Ab brevi atio ns

Une approche très prometteuse et plus durable consiste à dissocier l'eau en O 2 et H 2 en utilisant uniquement des sources d'énergies renouvelables telles que l'énergie solaire ou l'électricité propre (par exemple à partir de l'énergie éolienne). Néanmoins, la partie oxydante de ce processus, l'oxydation de l'eau en oxygène moléculaire (O 2 ) ou la réaction de dégagement d'oxygène (oxygen evolving reaction ou OER en anglais), est une tâche difficile en raison de sa barrière d'activation élevée, de sa cinétique lente et de sa grande surtension anodique. Par conséquent, de nombreux efforts ont été faits pour développer des électrocatalyseurs efficaces présentant une grande stabilité et une faible surtension d'OER.

Depuis le début des années 80, les oxydes métalliques à base de métaux de transition de la première rangée, tels que les très populaires oxyde de nickel (NiO x ) et oxyde de cobalt (CoO x ), sont apparus comme étant des catalyseurs très prometteurs pour l'oxydation de l'eau en raison de leur abondance relativement élevée sur la croute terrestre, de leur faible surtension OER et de leur résistance à la corrosion, qui leur confère une grande stabilité dans les conditions opérationnelles. De nombreux travaux ont été consacrés à l'élaboration d'anodes ou de photoanodes utilisant des oxydes métalliques catalytiquement très actifs et très stables. En outre, plusieurs stratégies de synthèse ont été adoptées pour obtenir ces caractéristiques, mais la plus étudiée repose sur le contrôle de la porosité et de la morphologie du film de catalyseurs et de la taille du catalyseur, afin de favoriser le transport d'électrons/de masse à la surface de l'électrode, pour augmenter la surface électroactive de l'électrode et ainsi améliorer leur performance catalytique vis-à-vis de l'oxydation de l'eau.

Dans ce contexte, ce travail de thèse vise à proposer une approche originale, rarement rapportée dans la littérature, pour développer une anode très efficace pour la réaction d'oxydation de l'eau électrocatalytique à base de nanocomposite oxyde de nickel/cobalt-poly (pyrrole-alkylammonium) (poly1-NiO x ou poly1-CoO x ) préparé par une voie de synthèse facile et tout électrochimique. Cette stratégie a également été étendue à la conception de photoanodes pour l'oxydation de l'eau photocatalytique en combinant ces nanocomposites à un colorant organique robuste de la famille des pérylènes. L'utilisation de nanocomposites pour l'oxydation de l'eau électro-induite fait l'objet de la partie I de ce manuscrit, et l'utilisation de nanocomposites contenant le colorant pérylène pour l'oxydation de l'eau photo-induite fait l'objet de la partie II.

Partie I Chapitre 1. Le premier chapitre présente de manière non exhaustive une étude bibliographique sur les anodes utilisant des oxydes de nickel et des oxydes de cobalt pour l'oxydation électrocatalytique de l'eau. Du fait d'une littérature foisonnante et croissante de façon exponentielle (près de 5 articles par jour sont publiés sans le domaine de la dissociation de l'eau et notamment sur l'oxydation de l'eau), seuls quelques exemples pertinents d'anodes sont discutés à la lumière des stratégies communément employées pour optimiser l'activité des catalyseurs.

L'une des approches les plus utilisées consiste à synthétiser des catalyseurs de petite taille ou des films de catalyseur ayant une morphologie contrôlée en vue d'obtenir des surfaces (électro)actives élevées et par conséquent d'obtenir une activité électrocatalytique OER accrue. Une autre approche vise à résoudre le problème de la faible conductivité électrique des catalyseurs à base de métaux en dopant les films de catalyseur par des ions (par exemple Fe 3+ ) ou en associant les catalyseurs à des nanomatériaux conducteurs comme les métaux précieux (Au, Pt ou Pd) et les nanomatériaux de carbone (graphène, nanofils et nanotubes de carbone). A la lumière de ces diverses approches, ce chapitre résume quelques travaux sur la conception d'anodes à base de catalyseurs d'oxyde de nickel et d'oxyde de cobalt. Certains groupes comme ceux de Burke, Noufi, Bockris, Corrigan et Tseung ont été les premiers dans les années 80 à démontrer les potentialités des oxydes de nickel et de cobalt à électrocatalyser l'oxydation de l'eau par dépôt électrochimique à la surface de l'électrode. Depuis ces travaux pionniers, de nombreuses méthodes, autres que l'électrodéposition, ont été rapportées pour préparer des oxydes de nickel et de cobalt par procédé solvatothermique ou précipitation chimique, qui sont ensuite déposés sur l'électrode par divers procédés tels que le spin coating, le procédé sol-gel, le dépôt par électrospray ou la sérigraphie, pour n'en nommer que quelques-uns. Toutes ces stratégies de synthèse permettent d'obtenir des oxydes métalliques L'absorption de la lumière par la molécule de PS conduit à un état excité, suivi d'une injection rapide de l'électron dans la bande de conduction (CB) du SC nanostructuré (TiO 2 , SnO 2 ou WO 3 ), conduisant à l'oxydation du PS. En l'absence d'une photocathode pour la réduction de l'eau par exemple, l'application d'un bias à la photoanode DS-PEC est nécessaire pour récupérer les électrons générés dans la CB du SC. Si la durée de vie de cet état à charges séparées est suffisamment longue, un transfert d'électrons du catalyseur au colorant oxydé se produit. Puisque l'oxydation de l'eau nécessite quatre électrons, le catalyseur doit accumuler quatre trous pour oxyder l'eau. L'oxydation catalytique de l'eau est généralement trop lente pour concurrencer efficacement le transfert d'électrons retour, ce qui explique les rendements quantiques faibles pour la dissociation de l'eau.

En effet, si les photoanodes hybrides publiées sont actives en milieu neutre ou faiblement acide, démontrant leur potentiel pour la réaction OER, elles sont peu stables et présentent des photocourants assez faibles (150-200 μA cm -2 pour les dérivés du pérylène et <20 uA cm -2 pour les autres exemples). La faible densité de photocourant a été principalement attribuée à la cinétique rapide du transfert d'électrons retour (recombinaison des charges) d'échelle de temps de l'ordre de la centaine de microsecondes, qui entre en compétition avec l'oxydation catalytique lente de l'eau (de l'ordre de la milliseconde) et la cinétique lente de transfert d'électrons entre le PS et le catalyseur inorganique.

Pour améliorer l'efficacité de ces PECs d'oxydation de l'eau, le défi consiste toujours à éviter les réactions de recombinaison des charges et également à accélérer la réaction d'oxydation de l'eau. Enfin, il convient de souligner que dans ces exemples de PECs, la quantité de PS et de catalyseurs d'oxydes métalliques déposée à la surface des électrodes est faible et mal contrôlée. Il sera ainsi très intéressant d'explorer de nouvelles méthodes de fabrication et de dépôt à la surface des électrodes de photosensibilisateurs / nanoparticules d'oxyde métallique et d'évaluer l'effet de l'augmentation de la quantité de matériaux et de la structuration du film sur l'intensité du photocourant. C'est ce que nous proposons de réaliser dans le chapitre suivant.

Chapitre 2. Ce chapitre se focalise sur le développement de nouvelles photoanodes hydrides et leur utilisation pour l'oxydation photo-induite de l'eau. Sur la base des résultats déjà acquis dans les chapitres précédents (Partie I), le but de ce travail était d'introduire un chromophore moléculaire dans nos matériaux d'électrode nanocomposites d'oxyde de nickel ou de cobaltpolypyrrole afin d'obtenir l'oxydation de l'eau par voie photo-induite. Pour s'affranchir de l'utilisation de métaux nobles rares et coûteux, nous avons utilisé un photosensibilisateur de la famille du pérylène diimide (PDI). Bien que cette famille soit encore peu explorée pour l'oxydation ou la réduction de l'eau par voie photocatalytique, de telles molécules organiques sont très prometteuses pour ce type de réactions. En effet, les dérivés du pérylène présentent toutes les propriétés requises pour de telles applications: i) robustesse dans l'eau tant à l'état fondamental qu'à l'état excité et photostabilité élevée, ii) forte absorption dans le visible avec 

G e n e r a l i n t r o d u c t i o n

In the actual energy context, molecular hydrogen (H 2 ) is considered as an attractive clean energy carrier and an excellent alternative to fossil fuels. Fossil fuels, as coal, oil and natural gas, are limited and, even though supply predictions vary significantly, it is clear that we must have technologies utilizing alternative sources of energy that are abundant and ideally unlimited. Although 1 kg of hydrogen generates three times more energy than 1 kg of gasoline which makes H 2 the fuel of the future, there is no natural reserve of H 2 on earth and it cannot be obtained for free from water and needs additional energy to be produced.

Nowadays, 95% of molecular hydrogen is produced from fossil fuels through industrial processes (e.g. coal gasification and steam reforming of methane), which require high temperature, high pressure and generate carbon dioxide.

A very promising and more sustainable approach is to split water into O 2 and H 2 using only renewable energy sources as solar energy or clean electricity (e.g. from wind power).

Nevertheless, the oxidative part of this process, water oxidation to molecular oxygen (O 2 ) or oxygen evolving reaction (OER), is a challenging task due to its high activation barrier, its slow electrode kinetic and its large anodic overpotential. Hence, many efforts have been done

to develop efficient electrocatalysts displaying long-term stability and a low OER overpotential. Since the beginning of 80's, metal oxides based on first-row transition metals, such as the very popular nickel oxide (NiO x ) and cobalt oxide (CoO x ), appeared as very promising OER catalysts due to their relative high earth abundance, their low OER overpotential and their corrosion resistance, conferring a great stability under operational conditions. Numerous works have been devoted to implement anodes or photoanodes for water oxidation using metal oxides with high catalytic activity and high stability. Besides, several preparation strategies have been adopted, but the most investigated relies on the control of the porosity and morphology of catalyst' film and of the size of nanoparticles of catalyst, in view to promote the electron/mass transport at the electrode surface, to increase the electroactive surface area of the electrode and thus to enhance their OER catalytic performance.

