) dans la thèse Figure 1 -Band edges of most popular semiconductors used in PEC solar fuel production with standard chemical 1 (chapitre 1) 65 potentials for some useful half reactions (from ref. 4). de prioriser dans ce travail l'optimisation des photoanodes à base d'oxydes de titane par des moyens à faible coût et/ou charge environnementale. Dans un premier temps, nous avons utilisé une variété de quantum dots produits par voie douce) de photoanodes à une architecture mixte et gradée en composition. Ces synthèses ont matrice énergétique. utilisés en association aux QDs, nous avons procédé à la préparation (aussi par voie de la chimie dans des endroits plus vulnérables, et devenir un atout dans la composition d'une nouvelle Ensuite, dans la poursuite de l'amélioration de la performance des substrats précédemment alternative prometteuse pour la production d'hydrogène à l'échelle locale, particulièrement contrôle de leur taille et morphologie, ainsi que de leurs états de surface. moins susceptibles à contaminer l'environnement. Ainsi, des systèmes SSPEC peuvent être une perspectives pour leur amélioration incluent des investigations sur les mécanismes régissant le QDs comme sensibilisants ou co-catalyseurs, une fois que dans ce type de dispositifs ils sont présentant une réduction du risque environnemental associé à l'utilisation du Cd. Les Additionnellement, l'utilisation des systèmes SSPEC peut être une alternative pour l'emploi de présente une performance supérieure à celle du CdS (selon le précurseur utilisé), tout en de leurs surfaces, qui deviennent plus importants avec la réduction de la disponibilité de l'eau. performance) qui est facilement contrebalancée par leur sulfidation en milieux aqueux. Le CuS charges), mais prioriser aussi l'augmentation de la surface exposée et du caractère hydrophile tendance à s'oxyder (ce qui génère une coquille riche en sulfate, qui est préjudicielle à leur systèmes classiques (amélioration de l'absorption de lumière et de la séparation et transport des QDs pour augmenter leur performance et durabilité. Les QDs de ZnS et CdS présentent une état gazeux doit prendre en compte non seulement les aspects normalement visés pour les chimique douce de façon simple et contrôlée, et dans les cas pertinents, le traitement de ces d'opérer en conditions d'humidité relative réalistes, et l'un des facteurs qui impacte le plus fortement leur performance est l'hydratation de la membrane à conduction de protons. Le développement de photoanodes pour l'application dans des systèmes SSPEC pour opération en Figure 2 -Scheme (a), photography (b) and diagram of the manufacturing process (c) of functionally-graded sub-stoichiometric titania fibres (from ref. 16).
	été accomplies grâce à l'optimisation des conditions de synthèse (principalement la nature de
	l'acide organique utilisé et de la concentration en peroxyde d'hydrogène). Ces conditions ont
	permis de mettre au point la proportion entre les différentes phases crystallines du TiO2 en
	surface et le degré (et localisation) des défauts en oxygène (jusqu'au point de l'obtention de
	suboxydes de titane, y compris des phases de Magnéli). La synergie entre les différentes régions
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	AAM -Anodic Alumina Membrane
	CB -Conduction Band
	CE -Counter Electrode
	EDF -Électricité de France
	Eg -Bandgap Energy
	FTO -Fluorine-doped Tin Oxide
	GDP -Gross Domestic Product
	GHG -Greenhouse Gas
	HER -Hydrogen Evolving Reaction
	IEA -International Energy Agency
	IPV -Institut Photovoltaïque d'Île-de-France
	IRENA -International Renewable Agency
	NHE -Normal Hydrogen Electrode
	OER -Oxygen Evolving Reaction
	OP -Overpotential
	PEC -Photoelectrochemical
	PEM -Proton Exchange Membrane
	PV -Photovoltaic
	QD -Quantum Dot
	RH -Relative Humidity
	SSPEC -Solid State Photoelectrochemical
	UV -Ultraviolet
	VB -Valence Band

1.1.3. Energy vs. health crisis

  