In this context, this thesis work aims at proposing an original approach, which has been rarely reported in literature, to develop very efficient anodes for electrocatalytic water oxidation reaction based on nanocomposite materials in which nickel oxide or cobalt oxide nanoparticles are inserted in a positively charged poly(pyrrole-alkylammonium) film (denoted poly1). These nanocomposite materials are prepared by an easy all-electrochemical synthesis at the surface of an electrode. This strategy has also been extended to the design of photoanodes for photocatalytic water oxidation by combining these nanocomposite materials with a robust organic dye of the perylene family.

The first part of this manuscript is devoted to nanocomposites for electro-induced OER. The first chapter presents a bibliographic study on the development of anodes based on nickel and cobalt oxides for electrocatalytic water oxidation. Some relevant examples of anodes are discussed in the light of the general guidelines often used in literature to optimize the activity of catalysts. In conclusion, some general strategies are provided in view to further improve the OER performance of the anodes.

The second chapter of this part is devoted to the electrochemical preparation and the study of nickel oxide-poly(pyrrole-alkylammonium) nanocomposites (poly1-NiO x ) for the elaboration of highly efficient anode for OER. The poly1-NiO x nanocomposite material has been characterized by various electrochemical and physico-chemical techniques. The electrocatalytic properties of this material toward water oxidation in mildly basic (pH 9.2) and basic (pH > 13) conditions is also evaluated and compared with those of a NiO x film directly electrodeposited on a naked electrode. Finally, we have performed a careful comparison of the electrocatalytic OER performance of these electrodes at pHs 9.2 and above 13 to that of some nickel-based electrodes previously reported at similar pHs.

Chapter III aims at demonstrating that the original strategy presented in Chapter II, based on the use of nickel oxide/polypyrrole nanocomposite, can be extended to other first-row transition metals as cobalt. So this chapter describes a similar study with cobalt oxides as water oxidation catalyst.

The second part of this manuscript deals with the use of nanocomposites containing the perylene dye for light-driven OER. The part starts with a bibliographic chapter which summarizes the few examples of "hydride" photoanodes for light-driven water oxidation already published, combining a molecular photosensitizer and a metal oxide catalyst.

In the chapter II, the results concerning the development of new hydrid photoanodes combining a perylene diimine chromophore and nickel or cobalt oxide as water oxidation catalyst are described. The strategy explored was to copolymerize the cationic ammonium pyrrole monomer and a neutral perylene diimine derivative having pyrrole substituents and to use this positively charged copolymer to introduce metal oxide nanoparticles. Finally, the photoelectrochemical activity for water oxidation of these hydride photoanodes based on photoactive nanocomposite materials has been investigated by the measure of photocurrents under visible light irradiation.
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Anodes based on nickel and cobalt oxides for electrocatalytic water oxidation: A Bibliographic Study 

-Hydrogen production via water splitting reaction

In the actual energy context, molecular hydrogen (H 2 ) is considered as an attractive clean energy carrier and an excellent alternative to fossil fuels. Fossil fuels, as coal, oil and natural gas, are limited and, although supply predictions vary significantly, it is clear that we must have technologies to utilize alternative sources of energy that are abundant and ideally unlimited. H 2 is proposed as a solution to the energy problem for several reasons: (1) hydrogen is one of the most plentiful elements on the earth and is one of the constituent elements of water; (2) H 2 has a high energy density (120 MJ kg -1 ) and 1 kg of hydrogen generates three times more energy than 1 kg of gasoline (energy density of 44.4 MJ kg -1 ); (3) the combination of molecular hydrogen and oxygen (O 2 ) in a fuel cell produces heat and electricity; (4) the only byproduct of the combination of H 2 and O 2 is water, while burning fossil fuels generates CO 2 , a greenhouse gas; (5) prototype cars powered by fuel cell can use directly H 2 . However, there is no natural reserve of H 2 on earth and it cannot be obtained for free from water and requires additional energy to be produced. Therefore molecular hydrogen is not an alternative fuel, but a promising energy carrier. 1 The challenge is then to produce it at a large scale and with an attractive cost, without using fossil fuels.

Today, 95% of molecular hydrogen is produced from fossil fuels through various industrial processes (e.g. coal gasification and steam reforming of methane), which require high temperature, high pressure and generate carbon dioxide. A very promising and more sustainable approach is to split water into O 2 and H 2 using only renewable energy sources as solar energy or clean electricity (e.g. from wind power). 1,2 Indeed, this approach is largely in exploiting carbon-neutral technologies, such as wind, tidal, nuclear, and solar. 3 Light-driven water splitting reaction, which is one of the most seducing approaches to produced H 2 since it could stem from an almost inexhaustible source of energy, will be presented and discussed in part II of the manuscript.

Electro-induced water splitting, also called electrolysis of water, is mature technology known for around 200 years, 4 but only 4% of H 2 worldwide is produced by this process due to its expensive cost. According to a brief essay of de Levie, 5 the phenomenon of water splitting was first reported in 1789 by two Dutchmen, van Trootswijk and Deiman, 6 following by Pearson 7 in 1797 and Nicholson 8 in 1800. Afterwards, in 1874 Jules Verne wrote in his fiction's novel "The Mysterious Island" through one of the main protagonists Cyrus Smith: "I believe that water will one day be employed as fuel, that hydrogen and oxygen which constitute it, used singly or together, will furnish an inexhaustible source of heat and light, of an intensity of which coal is not capable…. Water will be the coal of the future". By 1902, more than 400 industrial electrolyzers were in operation to produce H 2 and the latter was widely used in combination with carbon monoxide (mixture called "town gas" or "water gas"), to heat and light homes and streets, confirming the visionary writings of Jules Verne. 9 The water splitting is an arduous reaction, clearly endergonic (∆G 0 ˃ 0), that can be used to store energy in the chemical bond of hydrogen: 10

∆G 0 = 237.2 kJ mol -1 (1)
Water splitting consist of two half reactions, hydrogen and oxygen evolution reactions (eqs 2 and 3), respectively denoted HER and OER, which can be investigated separately. Among both reactions, OER remains the bottleneck of water splitting since it involves four electron transfers coupled to protons transfers and the formation of the O-O bond. Consequently, OER requires a large anodic overpotential and displays a high activation barrier and slow electrode kinetics.

E 0 = 0V vs RHE (2) E 0 = 1.23V vs RHE (3)
Although many metal complexes have been developed to catalyze this reaction inspired from the natural Oxygen Evolving Center (OEC) of photosystem II in plants, 11,12 metal oxides (MO x ) with high oxidation states remain one of the most promising electrocatalysts in terms of catalytic efficiency and stability. Indeed, many efforts are thus turned towards developing inorganic catalysts which are stable and highly active for OER (by lowering its activation barrier), in view to be deposited on conducting electrodes to implement anodes. Among those, noble metal oxide as RuO 2 and IrO 2 are known to be among the best OER catalysts in acidic and alkaline solutions due their low overpotential and high catalytic current. 13 However, these catalysts suffer from instability through corrosion under anodic potential and contain costly and rare metals that are not compatible with large-scale H 2 production. In view to their substitution, many metal oxides based on more earth abundant first-row transition metals (e.g.

Mn, [14][15][16][17][18][19][20][21][22][23][24] Fe, [25][26][27][28][29][30] , Co and Ni [57][58][59][60][61][62][63][64][65][66][67][68][69][70][71] ) have been investigated under various oxide forms such as perovskite (ABO 3 ; A = alkaline and/or rare-earth metals, B = transition metals), spinel (A'B' 2 O 4 ; A' = alkaline-earth and/or transition metals, B' = group 13 elements and/or transition metals) and oxyhydroxide (M(O)(OH); M = transition metals), and have shown very promising electrocatalytic performances. 72,13,[73][74][75][76][77] The interest of the scientific community for the hydrogen production via the water splitting reaction is growing so much that the number of articles related to this issue exponentially increases since 2005, achieving more than 2040 articles only for 2017, which corresponds to 5-6 publications per day (Figure 1). In spite of the fact that it is a tedious and arduous task to give an exhaustive overview of all molecular and inorganic catalysts developed for water splitting reaction, and especially for OER, several groups have published more or less comprehensive reviews on different aspects of the issue. The groups of Åkermark and Brudvig reviewed molecular catalysts for water oxidation to achieve artificial photosynthesis using Ru, Ir, Mn, Cu, Fe and Co. 11,12 The group of Verpoort reported earth-abundant metal complexes for water oxidation, and tried to highlight the link between homogeneous and heterogeneous catalysts, i.e. the conversion of molecular catalysts during catalysis into nanoparticles of metal oxides or hydroxides, known to be robust OER catalysts. 79 Recent reviews dealing with inorganic OER catalysts based on abundant first rowtransition metals, especially Mn, Fe, Co and Ni, have been reported by the groups of Galán-Mascarós, 74 Wang 76 and Müller. 75 The group of Spiccia also reviewed molecular and inorganic OER catalysts using Mn, Fe, Co, Ni and Cu, and their application for photoelectrochemical devices towards light-driven water splitting. 73 Otherwise, the groups of Xu and Chen reviewed the recent development and perspectives of electrocatalysts for OER composed of metal oxides and their various forms, such as perovskite, spinel and layer double hydroxide (LDH) families, of non-oxide catalysts as metal chalcogenides (sulfides, selenides, tellurides), metal pnictides (nitrides, phosphides) and organometallics, and of metal-free compounds as carbon nanotubes and graphene doped by N, O and S. 13 Finally, the groups of Boettcher 80 and Dai 81 discussed within short reviews about the activity trend and the design principles of oxides and (oxy)hydroxides of Ni and Co (the most investigated inorganic catalysts for OER), and the effect of Fe impurities on their OER activity.

In the light of the large number of publications and reviews about inorganic electrocatalysts for water oxidation, it is vital to estimate their catalytic activity and to classify them in function of their performance. The main activity parameters used for the evaluation of OER catalysts are, to name a few, OER overpotential at a defined current density (or catalytic current density at a defined overpotential), stability over time of catalyst at a constant potential or current density, mass activity (i.e. catalytic current per mass of metal) and turnover frequency (TOF) at a defined overpotential, faradaic yield and Tafel slope value. 78 Basically, a good OER catalyst present a low overpotential at 10 mA cm -2 (below 0.4 V), a high stability (sustained OER activity beyond 10 hours), high values of mass activity and TOF (e.g. above 1.0 A mg -1 and 1.0 s -1 respectively), a high faradaic yield towards OER close to 100% and a low Tafel slope (below 60 mV dec -1 , correlated to high kinetics of catalysis).