	It is fairly straightforward to conclude that it is necessary to adopt cleaner energy sources: fossil
	fuel usage is detrimental to the environment, uncapable of meeting the rapidly growing demand,
	and generates economic and political distress. Additionally, we witness a new unfolding of the
	current energy paradigm: the COVID-19 crisis highlighted the importance of access to
	electricity not only within the medical context, but also in supporting households and essential
	services during lockdowns. 5				
	As in a number of crisis situations, those who already struggle will be disproportionately
	affected by the lack of reliable energy sources. Insufficient energy access accelerates the spread
	of COVID-19, as preventive measures are	h	f h	h	' h
	a reliable energy infrastructure, and healthcare services are severely dependent on energy (for
	powering intensive care ventilation systems, storage of samples, vaccines and medications,
	sterilization, equipment in general and even the very basic lighting and heating needs). This
	lack of access to reliable and affordable energy can potentially magnify the crisis and slow the
	global recovery. 6				
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Table 1 -

 1 Water splitting efficiency of QD-based TiO2 1D nanomaterials, measured by µmol of produced H2 per gram of catalyst, compared to that of other TiO2 1D systems. P is the power density of illumination intensity in W/m 2 and A is the illuminated area of the electrode. It is generally expected that the rate of hydrogen generation at the cathode (or photocathode) is twice the rate of oxygen generation at the anodic (or photoanode) (i.e., the Faradaic efficiency of the overall process is 100%). This can be verified by conducting a

	Photoanode	Light Intensity (mW.cm -2 )	Electrolyte	Photocatalysis/ Photoelectrocatalysis	Water splitting efficiency	Ref.
	TiO2 NTs	UV light 70 mW.cm -2	1 M KOH	Photoelectrocatalysis	7.1 µmol.h -1 .g -1	
	TiO2 NTs	Solar light 150 W Xenon lamp	1 M NaOH	Photoelectrocatalysis	8.3 µmol.h -1 .g -1	
	Cu2O/TiO2 NRs	Solar light	50% glycerol and 50% water	Photocatalysis	50.3 µmol.h -1 .g -1	
	Au/TiO2 NTs	Visible light 100 mW. cm -2	Methanol/water 1:10	Photocatalysis	535 µmol.h -1 .g -1	
	TiO2:H NWs	UV light 100 mW.cm -2	1.0 M NaOH	Photoelectrocatalysis	5.6 µmol.h -1 .g -1	
	Pt/TiO2 NTs	Solar light 30 mW.cm -2	0.1 M Na2SO4 and 1.0 M ethylenglycol	Photoelectrocatalysis	135 µmol.h -1 .g -1	
	Pt/TiO2 NTs	Solar light 320 mW.cm -2	2.0 M Na2CO3 and 0.5 M ethylenglycol	Photoelectrocatalysis	492 µmol.h -1 .g -1	
	Pd/TiO2 NTs	Solar light 320 W Xenon lamp	2.0 M Na2CO3 and 0.5 M ethylenglycol	Photoelectrocatalysis	457 µmol.h -1 .g -1	
	CdS/TiO2 NTs	Solar light 300 W Xenon lamp	0.1 M Na2SO3 and 0.1 M Na2S	Photoelectrocatalysis	20 mmol.h -1 .g -1	
	C3N4/TiO2:N NFs	Solar light 300 W Xenon lamp	10 mL methanol and 40 mL water	Photocatalysis	8391 µmol.h -1 .g -1	
	Graphene/CdS/ TiO2 NTs	Solar light 320 W Xenon lamp	0.25 M Na2SO3 and 0.35 M Na2S	Photoelectrocatalysis	10 µmol.h -1 .g -1	
	CdSe@CdS/ TiO2 NTs	Solar light 100 mW.cm -2	10% ethylenglycol Na2S and 0.1 M	Photoelectrocatalysis	457 µmol.h -1 .g -1	
	SrTiO2/TiO2 NTs	Solar light 320 mW.cm -2	0.5 M KOH and 0.5 M ethylenglycol	Photoelectrocatalysis	314 µmol.h -1 .g -1	
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Table 2 -

 2 Comparison table of photocurrent density of the present study with literature results, focusing on TiO2-CdS anode type.