In view of the activity parameters mentioned above, the anodes based on nickel and cobalt oxides are among the most investigated electrodes for OER owing to their high stability in alkaline conditions and their high catalytic activity, especially when they are doped with iron salts. For these reasons, we decided to use nickel and cobalt oxides for demonstrating the great potentialities of our approach to build anodes and photoanodes for OER, that consists in employing nanostructured composite materials in which metal oxide nanoparticles are dispersed within poly(pyrrole-alkylammonium). The latter polymer matrix allows electrogenerating small and non-agglomerated nanoparticles of metal oxides, conferring a great nanostructuration of material, a high electroactive surface area and thus a high catalytic performance. These new materials will be presented in the Chapters 2 and 3 of Part I for the implementation of anodes and in the Chapter 2 of Part II for photoanodes.

The next sections of this chapter will be then focused only on nickel oxide and cobalt oxide based anodes for OER. These sections do not list exhaustively all the anodes of the literature using nickel and cobalt oxides, but presents only the more significant examples.

-Nickel Oxide as Electrocatalytic Material for Water Oxidation

Nickel hydroxide and oxyhydroxide present one of the most studied redox systems in electrochemistry, due to their practical utilization in technologic areas like alkaline batteries and electrolysis cells. 72 For instance, Ni(OH) 2 was widely used as a cathode in Ni-Cd and Ni-Metal Hydride batteries. In the last century, it was discovered that nickel oxides have a good electrocatalytic activity toward OER in alkaline solution. 81 In fact, nickel is an earth-abundant first row transition metal with good ductility and high corrosion resistance in aqueous alkaline media and low cost, which make them an attractive material for OER. It is now wellrecognized that nickel and cobalt oxides and their mixed oxides exhibit very promising electrocatalytic properties for the electrochemical oxidation of water, and nickel and its alloys are a good alternative to replace the benchmark inorganic catalysts as IrO 2 and RuO 2 for water electrolysis, even if their overpotential for OER is often higher than that of IrO 2 and RuO 2 .

There are different methods to prepare hydroxide electrodes, i.e. Ni(OH) 2 , by chemical or physical methods as sol-gel processes, hydrothermal synthesis, chemical precipitation, vacuum evaporation, mechanical grinding, pyrogenation, electrostatic spray deposition and electron beam deposition, sputtering and vapour deposition techniques. 82 Besides, there are different ways to obtain thin layers of Ni(OH) 2 film, as by chemical co-precipitation by alternate immersion in Ni(SO 4 ) 2 or Ni(NO 3 ) 2 solutions, or in mixtures of nitrates or sulfates of other metals in alkaline solution. 83 The most used and simple method is electrochemical deposition by potentiostatic, galvanostatic, potentiodynamic or pulse techniques, where the conductive material is coated with a metal oxide or hydroxides anodically or cathodically.

With the electrochemical deposition technique, it is possible to have a control of the physical and chemical properties of the surface nanostructure of the metal oxide film, changing deposition parameters as current density and the concentration of nickel salt in solution. It is also possible to obtain various morphologies as nanoparticles, nanoneedles and nanorods. [82][83] The redox properties of nickel oxides are highly influenced by the nature of the oxide (structure of oxide, doping agents, etc…) and the manner of its preparation. For instance, the deposition of Ni(OH) 2 films, which is often performed from Ni(NO 3 ) 2 , occurs in that case by the direct or indirect reduction of nitrate ion to either nitrous acid, hydroxylamine or nitrite ion. In all cases, the generated hydroxyl ion promotes the formation of -Ni(OH) 2 or -Ni(OH) 2 according to the equation ( 4).

(4)

Ni(OH) 2 can also be prepared by cyclic voltammetry in presence of Ni 2+ and OH -ions in an aqueous buffer solution. Under these conditions, the process may occur at anodic potentials following the equations ( 5) and ( 6).

( 5)

+ (6)
Besides, the redox properties of nickel oxides/hydroxides can be strongly influenced by the experimental conditions of electrodeposition such as the nature of the electrolyte, the nature of the electrode or the applied potential. For instance, the group of Lyons demonstrated that sweep rate, during an electrodeposition of Ni(OH) 2 through cyclic voltammetry, can significantly affect the composition of deposited oxide films. 84 The Figure 2 Different groups of research prepared OER catalysts based on nickel oxide using the different electrochemical techniques mentioned above. To name some of them, 85 3). Otherwise, the EXAFS measurements on the nonactivated Na-B i film reveal a similar oxidic nature of the metal center and a Jahn-Teller distortion in its coordination sphere, characteristic of a low spin d 7 Ni III that is found in the -NiO(OH) phase. This study clearly demonstrates that the increase of activity of Na-B i film after its anodization is correlated to the conversion of -NiO(OH) to -NiO(OH) and that the  phase is more active towards OER than the  phase, contradicting the long-held notion that the catalytic performance of -NiO(OH) is superior to that of -NiO(OH). (respectively denoted NiO x -aqua and NiO x -NH 3 ) performed under similar conditions. NiO x -en displayed a stable catalytic current of 1.8 mA cm -2 over a long period of 6h at pH 9.2 and 1.1

V vs Ag/AgCl (i.e. at overpotential of 0.61 V), while NiO x -aqua and NiO x -NH 3 only produced 1.2 mA cm -2 at the same overpotential. Note that the difference of catalytic performance between these films are not due to a difference of nickel mass deposited on electrode since almost the same amount of nickel was deposited, c.a. 0.28 mol cm -2 (determined by ICPMS).

From these ICPMS data, the TOF value was also estimated to be 0.015 s -1 per deposited Ni center for NiO x -en, which is slightly superior to that of NiO x -aqua (0.011 s -1 ).

The highest catalytic performance of NiO x -en film compared to that of NiO x -aqua and NiO x -NH 3 was ascribed to the great difference in morphology between these films, as supported by SEM and capacitance measurements. SEM images of the NiO x -en film show homogeneous dendritic features with particles size between 300 and 350 nm (Figure 4). By Due to the fact that molecular complexes were proved to be good precursors for deposition of catalysts based on metal oxides films, the group of Spiccia The linear sweep voltammograms (LSV) of all NiO x films studied herein at pH 9.2 (0.6 M NaB i ) display similar catalytic OER activities (Figure 5). were recorded after 30 min of CPE in NaB i solution and the films exhibit no changes in morphology. X-ray (EDS) analyses for SWtacn-Bi and SWtacn-OH show a similar elemental composition but it was found some Na + ions in SWtacn-OH film, meanwhile films deposited in NaBi do not. However the Na + ions do not affect the catalytic activity. Profilometry measurements were performed to estimate the film thickness. With a charge of 50 mC cm -2 for the deposition of NiO x films, it was found an average thickness of 0.12, 0.11 and 0.13 m for SWtacn-Bi, tacn-Bi and cyclen-Bi respectively; whereas a thicker film (0.20 ± 0.02 m) surface area (ECSA) of 64 ± 50 cm 2 along with a very high roughness factor (ratio of ECSA to geometrical surface area) of 900 ± 700, which is among the highest values reported for electrodeposited OER catalysts. 89,90 Note that Mo was washing out as molybdate from the catalytic material since it was not observed by XPS and EDX into the deposited NiO x film. Consequently, this high specific surface area coupled to a high catalyst loading (between 1.4 and 1.7 mg cm -2 ) confer high electrocatalytic activity for water oxidation at basic and near neutral pHs. At pH 13.6 (1 M NaOH), NiO x /PC electrode exhibits a low overpotential of 0.32 V at 10 mA cm -2 , a low Tafel slope of 41 mV dec -1 and an excellent stability over 6 h by maintaining a constant potential of 1.58 V vs RHE at applied current density of 10 mA cm -2 . At pH 9.2 (0.1 M NaB i ), which is a more suitable buffer for light-driven water splitting devices, the catalytic activity of NiO x /PC is also interesting with  of 0.55 V at 10 mA cm -2 and a long stability over 8h by a galvanostatic experiment at 10 mA cm -2 while maintaining a constant potential at 1.83 V vs RHE. An easy approach to access to anodes coated with highly porous nickel oxide and along with high catalytic performance make this material a very attractive alternative to implement efficient and cheap electrolyzers and photoelectrochemical cells devoted to water splitting. The groups of Radniecka 92 and Corrigan 93 were the first to report the positive effect of the intentional or involuntary introduction of iron within nickel oxide films on the electrocatalytic water oxidation. Since these pioneer works, many groups have been interested in developing mixed nickel/iron oxides (NiFeO x ), also called layer double hydroxide (LDH), which is among the best OER electrocatalysts of literature. We won't provide in this chapter an overview of the development of mixed nickel/iron oxides devoted to OER, since it is somewhat out of the scope of this manuscript. However we can quote some groups that work on the design of these mixed metal oxides. Several groups, such as those of Bell, 61,27 Boettcher 94,95,58,80 and Strasser 96 , who have performed in-depth investigations of NiFeO x material and tried to rationalize the fundamental role of iron salts incorporated inside the nickel oxide in its high OER performance. In parallel to these works, other groups like those of Hu, 97 Fattakhova-Rohlfing, 98,99 As mentioned for nickel oxide, electrodeposition has many advantages since it can be carried out under ambient and soft conditions (e.g. room temperature and near neutral pH) and allows a fine control of the purity, the growth process, the morphology and the inner structure of the deposited oxide film.

was
In the early 90's, Tseung and Jiang 113 used this versatile electrochemical approach to deposit cobalt hydroxide on electrodes and to study their electrocatalytic activity for H 2 and O 2 evolution reaction in 7 N KOH at room temperature. Cobalt hydroxide was electrodeposited on nickel electrode by galvanostatic electrolysis at 20 mA cm -2 in presence of bubbling oxygen. For a Co loading of 93 mg cm -2 , the cell displayed at room temperature low overpotentials of 0.39 and 0.34 V for OER and HER respectively at a current density of 1 A cm -2 (Figure 18). At 80ºC, the overpotentials required to operate at 1 A cm -2 , significantly decreased until 0.285 and 0.264 V for OER and HER respectively. The Tafel slopes of 56 mV dec -1 obtained with a cobalt electrode polarized during 0.5 h and of 62 mV dec -1 after a polarization of 20 h, indicate that the OER takes place on the surface of cobalt oxide film.

Otherwise, the authors demonstrated that the electrochemical efficiency in alkaline solution is proportional to the Co loading between 23-132 mg cm -2 . The high performance of these In 19(b)). The electrodeposited cobalt oxide films present higher OER current density in comparison with that of the corresponding bare substrates (Figure 19). The cobalt electrodes also displayed long-term stability under electrocatalytic conditions, losing less than 10% of its OER activity after 24h of exposure to air or to 1M NaOH solution. A Tafel slope of 40 mV dec -1 was determined at low overpotential (< 0.7 V) for both types of electrodes, demonstrating that electrodes I and II share similar mechanistic pathways for OER whose the rate determining step was ascribed to the second electron transfer step. Electrochemical impedance spectroscopy (denoted EIS) performed on both electrodes reveals that cobalt oxide at the electrode surface is already oxidized, before O 2 evolution, to Co IV for the electrodes I and to Co IV /Ni IV for the electrodes II, as it was observed in their corresponding voltammograms (Figure 19). In addition, EIS exhibited only one capacitive contribution related to OER, whose the capacitive time constant was related to the potential dependent of the surface concentration of only one intermediate state, that would be OH or O absorbed species (i.e. Co IV (OH) ad ). From the experimental data, the authors finally proposed a possible mechanism through a series of reversible steps (8 and 9) yielding the Co IV (OH) ad species at the surface of the oxide, that can undergo a charge transfer coupled to an OH -

(A) (B)
adsorption to evolve oxygen (10). The latter path was designated as the rate determining step of the mechanism, explaining the impedance data and the Tafel slope value of 40 mV dec -1 .

( The authors demonstrated that increasing concentrations of NaNO 3 , K 2 SO 4 and Na 3 PO 4 inactive electrolytes inhibit the redox processes of cobalt oxide film and also its OER performance. A long electrolysis at 1.29 V was then performed in KPi during 7-8 h without stirring, and after that, a strong catalytic current density over 1 mA cm -2 was observed, which confirmed Finally the authors proposed that the KPi promotes the in situ catalyst formation through the interaction between phosphate and Co 3+ . Basically, due to this specific interaction, cobalt catalyst film can be self-repaired during electro-induced O 2 evolution, proceeding via a dynamic equilibrium between the water soluble Co 2+ -HPO 4 2-and the insoluble Co 3+ -HPO 4 2that deposits on electrode. 117 This self-repair mechanism confers a great stability on the OER catalyst as it was observed in the natural oxygen evolving center, a cluster of manganese and calcium, operating in the photosynthesis of green plant.

Nocera and co-workers 118 also investigated the effect of phosphate (Pi) and of other protonaccepting electrolytes as methylphosphate (MePi) and borate (Bi) (at pH 7.0, 8.0 and 9.2, respectively) on the electrodeposition of cobalt-based catalysts on ITO electrode and their catalytic activity for water oxidation. The authors showed that the electrolyte is a key factor for the catalyst formation and to obtain a catalytic activity with appreciable current density and selectivity for water oxidation. In absence of a proton-accepting electrolyte, the catalyst formation is inhibited and its OER performance diminishes over time along with a deterioration of catalyst. As their previous study, 31 an active catalyst film was generated on ITO with desired thickness by an anodic single scan of 0.5 mM Co 2+ solution in Pi, MePi and

Bi, or by controlled potential electrolysis at 1.3 V vs. NHE. X-ray diffraction and TEM

analysis revealed an amorphous nature with no crystalline features in the cobalt oxide films and an active unit of dimension inferior to 5 nm. Co-MePi catalyst reaches a current density of 1.5 mA cm -2 after 2h of electrocatalysis, 2.3 mA cm -2 after 10 min for Co-Bi, and 1 mA cm -2 after 1h for Co-Pi. Tafel plots demonstrate that Co-MePi and Co-Bi present similar catalytic activity than that of Co-Pi. The faradaic efficiency for the catalysts was determined via bulk electrolysis, obtaining 98 ± 5% and 104 ± 5% for MePi and Bi, respectively. In conclusion, an electrodeposition of an ultrathin layer of cobalt oxide film can be obtained by rapid oxidation of Co 2+ in solution on a several substrates with a large surface area and a complicated geometry such as those of nanostructured semiconductors, which would be of great interest for the implementation of photoelectrochemical cell devoted to water splitting reaction.

The group of Nocera 119 carried their work on the Co-Pi catalyst performing in-depth study on were obtained, highlighting the importance of the buffer nature and its concentration on the OER performance of the film. In conclusion, fluoride buffer has been proven to be an effective proton-accepting electrolyte for in situ formation of cobalt catalyst on electrode and for electrocatalytic water oxidation reaction at lower pH than those previously reported on literature for cobalt-oxide catalyst presenting an advantage for (photo)electrolysis cells where proton reduction and fuel-forming reactions will be easier at low pH. The Tafel data listed in Table 1 show that CoO x materials present the same Tafel slope from middle acid to strong alkaline conditions, thus follow the same OER mechanism, or a similar one (Figure 25 The group of Sun 48 reported a cobalt-phosphorous (Co-P) film as highly efficient bifunctional catalyst for overall water splitting. Co-P films are electrodeposited on copper foils by slowly scanning 15 times between -0.3 and -1.0 V vs Ag/AgCl (scan rate 5 mV s -1 ) in an aqueous solution containing 50 mM CoSO 4 , 0.5 M NaH 2 PO 2 and 0.1 M NaOAc. This electrochemical way allows easily preparing cobalt-phosphorous films with Co and P contents of 2.52 and 0.19 mg cm -2 respectively, corresponding to a Co/P molar ratio of 6.98. Co-P films showed remarkable catalytic performance for HER and OER in alkaline media (1 M KOH), with a current density of 10 mA cm -2 at low overpotentials of -94 and 345 mV, and low Tafel slopes of 42 and 47 mV dec -1 , for HER and OER, respectively. Indeed, the Co-P film is among the best HER catalysts of literature at pH 14, surpassing the catalytic performance of the benchmark Pt-C cathode, since it can produce a catalytic current density of 1 A cm -2 within a low overpotential of -227 mV cm -2 and it also displays a long-term stability by maintaining a strong catalytic current after a potentiostatic electrolysis at  of -107 mV during 24 h (Figure 26(a-b)). The Co-P film also competes with the more efficient OER catalysts of literature, especially with IrO 2 . Co-P film is able to reach high catalytic current densities as 10, 100 and 500 mA cm -2 with low overpotentials as 345, 413 and 463 mV respectively, and exhibits a great stability under long electrolysis over 24 h at  of 345 mV (Figure 26(c-d). When Co-P film is used as electrocatalytic material for the cathode and the anode within an electrolyzer, the performance of the latter was proven to be superior to that of electrolyzer using the benchmark Pt-C/IrO 2 couple, and the Co-P/Co-P couple presented a faradaic efficiency of 100% for the water splitting reaction.

In view to understand the high OER and HER activities of Co-P, the as-prepared film on copper foil were first characterized by SEM and XPS. SEM images revealed a rough film of cobalt material covering all the electrode with a thickness of 1-3 µm and displaying no crystalline particles or aggregates (Figure 26(e)). XPS analysis indicates that the as-prepared film contains a mixture of metallic cobalt, cobalt phosphide and cobalt phosphate. After HER electrocatalysis, SEM and XPS analysis were newly performed on a post-HER Co-P film revealing that the morphology did not change (Figure 26 Sun and coworkers succeeded to prepare by an easy way a cobalt phosphorus film that can be directly utilized as catalysts for anode and cathode with great efficiency, high robustness and 100 % faradaic yield. The high catalytic performance has been correlated to the good roughness and porosity of Co-P and to its adequate composition which is optimized to afford high HER and OER activities at the cathode and the anode. catalyst demonstrated a highly stable catalytic current after 500 scans or 12h of bulk electrolysis at 1.4 V vs NHE (Figure 27c). A Faradaic efficiency of 100 % was calculated for Na 

-Conclusion

Water splitting reaction performed within an electrolyzer remains one of the simplest and most economical ways to produce molecular hydrogen (H 2 ), as alternative of fossil fuels.

Nevertheless, its oxidative part, water oxidation to molecular oxygen (O 2 ) or oxygen evolving reaction (OER), is a challenging task due to its high activation barrier, its slow electrode kinetic and its large anodic overpotential. Thus, it is still essential to develop efficient electrocatalysts displaying long-term stability and a low OER overpotential. Since the early ). These approaches ensure a good electrical contact between the catalyst and the electrode and a great electroactive surface area, and thus increase the kinetics of electron transfer and catalytic water oxidation.

Although a great deal of advances has been achieved in recent years in the design of nanostructured inorganic catalyst films based on first-row transition metal oxides (Ni, Co, Fe) of anodes devoted to OER, development of catalysts with a great stability and a high OER performance remains a great challenge and some scientific barriers still need to be raised. To possess the latter features, the catalysts' performance would be improved by: 76 (a) Controlling the morphology: An innovative design and synthesis of unique nanostructures has to be developed to increase the specific surface area to expose the catalytic active sites, also, shorten the path for charge/mass transport, and enhancing the conductivity.

( 

-I n t r o d u c t i o n

As we saw in the previous chapter of this manuscript, a very attractive approach to produce molecular hydrogen, one of the best alternatives to fossil fuels, is to perform water splitting reaction via an electrochemical way. However, the oxidative part of this process, oxygen evolving reaction (OER) through water oxidation, remains an arduous reaction since it displays high activation barrier and large anodic overpotential. Since the early 80's, numerous works aimed at developing electrocatalysts for OER based on metal oxides that tend to lower its activation barrier and exhibit a great stability during a long-term electrolysis and a low OER overpotential. Among these elecrocatalysts, the most extensively studied are nickel oxyhydroxide (Ni(O)(OH), also denoted herein nickel oxide or NiO x ) and nickel hydroxide (Ni(OH) 2 ) because of their large use in supercapacitors, alkaline batteries and electrolysis cells, 1 and their long term corrosion resistance and high electrocatalytic activity towards OER.