	PEC conditions	Anode type	Anode processing	About QD surface state	Jp (mA.cm -2 )
			TiO2 nanosheets prepared by			
	0.5M Na2SO4 Xenon lamp (350 W) Light exposed area 3 cm 2	TiO2-CdS	Hydrothermal route were subsequently coated with 30 nm sized CdS QDs using SILAR	Not indicated	(*)	0.13 (at 0 V)
			method 38			
			TiO2 mesoporous structure			
	0.5M Na2SO4 Xeon lamp (300 W) Light exposed area 1 cm 2	TiO2-CdS	prepared by sol gel method was coated with 10 nm sized CdO QDs subsequently immersed in an	CdS@CdSO4 structure evidenced by XPS analysis	0.02 (at 0 V)
			aqueous Na2S solution 39			
	0.1M Na2S A solar driven PEC sensing platform Light exposed area 1 cm 2	TiO2-CdS	TiO2 nanorod arrays prepared by of 5 nm sized CdS QDs 40 Hydrothermal route were immersed in a CdSO4 aqueous solution leading to the formation	Not indicated	0.07-0.10 (at 0 V)
	1M KOH + 0.1M Glucose Blue LED lamp (1 W) Light exposed area 1 cm 2	TiO2-CdS	One-dimensional CdS nanowires@TiO2 nanoparticles core-shell structures of ~40 nm in solvothermal method 41 diameter were synthesized by a	Not indicated	0.08 (at 0 V)
	1M Na2SO3 + 0.2M Na2S Xenon lamp (500 W)					
	Light exposed area of 2					
	cm 2					
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Table 1 -

 1 Physical properties of mesoporous TiO2 nanostructures from the hydrothermal treatment of Ti(SO4)2 in presence of oxalic acid.

	Sample ‡ ‡	Anatase content (wt.-%)	Crystal size (nm)	SBET (m 2 .g -1 )	Mean pore size (nm)	Band gap (eV)
	TiO2-0	100	13.3	119.29	7.25	3.19
	TiO2-1.85	100	25.1	53.21	14.90	3.09
	TiO2-3.70	100	41.5	31.34	21.80	2.92
	TiO2-7.41	66.9	97.3	28.84	18.24	2.84
	TiO2-11.11	31.3	>100	25.92	15.13	2.80

Table 4 -

 4 Binding energy (referenced to the adventitious C 1s at 284.8 eV) and atomic composition (%) obtained from XPS for golden, purple, grey and White TiO2.

			Binding Energy			Atomic %	
	Name	Golden	Purple	Grey	White	Golden	Purple	Grey	White
	C1s (C-C)	284,8 284,8 284,8 284,8 22,15 18,09 18,59 17,81
	C1s (C-O-C)	286,33 286,04 286,31 286,37 3,24 4,34 3,42 3,9
	C1s (O-C=O)	288,52 288,81 288,69 288,82 2,54 1,38 1,75 2,01
	N1s (total)		401,48	400,09		1,4		0,4
	O1s (M.Ox)	529,87 529,81 529,84 529,84 38,19 43,55 47,23 46,11
	O1s (C=O)	531,47 531,77 531,43 530,66 9,95 11,65 6,97 4,48
	O1s (C-O)	532,3		532,63 531,83 6,36		1,18 3,34
	Ti2p	458,56 458,53 458,61 458,55 11,12 12,14 13,63 14,82
	Ti2p A	464,23 464,2 464,27 464,24 5,42 6,06 6,53 7,12
	O total/Ti total					2,309 2,393 2,343 2,102
	O1s (C=O)/O(total)					0,183 0,211 0,126 0,083

Table 5 -

 5 Correlation between the colour of the oxide layer on a Ti surface and its thickness (adapted from ref.38).

  ). ..................................... Figure 6 -Scheme of the band structure of the homophase junction (from ref. 11) .............. Figure 7 -XPS spectra of Ti 2p level in a crystalline matrix oxide (from ref. 22). ...............Figure 8 -Scheme of reactional parameters varied for the samples in Part 1. .......................Figure 9 -Scheme of reactional steps and main parameters discussed in Part 2, as well as the visual aspect of the samples at each stage and surface morphology (SEM images) .............. Figure 10 -DR-UV Vis absorbance of the MAA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 11 -Cyclic voltammetry of selected samples within the MAA series (lower peroxide concentrations on left and higher ones on the right). ............................................................. Figure 12 -Raman spectra of selected samples within the MAA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................Figure 13 -Representative pictures of the contact angle measurements performed on the MAA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. ....................................................................Figure 14 -DR-UV Vis absorbance of the AA-treated samples with increasing H2O2 concentration (lower peroxide concentrations on top and higher ones on the bottom). ........ Figure 15 -CV of selected samples within the AA series (lower peroxide concentrations on left and higher ones on the right). .......................................................................................... Figure 16 -Raman spectra of selected samples within the AA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 17 -Representative pictures of the contact angle measurements performed on the AA sample series using a droplet of 1 µL of pure water (see appendix). Plot of the contact angle as a function of the H2O2 content. .......................................................................................... Figure 18 -DR-UV Vis absorbance of the OA-treated samples with increasing H2O2 concentration: 0.5% to 5% (a), 10% to 50% (b) and 50% to 100% (c). ................................ Figure 19 -CVs of selected samples within the OA series (lower H2O2 concentrations on left and higher ones on the right). .................................................................................................Figure 20 -Raman spectra of selected samples within the OA series, compared to those of bulk anatase, rutile and brookite phases. ................................................................................ Figure 21 -Representative pictures of the contact angle measurements performed on the OA sample series using a droplet of 1 µL of pure water (see appendix). Bottom: plot of the contact angle as a function of the H2O2 content. ................................................................................ Figure 22 -XPS spectra of OA, MAA and AA samples at the same peroxide concentration. ................................................................................................................................................ Figure 23 -Deconvoluted Ti 2p and O 1s XPS spectra of OA, MAA and AA samples at the same peroxide concentration. .................................................................................................Figure 24 -UV-Vis absorption (left) and CV (right) obtained for an increase in MAA (blue) or AA (green) concentration, for a constant peroxide content of 0.5%. ................................ Figure 25 -XPS spectra of MAA samples at different concentrations. ................................. Figure 26 -Deconvoluted O 1s and Ti 2p XPS spectra of MAA samples at different concentrations. ........................................................................................................................ Figure 27 -GIXRD pattern recorded in the -2 configuration ( = 1°) on both grey (top), purple (middle) and golden (bottom) samples matching very well with the anatase titanium oxide phase for the former and the alpha titanium metal one for the later. The vertical blue lines correspond to these tabulated structures. ....................................................................... Figure 28 -Spectra of the golden, purple and grey samples compared to those of bulk anatase, rutile and brookite phases. Inset: Samples synthesized on Ti mesh substrates instead of plates, presenting the same profile as the standard ones. .................................................................. Figure 29 -Diffuse reflectance UV-Vis absorption spectra of golden, purple and grey samples, standard White sample for reference. ...................................................................... Figure 30 -XPS spectra (C 1s and O 1s) of the different samples......................................... Figure 31-Deconvoluted C 1s, O 1s and Ti 2p XPS spectra of golden, purple, grey and White samples. ..................................................................................................................................Figure 32 -Photography, SEM and TEM images of the Golden, Purple and Grey samples. Inset: White sample. ...............................................................................................................Figure 33 -TEM image from a fragment of the oxide layer of a Golden sample. Inset: TEM of Magnéli phase reported by Yang et al for comparison (ref. 29) ............................................
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, the impregnated sample reaches 0.138 mA.cm -2 , which is one order of magnitude lower that
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Appendix

Supplementary data Experimental Conditions

Grazing Incident X-ray Diffraction GIXRD analysis was performed using a Panalytical Empyrean diffractometer, equipped with a parallel plate collimator, a multichannel detector (PIXcel 3D) and a Cu K X-ray source (1.5418 Å). The incidence angle ω is set at 1.0°, the angular range at 10°-100°. The step size is 0.04° and the time per step equal to 4 s. Pattern processing (background estimation, peak search, and phase identification) was done thanks to the HighscorePlus software (Panalytical ®)

UV-Vis analyses

The solid samples were analysed EQUIPMENT UV-Vis in Diffuse Reflectance mode, with a InGaAs integrating Sphere and InGaAs white reference. The results presented on part one were normalized for better visualisation of the band positions and the artefact that originates from the lamp change at 319 nm was manually removed for all samples.

Raman analyses

RAMAN analysis was performed in a Labram HR800 micro-spectrometer and operating at a laser excitation of 633 nm with a power of 5 mW, with acquisition times varying from 1 to 10 s depending on the sample's characteristics.

Contact angle

The hydrophilicity of the surface of the engineered photoanodes was assessed by dynamic contact angle (CA) measurements. In detail, a drop of a calibrated volume (3 µL) is deposited on the surface of the investigated alloy. A camera follows the drop deposition and spreading.

CA measurements are then achieved at the same time (5s) for all the samples on captured photos, using a DSA25 Krüss Advance drop shape Analyzer (DSA25B). These measurements

Additional characterisation PEC measurements: Cyclic Voltammetry -dark

Effect of peroxide concentration for different acids (Part 1)

Effect of the acid concentration (Part. 1). 
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