It has been shown that the catalytic performances of NiO x can be significantly enhanced by the introduction of iron ions within the structure of the oxide, leading to a decrease of its OER overpotential of at least 200 mV. [2][3][4][5] Another way to improve the electrocatalytic performance of NiO x and more generally of metal oxide deposited on electrodes, is to control the porosity and morphology of the films and/or to decrease the size of metal oxide particles, which allow promoting the electron/mass transport at the electrode surface, increasing the electroactive surface area of the electrode and thus enhancing the accessibility of catalytic active sites towards water substrate. To this end, several physical and chemical methods have already been employed to deposit nickel oxide on conducting electrodes, 1,[6][7] as solvothermal, electrochemical or sol-gel deposition, in order to obtain various forms and morphologies like hollow spheres, 8 microballs, 9 nanoplates, 8 nanosheets 10 or very small nanocrystals. 11 Herein, we propose an "all electrochemical" strategy to prepare highly nanostructured nickel oxide anodes very active for OER based on a nanocomposite material deposited on an electrode surface. This material is composed of NiO x nanoparticles entrapped into a poly(pyrrole-alkyl ammonium) matrix (denoted poly1, where 1 is the pyrrole-ammonium monomer, Scheme S1 in the Supporting Information). By contrast to the usual oxidation process employed for the electrodeposition of nickel oxide films at an electrode surface, the approach used here consists in first inducing the electroprecipitation of Ni 0 nanoparticles into the poly1 film and then to generate in-situ NiO x by electro-oxidation of Ni 0 . A rather similar strategy was previously employed in our group to build iridium oxide-polypyrrole nanocomposite anodes very efficient for OER, displaying 2 nm nanoparticles of IrO x dispersed within the polymer matrix. 12 The poly1-NiO x nanocomposite material has been characterized by various electrochemical techniques, and also by inductively coupled plasma mass spectroscopy (ICP-MS), atomic force microscopy (AFM), transmission electron microscopy (TEM) and selected area electron diffraction (SAED). The electrocatalytic properties of this material toward water oxidation in mildly neutral and basic conditions have been also evaluated and compared with those of a NiO x film directly deposited on a naked electrode by the same electrochemical procedure.

Finally, we have performed a careful comparison of the electrocatalytic OER performance of these electrodes in near neutral and basic conditions to that of some nickel-based electrodes previously reported at similar pHs.

-R e s u l t s a n d d i s c u s s i o n

. 1 -E l e c t r o s y n t h e s i s a n d E l e c t r o c h a r a c t e r i z a t i o n o f N i c k e l O x i d e a n d P o l y ( p y r r o l e -a l k y l a m m o n i u m ) -N i c k e l O x i d e N a n o c o m p o s i t e E l e c t r o d e M a t e r i a l s .

Deposition of metallic oxide on electrodes, specially nickel oxide, has been performed via several physical and chemical methods 1 but the simplest and the more versatile one is the electrochemical technique. 7 Nickel oxide is generally electrodeposited anodically either by galvanostatic, potentiostatic or potentiodynamic (i.e. cyclic voltammetry) experiments 1 from a basic aqueous solution of nickel salt or nickel complexes in presence of borate buffer at pH 9.2. The resulting bulk NiO x films are known to be efficient and low-cost OER electrocatalyst in alkaline conditions with overpotentials lower than 0.47 V for a current density of 10 mA cm -2 . [13][14] In view of developing structured, active and stable anodes for OER as mentioned in introduction, we synthesized by an all electrochemical procedure nanocomposite electrode materials composed of NiO x particles entrapped into a poly(pyrrole-alkylammonium) thin film coated onto C or ITO electrodes. This strategy based on the electroprecipitation of catalyst particles into a functionalized polypyrrole film was previously reported by Noufi 15 , Yoneyama 16 and also by our group with various metals and employed as electrocatalytic materials for several reactions. 12,[17][18][19][20][21][22][23] Indeed, in our group, metallic (oxide) nanoparticles dispersed into a poly(pyrrole-alkylammonium) film were electrogenerated either by reduction or by oxidation of the corresponding metallic salts leading to Pd 0 , 18 Rh 0 , 18 Ni 0 , 17 and MoS x 22- 23 for hydrogenation of various organic substrates and water reduction, or to ruthenium 19 and iridium 21,37 oxides for the oxidation of arsenite and water.

Here, the C or ITO/poly1-NiO x modified electrodes were prepared following a four step electrochemical procedure depicted in Scheme 1. The poly1 electrodes were first easily obtained by electropolymerization of the pyrrole ammonium monomer 1 (4 mM) at a controlled-oxidation potential of +0.95 V vs Ag/AgNO 3 for C and 1.1 V for ITO in acetonitrile (Scheme 1 and Figure 1). The surface coverage in ammonium units  N + (mol cm -2 ), i.e. the quantity of pyrrole units deposited on C and ITO electrodes (0.071 and 0.5 cm 2 , respectively), was quantified electrochemically by integration of the polypyrrole reversible wave (see the Supporting Information).  N + values ranging from 1.1 x 10 -7 to 1.3 x 10 -7 mol cm -2 for C electrodes and 4.5 x 10 -7 to 5.5 x 10 -7 mol cm -2 for ITO electrodes were obtained when 4 and 28 mC of anodic charge was used for the polymerization of 1 on the C and ITO electrodes respectively (Figure 2). (Figure 3). This approach was already used by our group to prepare C/polypyrrolealkylammonium-Ni 0 nanocomposite electrode materials for electrocatalytic hydrogenation of ketones and enones. 17 For comparative studies, a similar Ni 0 electrodeposition was performed on naked C electrodes in the nickel oxalate aqueous borate buffer solution (pH 6) using also a cathodic charge of 4 mC. In this case, the deposition, requiring only 60 seconds, is even faster (Figure 3). The optimum cathodic potential of -1.4 V for Ni 0 electrodeposition was The electroactivity of the nickel oxalate solution is characterized by an irreversible cathodic reduction process observed below -1.25 V which is ascribed to the reduction of Ni 2+

(coordinated to oxalate) to Ni 0 leading to its deposition on C and C/poly1 electrodes and to the concomitant electrocatalytic reduction of protons to H 2 through the Ni 0 deposited. 17 Ni 2+ leading to its dissolution. 17 It can be noticed that the charge involved in this stripping wave between +1.3 and +2.0 V does not allow for estimating the quantity of nickel deposited . on C/poly1 and naked C electrodes. Indeed, the polypyrrole film is known to protect metallic particles from dissolution, 17,[24][25] and besides the dissolution of Ni 0 deposited on the surface of naked C electrodes is often incomplete due to passivation phenomena. 17 ) in basic medium. 28 The overall reaction for the NiO x formation can be schematically displayed as: 2) and ( 3). Note that -Ni IV (O)(OH) phase can be also referred to Na(Ni IV O 2 ) 3 phase. 30 (2)

→ → → (1) 
(3)

Consequently, from the value of 1.11, it could be inferred that NiO x electrogenerated in the C/poly1 electrode is mainly a -Ni III (O)(OH) phase which was commonly considered as the most active phase towards water oxidation. 29,[31][32][33][34] However, the question "which of the  or  phases is the most efficient" is still a matter of debate 35 and some recent articles 26,36 have

concluded that the -Ni IV (O)(OH) phase is a better catalyst than a -Ni III (O)(OH) phase.
Otherwise, the average number of electron consumed per Ni could be related to the ratio of the number of effective catalytically active sites to the theoretical number of active sites. 11 While all Ni sites present on C/poly1-NiO x electrode are accessible for catalysis, less than 17 % of sites are active for C/NiO x . The greater accessibility of Ni sites on C/poly1-NiO x is most probably ascribed to a better nanostructuration of material owing to the polypyrrole matrix.

To get another clue of the better nanostructuration of the poly1-NiO x nanocomposite material, the relative capacitance of C/poly1-NiO x and C/NiO x electrodes, which is correlated to the electrochemically active surface area of the electrode, 13,33,37 were determined from the slope of the plot of the current density versus scan rate at 0 V (Figure 7). Indeed, the capacitive current measured in non-Faradaic potential region is assumed to be due to double-layer charging and can be measured from cyclic voltammograms at various scan rates (Figures 7A and7B). As shown in Figure 7C, C/poly1-NiO x exhibits a 1.4-fold higher capacitance (93.2 and -109.2 µF cm -2 for anodic and cathodic capacitances respectively) than C/NiO x (63.6 and -79.6 µF cm -2 for anodic and cathodic capacitances respectively). OER electrodes of literature. 11,33 Indeed, these relative capacitance values should be only used for the estimation of the electroactive area of electrodes displaying the same type of materials within the same study. Nevertheless, it is interesting to note that similar capacitance values (between 64 and 94 µF cm -2 ) were obtained by Spiccia et coll. 38 for NiO x films deposited on C electrodes from various molecular nickel complexes dissolved in aqueous borate buffer.

. -C h a r a c t e r i z a t i o n o f N i c k e l O x i d e a n d P o l y ( p y r r o l ea l k y l a m m o n i u m ) -N i c k e l O x i d e N a n o c o m p o s i t e E l e c t r o d e M a t e r i a l s b y A F M a n d T E M M i c r o s c o p i e s .

Atomic force microscopy (AFM) measurements in peak force mode were performed on ITO/poly1-NiO x and ITO/NiO x electrodes in view to identify and compare the surface morphology of both electrodes (Figure 8). The electrodes (ITO surface of 0.5 cm 2 ) were prepared with a charge of 28 mC for both the poly1 and Ni 0 deposition in view to obtain a charge density of 56 mC cm -2 , similar to that used for the preparation of the C/poly1-NiO x and C/NiO x electrodes (4 mC for a C electrode surface of 0.071 cm 2 ). From AFM images, a homogenous granular topography along with well-defined grain boundaries were observed for ITO/NiO x with a root-mean square (r.m.s.) roughness of 2.9 nm (Figure 8 (A)), while an ill-defined nodular topography (as cauliflower) was obtained with ITO/poly1-NiO x with a close r.m.s. roughness of 4.8 nm (Figure 8 (B)).

Cauliflower topology is typical for electrodeposited polypyrrole film 12,18 and, since the NiO x particles are embedded into the polymer matrix, it was difficult to measure their size within the nanocomposite from AFM measurements. Conversely, the NiO x particles size on the surface of the ITO/NiO x electrode was roughly estimated to be 47 ± 21 nm from the section analysis of its AFM image (Figure 5(C)). At first glance, the employment of a nickel oxalate complex (with or without polymer matrix) seems to be a good strategy to prepare wellnanostructurated and homogeneous NiO x films.

In view to determine precisely the NiO x particles size deposited inside the film and directly on ITO, the poly1-NiO x and NiO x materials were peeled off from the ITO plates and deposited on carbon-coated copper grids for transmission electron microscopy (TEM) analyses (Figure 9). TEM image clearly reveals big NiO x nanoparticles for the ITO/NiO x electrode with an average particle size of 99.9 ± 42.5 nm associated with a larger size distribution (Figure 9 (A)). This average size obtained from TEM images is greater than that obtained from AFM images. This difference of particle sizes could be explained by the fact that (i) AFM measurements provide a view of the surface of the film while TEM measurements display the internal and superficial nature of the film and (ii) there is potentially a gradiant of particle size within the nanocomposite film (i.e. bigger particles inside the film and smaller particles at its surface). By contrast, TEM image of NiO x trapped in poly1 film shows a percolated network of smaller nanoparticles of 21.0 ± 3.6 nm with a very narrow particle size distribution (Figure 9 (B)). We have previously demonstrated the possibility to achieve very small metallic nanoparticles, as IrO x or RuO x , within positively-charged polypyrrole film. 12,19 TEM images unambiguously illustrate the finer nanostructure of poly1-NiO x material compared to that of the bare NiO x . In addition, the SAED pattern recorded from poly1-NiO x indicates that the particles within polypyrrole are crystalline and randomly oriented. The indexing of the punctuated diffraction rings confirms that the metal oxide generated within the poly1 film is indeed nickel oxide (see the Experimental Section). [39][40] To sum up, the use of polypyrrole films as template for nickel deposition and NiO x formation allows obtaining NiO x films with a high nanostructuration by avoiding agglomeration of particles and a high crystallinity. 

-E l e c t r o c a t a l y t i c p e r f o r m a n c e o f N i c k e l O x i d e a n d P o l y ( p y r r o l e -a l k y l a m m o n i u m ) -N i c k e l O x i d e N a n o c o m p o s i t e E l e c t r o d e s .

The electrocatalytic activity of C/poly1-NiO x and C/NiO x electrodes have been evaluated in a conventional three-electrode cell by linear sweep voltammetry at pH 9.2 as well as at more basic pHs of 13 and 14 (Figure 10). Tables 2 and3 summarize the catalytic OER performances of these electrodes and those of some nickel-based electrodes reported in the literature at similar pHs. The design of catalysts able to operate at nearly neutral pH is of high importance in view to use natural water sources but also to develop photoelectrochemical cells for light-driven water splitting that couple a catalyst and a molecular photosensitizer, this later being often poorly stable in strongly basic solution. 41 The two figures of merit usually measured for an electrocatalyst working at pH 9.2 are the catalytic current density (j) at overpotential () of +0.61 V (corresponding to +1.1 V vs Ag/AgCl at pH 9.2) and the overpotential to reach the catalytic current density of 1 mA cm -2 . For C/poly1-NiO x , the j value at +0.61 V and the  value at 1 mA cm -2 are respectively 2.17 mA cm -2 and +0.51 V, while for C/NiO x these values are 0.66 mA cm -2 and +0.67 V, respectively (Table 2). The higher j value and lower  value of C/poly1-NiO x compared to those of C/NiO x can be attributed to the greater amount of NiO x deposited on electrode owing to the presence of polypyrrole film, but also to the greater nanostructuration of the NiO x particles within the poly1 matrix as observed in TEM images (vide supra). Regarding the significant difference in the particle size and in the mass loading of NiO x within C/poly1-NiO x and C/NiO x electrodes, the catalytic activity of C/poly1-NiO x is expected to be five or six-fold higher than that of C/NiO x . However, the catalytic current density at an overpotential of +0.61 V with C/poly1-NiO x is only 3.3 times higher than that of C/NiO x (Table 2). This weaker difference in term of catalytic activity between both electrodes could be ascribed to a more difficult mass transport (i.e. transport of water and OH -anions into the nanocomposite and release of O 2 outside the nanocomposite) within the polypyrrole film which limits the electrocatalytic performances of C/poly1-NiO x .

In spite of a hypothetic slow mass transport, the catalytic current density at an overpotential of +0.61 V for C/poly1-NiO x is quite significant at pH 9.2 and higher than those reported by Spiccia et coll. 38,42 with analogous NiO x based electrodes prepared by anodic electrodeposition of nickel(II) amine complexes (j at +0.61 V in the range 1.2 and 1.3 mA cm -2 , Table 2). The higher catalytic current of C/poly1-NiO x can be ascribed to the smaller NiO x particles (average size of 21 nm, vide supra) than those deposited on Spiccia's electrodes (particle size between 300 and 350 nm), improving the accessibility of Ni sites to the water (or OH -) substrate. The same group 9 succeeded in improving the efficiency of their electrodes towards water oxidation in term of j value by increasing the amount of NiO x deposited on electrode (i.e. mass loading between 330 and 1100 µg cm -2 ) via screen-printing method, that uses inks of NiO x microballs (NiO x -MB) and nanoparticles (NiO x -NP and NiO x -NP1) (Table 2). A greater Ni mass loading on electrode generates thicker films of NiO x with a larger electrocatalytic surface area beneficial for the catalytic performance.

Nevertheless, a thicker NiO x film could also hinder the mass transport of OH -and O 2 and usually displays a strong electrical resistance. 9,43,44 Consequently the mass activity (catalytic current (A) per milligram of Ni) and the turnover frequency (denoted TOF) of the FTO/NiO x -MB, FTO/NiO x -NP and FTO/NiO x -NP1 electrodes lying respectively between 0.013 and 0.027 A mg -1 at  value of 0.61 V and between 0.002 and 0.005 s -1 at 0.52 V, are very low (Table 2). By comparison, the mass activity and the TOF values at an overpotential of 0.61 V of the electrodes described in this work are clearly superior and are among the highest values of the literature for a NiO x -based anode operating at pH 9.2, with respectively 1.12 A mg -1 and 0.17 s -1 for C/poly1-NiO x , and 0.95 A mg -1 and 0.14 s -1 for C/NiO x (Table 2).

Note that, at an overpotential of 0.52 V, our electrodes with TOF values of 0.075 and 0.060 s -1 respectively for C/poly1-NiO x and C/NiO x , are also much more active than the FTO/NiO x -MB, FTO/NiO x -NP and FTO/NiO x -NP1 electrodes. 9 Only NiFeO x deposited on C electrode by Strasser et coll. 45 outperforms the electrodes prepared in this work at pH 9.2 with a lower  value of 0.37 V at 1 mA cm -2 along with a high mass activity of 1.9 A mg -1 and a high TOF value of 0.29 s -1 at an overpotential of 0.40 V (Table 2). The mixed NiFe oxide, published first by Radniecka et coll. 2 and Corrigan et coll. 3 in the 80s, is among the best OER electrocatalysts of the literature and it was postulated by Boettcher et coll. 4 and Bell et coll. 5 that iron is the catalytically active site within this mixed oxide, NiO x only offering to FeO x an electrically conductive framework with a high surface area that reveals the real catalytic activity of FeO x . Indeed Boettcher et coll. 23,74 demonstrated that FeO x is much more active than NiO x towards OER when very thin films of metallic oxide are deposited on electrode, but thicker films of FeO x suffer from a very low electrical conductivity which limits their electrocatalytic performance.

It can also be noted that Nocera et coll. 46 reported a quite efficient electrode with very low overpotential of 0.425 V at 1 mA cm -2 at pH 9.2. Such high catalytic activity would be assigned to the deposition of a very thin NiO x film on electrode, close to a monolayer of catalyst, conferring a high electrical conductivity and promoting the mass transport, as mentioned above (Table 2). Otherwise, Hu et coll. 47 published also an interesting approach to build nanostructurated Ni-based anode with high porosity via the use of a scaffold of SiO 2 .

Basically, silica was co-electrodeposited with nickel on stainless steel electrode and then removed under basic condition leading to a porous NiO x film with an average particle size of 50 nm. Although this electrode exhibits good catalytic performance with  value of +0.45 V at 1 mA cm -2 , the mass activity at the overpotential of 0.61 V of 0.021 A mg -1 is still significantly inferior to those of C/poly1-NiO x and C/NiO x (Table 2). Catalyst/electrode j (mA cm -2 ) @V)

(V)

@j (mA cm -2 )

Ni mass loading (µg cm -2 ) mass activity (A mg -1 ) @V) TOF min (s -1 ) @V)

Author ref pH 9.2 with 0.1 M H 3 BO 3 + NaOH or KOH C/poly1-NiO x 2.17@0.61 0.51@1 1.9 1.12@0.61 0.17@0. The stability of C/poly1-NiO x and C/NiO x electrodes during electrolysis at pH 9.2 was evaluated by chronoamperometry measurements over a period of 6 h at an applied potential of +1.2 V vs Ag/AgCl under stirring in order to decrease the resistance due to the mass transport and thus to improve the catalytic perfomance of the electrode (Figure 11 and Figure S2 in the Experimental Section). The catalytic current density of the C/poly1-NiO x electrode is high (c.a. 7 mA cm -2 ) and very stable within the first hour (Figure 11), while that of C/NiO x electrode gradually decreases from 4.65 to 0.44 mA cm -2 in 45 minutes, reaching a value similar to that of a bare carbon electrode (0.56 mA cm -2 ). This clearly indicates that C/poly1-NiO x is more efficient than C/NiO x with an initial 1.5-fold higher catalytic current and much more stable. The instability of the C/NiO x electrode could be attributed to the gradual release of nickel oxide from the electrode surface, which does not occur on C/poly1-NiO x since the NiO x particles are embedded into the polymer matrix. Nevertheless, after 1 h of electrolysis (Figure S2 in the Experimental Section), the current density of the C/poly1-NiO x electrode gradually decreases until 0.65 mA cm -2 at 2h35 and then slowly until 0.23 mA cm -2 after 6h, exhibiting a OER catalytic activity close to that of a simple carbon electrode. This loss of activity is due to the progressive detachment of the polymer film caused by the oxygen bubling during electrolysis. Conversely, the current density of the C/NiO x electrode increases sightly after 1h of electrolysis to reach a pseudo plateau at 0.87 mA cm -2 after 6h (Figure S2 in the Experimental Section).

Figure11. Chronoamperograms recorded at C/poly1-NiO x ( N + = 1.1 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) (red), C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) (blue) and bare C (black) electrodes (3 mm of diameter) in a stirred 0.1 M aqueous borate buffer solution (pH 9.2), at constant potential of +1.2 V vs Ag/AgCl.

Tafel analysis was carried out by stepwise chronoamperometry (see the Experimental section) at pH 9.2 on C/poly1-NiO x and C/NiO x electrodes in order to gain some mechanistic information, through the Tafel slope, about the rate determining step for OER (Figure 12). The Tafel slopes calculated for C/poly1-NiO x and C/NiO x of 72 and 69 mV per decade respectively are almost identical, showing that the same catalytic mechanism occurs within both electrodes. A similar Tafel slope was previously reported with a Ni-based anode 47 operating at pH 9.2 and these slope values are closed to the predicted value of 60 mV dec -1 , which suggests that the rate determining step leading to O 2 evolution is a chemical reaction subsequent to the first electron transfer step. 1 The Tafel analysis also confirms that C/poly1-NiO x electrodes operate efficiently at lower overpotential than the C/NiO x electrodes. The electrocatalytic activity of the C/poly1-NiO x and C/NiO x electrodes was also investigated at pHs 13 and 14 (Figures 10, 13 and 14), since the most common commercial electrolyzers operate in strongly alkaline media and most of the metallic catalysts for OER based on non precious and earth-abundant elements are studied in basic conditions in order to avoid the corrosion of metal. 4,48 At these basic pHs, the onset potential for OER and the Ni II (OH) 2 /Ni III (O)(OH) redox process recorded at C/poly1-NiO x and C/NiO x by linear sweep voltammetry (Figure 10) are cathodically shifted compared to the values measured at pH 9.2, which is a classical behavior for a nickel-based electrode studied at various basic pH. 42,45 The figures of merit for an electro-catalyst operating at basic pH are the catalytic j value at  of 0.30 and 0.35 V (respectively corresponding to 0.56 and 0.61 V vs Ag/AgCl at pH 13 and 0.51 and 0.56 V vs Ag/AgCl at pH 14) and the overpotential at the j value of 10 mA cm -2 .

These figures of merit stem from the works of Weber et coll. [49][50] and Jaramillo et coll. 14,51 who have proposed that an integrated solar water-splitting device, under 1 sun of illumination with a quantum yield of energy conversion (solar-to-fuels) of 10 %, should work with a current density per geometric area of 10 mA cm -2 and a global overpotential inferior to 0.45

V. In addition, considering an overpotential of 0.45 V for the water-splitting reaction, Jaramillo et coll. 14 have estimated that the cathode in charge of HER should operate at  value of 0.10 V and thus the anode devoted to OER should work at 0.35 V. This explains why most of the electrocatalytic activities of anodes published in recent years are referenced at overpotential of 0.35 V or at a closer value of 0.30 V.

At pH 13 (Table 3), the C/poly1-NiO x anode displays interesting catalytic performances with j values of 1.75 and 0.25 mA cm -2 at 0.35 V and 0.30 V respectively and a  value of 0.45 V at 10 mA cm -2 , while C/NiO x seems again less active with j values of 0.39 and 0.07 mA cm -2 at 0.35 V and 0.30 V respectively and a  value of 0.57 V at 10 mA cm -2 . Similarly to what has been observed at pH 9.2, C/poly1-NiO x exhibits at pH 13 very high mass activity and TOF values at an overpotential of 0.35 V with 0.90 A mg -1 and 0.14 s -1 respectively. However, at pHs 13 and 14, the C/poly1-NiO x and C/NiO x electrodes lose their activity after only few CV successive scans by cyclic voltammetry between 0 and 1.2 V vs Ag/AgCl (Figures 13 and14).

This poor stability in strong basic conditions can be directly correlated to the detachment of the film of poly1-NiO x or NiO x induced by the strong oxygen bubbling as the consequence of their high catalytic performances. Nevertheless, the first scan recorded at the C/poly1-NiO x and C/NiO x electrodes at pHs 13 and 14 is sufficient to evaluate their real catalytic activity and thus their potentiality towards OER in very basic conditions. At pH 13, the C/poly1-NiO x and C/NiO x electrodes have disclosed catalytic activities substantially superior to that of most of literature anodes using nickel oxide or ruthenium oxide. For comparison, we reported in Table 3 the performances of the anodes of the groups of Yan, 8 Liu 52 and Bell 33 . Among these groups, Yan et coll. 8 45 presents a low overpotential of 0.33 V at 10 mA cm -2 only with a weak mass loading of 2 µg cm -2 (comparable to the value of 1.9 µg cm -2 obtained with C/poly1-NiO x ), and mass activity and TOF values higher of one order than those of C/poly1-NiO x with 1.31 A mg -1 and 0.20 s -1 respectively at a  value of 0.30 V (Table 3). The iridium oxide-based nanocomposite using the same polypyrrole alkylammonium previously reported 12 by our group (i.e. C/poly1-IrO x ) is also efficient at pH 13. The small particles size of IrO x (between 1 and 2 nm) and their well distribution within the poly1 film have participated for obtaining a relatively low overpotential for OER (0.42 V at 10 mA cm -2 ) and a high catalytic activity at 0.35 V with a j value of 4.4 mA cm -2 and TOF of 0.32 s -1 , which are ca. 2.4-fold higher than those of the C/poly1-NiO x electrode measured at pH 13 (Table 3). The greater electrocatalytic performance of C/poly1-IrO x over C/poly1-NiO x could be mainly ascribed to the large size difference between the nanoparticles of IrO x (ca.

1.5 nm) and NiO x (ca. 21.0 nm) that impacts the real surface area of the electrode and thus the accessibility of catalytic sites with respect to water or OH -(vide supra).

At pH 14, the C/poly1-NiO x electrode presents a higher electrocatalytic activity than at pH 13 with j values of 2.49 mA cm -2 at 0.35 V and 0.52 mA cm -2 at 0.30 V, and a lower overpotential of 0.41 V at 10 mA cm -2 (Table 3). Its mass activity and TOF values are also slightly higher at pH 14 at an overpotential of +0.35 V (i.e. 1.28 A mg -2 and 0.19 s -1 ) and these values double at 0.30 V compared to those at pH 13 (i.e. 0.27 A mg -2 and 0.04 s -1 ).

Surprisingly, the performance of the simple C/NiO x electrode decreases at pH 14 compared to that at pH 13, most probably due to a poor mass transport of OH -anions within the NiO x film that hinders the oxidation reaction. For instance, the C/poly1-NiO x electrode surpasses the C/NiO x electrode of Jaramillo et al 54 that exhibits catalytic current density of 1.77 mA cm -2 at 0.35 V and an overpotential of 0.43 V at 10 mA cm -2 (Table 3). In addition, although several anodes composed of nickel deposited on either glassy carbon electrode, 55 pyrolytic graphite (HOPG) electrode 56 or carbon fiber paper (CFP), 57 display higher catalytic performances than C/poly1-NiO x in terms of j and  values owing to a high Ni mass loading at the surface of the electrode, they are also associated with a poor mass activity or very low TOF values (Table 3). An efficient nickel-based electrode towards OER was reported by the group of Boettcher, 58 this latter being easily fabricated by spin coating a solution of nickel nitrate on a mixed Au-Ti electrode followed by a thermal decomposition of the nitrate anions. This Au-Ti/NiO x anode displayed a quite high catalytic activity at an overpotential of 0.3 V (1.01 mA cm -2 , 0.896 A mg -1 and 0.17 s -1 ) with a low amount of nickel deposited on electrode (1.1 µg cm -2 ). The great performance of this electrode at pH 14 has been correlated to the fact that all Ni atoms in the film are electroactive and the catalytic water oxidation takes place within all the three-dimensional layered structure of Ni(OH) 2 /NiOOH, and not only at the active sites on the surface of the film. Otherwise, whereas the NiFeO x -based anodes 10,56,[58][59][60][61][62] show once again a higher catalytic activity than C/poly1-NiO x at pH 14, the anodes using mixed NiCoO x 10, 54, 58

or NiMoO x 41 materials known to be also efficient electrodes for OER are less active than C/poly1-NiO x . Note that slightly higher mass activity and TOF values (i.e. 0.452 A mg -1 and 0.089 s -1 at 0.3 V) were observed with the Au-Ti/Ni 0.75 Co 0.25 O x anode of Boettcher et coll. 58 Interestingly, C/poly1-NiO x electrode also displays a greater catalytic activity compared to that of anodes based on IrO 2 or RuO 2 which are commonly considered as benchmark electrocatalysts for water oxidation due their high catalytic performances in acidic and basic media (Table 3). This confirms that the use of polymer matrix to design metallic anodes is a good strategy to obtain highly structured and very active electrodes for water oxidation.

-C o n c l u s i o n

We report a very efficient OER anode based on a nickel oxide-poly(pyrrole-alkylammonium) nanocomposite prepared by an easy all-electrochemical synthesis. As observed by AFM and TEM, this composite features a great nanostructuration along with small crystalline NiO x particles of 21 nm dispersed in the polymer film, which confers a high electroactive surface area and thus high electrocatalytic performances. These nickel oxide particles entrapped within the polypyrrole film, whose nature has been determined by coulometric titration to be -Ni III (O)(OH), exhibits exceptional mass activity and TOF values for OER at pH 9.2 of 1.12 A mg -1 and 0.17 s -1 at an overpotential of 0.61 V. Under basic conditions at pH 14, the nickel oxide-polypyrrole nanocomposite electrode, present high mass activity and TOF values of 1.28 A mg -1 and 0.19 s -1 at an overpotential of 0.35 V, outperforms the nickel-based anodes of the literature (undoped by Fe) and those using precious metal oxides, such as RuO 2 and IrO 2 .

In addition, the nickel oxide electrogenerated into polypyrrole-alkylammonium films appeared also more efficient than the nickel oxide film electrogenerated on a naked electrode surface by the same electrochemical procedure, highlighting the beneficial role of the polypyrrole matrix in generating small NiO x particles with high activity. This very promising way to elaborate nanocomposite material paves the way for the design of new anodes very active for OER by using other earth abundant metals, as cobalt, manganese and iron. This all electrochemical method of preparation offers great potentialities to prepare mixed metal oxide nanoparticles more efficient for OER such as NiFeO x , but also to develop photoanodes by the introduction of a molecular photosensitizer within the polymer matrix in view to implement photoelectrochemical cells for light-driven water splitting reaction. 

I N D E X

-I n t r o d u c t i o n

As we introduced in the Part I: Chapter 1, cobalt oxide or CoO x has been identified as a possible catalyst for water oxidation in the late 60's 1 and was intensively studied since the early 80s by numerous groups. [2][3][4][5][6][7][8][9][10][11] Otherwise, CoO x knew a renewed interest in 2008 owing to the work of Nocera and co-workers 10 demonstrating that proton-accepting electrolyte can facilitate their electrodeposition on electrode and that an OER electrocatalyst based on earth abundant metal can be very active in neutral or in mildly basic solution. Among the OER catalysts based on first-row transition metal, metal oxides using Ni, Fe and Co have been front-runners essentially due to their low overpotentials, close to that of noble metal oxides as IrO x or RuO x . Various forms of cobalt oxide have been investigated for OER such as amorphous oxides, spinel-type (Co 3 O 4 , MCo 2 O 4 , CoM 2 O 4 and MCoO 2 ), perovskite-type (MCoO 3 ) and layered oxyhydroxides. 12 Besides CoO x can be deposited on electrode via different methods as spin coating, sol-gel process and electrochemical deposition to name a few. 13 Inspired by our work described in Part I: Chapter 2 consisting in designing nickel oxide/polypyrrole nanocomposite for anode, we extend our strategy to cobalt oxide to prepare nanostructured electrodes very active for OER based on the same nanocomposite material. As previously described for NiOx, the CoO x nanoparticles are entrapped into a poly(pyrrole-alkyl ammonium) matrix (denoted poly1, where 1 is the monomer (3-pyrrole-1-yl-propyl)triethylammonium tetrafluoroborate, Scheme 1) that was initialy electrodeposited at an electrode surface of glassy carbon (denoted C) or ITO. Our strategy here to deposit CoO x consists in electroprecipitating Co 0 nanoparticles by reduction of an anionic cobalt oxalate complex into the poly1 film, this later being previously deposited onto C or ITO electrodes by electropolymerization of 1. The cobalt oxide nanoparticles were then in-situ generated by air oxidation of the Co 0 nanoparticles in the composite. A similar strategy was also employed in our group to prepare iridium oxide-polypyrrole nanocomposite anodes displaying high OER activity. 14 The poly1-CoO x nanocomposite material was characterized by various electrochemical techniques (cyclic voltammetry, linear sweep voltammetry, Tafel plot), and also by inductively coupled plasma mass spectroscopy (ICP-MS), atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The physical and electrocatalytic properties of this nanocomposite material toward water oxidation in mildly basic (pH 9.2) and basic (pHs 13 and 14) conditions were also evaluated and compared with those of CoO x film directly deposited on a naked electrode by the same electrochemical procedure to highlight the beneficial role of the poly1 matrix in generating non-agglomerated CoO x particles with higher OER activity.

- R e s u l t s a n d d i s c u s s i o n 2 . 1 -E l e c t r o s y n t h e s i s a n d E l e c t r o c h a r a c t e r i z a t i o n o f C o b a l t O x i d e a n d P o l y ( p y r r o l e -a l k y l a m m o n i u m ) -C o b a l t O x i d e N a n o c o m p o s i t e E l e c t r o d e M a t e r i a l seconds are required for a cathodic charge deposition of 4 mC (Figure 1). For comparative studies, a similar Co 0 electrodeposition was performed on naked C electrodes in the cobalt oxalate aqueous borate buffer solution (pH 6) using also a cathodic charge of 4 mC. In this case, the deposition is slower and it requires around 170 seconds (see Figure 1). The optimum cathodic potential of -1.3 V for Co 0 electrodeposition was determined from cyclic voltammetry experiments as shown in Figure 2 which was carried out with naked C and C/poly1 electrodes. The electroactivity of the cobalt oxalate solution is characterized by an irreversible cathodic reduction process observed below -1.0 V which is ascribed to the reduction of Co 2+ (coordinated to oxalate) to Co 0 leading its deposition on C and C/poly1 electrodes and to the concomitant electrocatalytic reduction of protons to H 2 through the Co 0 deposit. 15 On the reverse scan, in the anodic part, one irreversible redox process is observed at -0.5 V for C/poly1-Co 0 (-0.4 V for C/Co 0 ) which is attributed to the reoxidation of Co 0 deposited at the electrode surface to Co 2+ leading to its dissolution. 16 It can be noticed that the charge involved in this stripping wave between -1.5 and +0.4 V does not allow for estimating the quantity of cobalt deposited on C/poly1 and naked C electrodes. As evoked in the previous chapter, the polypyrrole film is known to protect metallic particles from dissolution, and besides the dissolution of Co 0 deposited on the surface of naked C electrodes is often incomplete due to passivation phenomena. 15 The precise determination of cobalt loaded on electrodes was thus performed by ICP-MS experiments after the formation of CoO x from Co 0 (see below). Finally, the last step is the oxidation of Co 0 to the cobalt oxide. The cobalt oxide is probably generated by oxidation of Co 0 with O 2 in contact with the air. A small part of the cobalt oxide could be also formed by scanning the C/poly1-Co 0 or C/Co 0 modified electrodes in an aqueous borate buffer at pH 9.2 between 0 and +1.2 V for 5 consecutive cycles (scan rate 50 mV s -1 ) (Figure 3, scheme 1). The formation of CoO x on C/poly1 is not easy to observed because the progressive growth of Co II (OH)/Co III (O)(OH) redox process is very small, with an anodic peak and a cathodic peak respectively located at +0.58 and +0.54 V for C/poly1-CoO x (Figure 3 (A,B)) and at +0.57 and +0.41 V for C/CoO x for which the redox process is more obvious (Figure 3(C)). The weak magnitude of the redox process may be due to the small amount of cobalt loaded in the polymer film, as it can be seen from the ICP-MS analysis. More cycles do not lead to a significant increase of the Co II (OH) 2 /Co III (O)(OH) redox process. The first scan of the C/poly1-CoO x modified electrode in Figure 3(A) shows one broad anodic process around +0.64 V corresponding respectively to the oxidation and the overoxidation of polypyrrole. Consequently, after the first scan from 0 to +1.2 V, the conductivity of polypyrrole is fully destroyed owing to its complete overoxidation, as we previously observed for C/poly1-Ni 0 . 18 Thus, at this stage, the overoxidized poly1 plays only the role of matrix and the conductivity of the film is ensured by the cobalt catalyst. We can also see the current density (j) for the C/poly1-CoO x electrode is bigger than for C/CoO x electrode, with 5.77 mA cm -2 versus 4.98 mA cm -2 , respectively.

With a charge of 4 mC passed for cobalt deposition, the Co loading on the C/poly1 and C electrodes was estimated to be 2.29 (± 0.82) x 10 -8 and 6.33 (± 1.78) x 10 -8 mol cm -2 respectively corresponding to deposition yields of 21.6 and 8% respectively. Thus, for the same quantity of charge (4 mC), the amount of Co 0 deposited on the C/poly1 film is 2.76 times smaller than that deposited on the naked C electrode. The ratio of cobalt incorporated within the poly1 film was also calculated considering that the di-anionic [Co(C 2 O 4 ) 2 ] 2- complex should be bound to two ammonium units during the Co loading in the film. For an incorporation ratio of cobalt of 100%, the  Co / N + ratio should be equal to 0.5. For the C/poly1-CoO x electrodes, the average surface coverage values of Co and poly1 was determined to be respectively  Co = 2.29 x 10 -8 mol cm -2 and  N + = 1.2 x 10 -7 mol cm -2 which corresponds to an average  Co / N + ratio of 0.2 and thus to an incorporation ratio of cobalt of 40%.

To get a clue of the better nanostructuration of the poly1-CoO x nanocomposite material, the relative capacitance of C/poly1-CoO x and C/CoO x electrodes, which is correlated to the electrochemically active surface area of the electrode, 19 were determined from the slope of the plot of the current density versus scan rate at 0 V (Figure 5). Indeed, the capacitive current measured in non-Faradaic potential region is assumed to be due to double-layer charging and can be measured from cyclic voltammograms at various scan rates (Figures 5(A,B)). As shown in Figure 4(C), C/poly1-CoO x exhibits a 1.7 fold higher capacitance (107.9 and -110. C h a r a c t e r i z a t i o n o f C o b a l t O x i d e a n d P o l y ( P y r r o l ea l k i l a m m o n i u m ) C o b a l t O x i d e N a n o c o m p o s i t e b y A F M ,T E M a n d S E M .
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Atomic force microscopy (AFM) measurements in peak force mode were performed on ITO/poly1-CoO x and ITO/CoO x in view to identify and compare the surface morphology of both electrodes (Figure 6). The ITO/poly1-CoO x and ITO/CoO x electrodes (ITO surface of 1 cm 2 ) were prepared with a charge of 57 mC for both the poly1 and Co 0 deposition in view to obtain a charge density of 56 mC cm -2 , similar to that used for the preparation of the C/poly1-CoO x and C/CoO x electrodes (4 mC for a C electrode surface of 0.071 cm 2 ). From AFM 3D profiles and images, a homogenous granular topography along with well-defined grain boundaries were observed for ITO/CoO x with a root-mean square (r.m.s.) roughness of 10.2 nm (Figures 6(A,B)), while an ill-defined nodular topography (as cauliflower) was obtained with ITO/poly1-CoO x with a close r.m.s. roughness of 11.6 nm (Figures 6 (D,E)).

Cauliflower topology is typical for electrodeposited polypyrrole film 14,15 and, since the CoO x particles are embedded into the polymer matrix, it was difficult to measure their size within the nanocomposite from AFM measurements. Meanwhile, the CoO x particles size on the surface of the ITO/CoO x electrode was roughly estimated to be 58 ± 31 nm from the section analysis of its AFM image (Figure 6(C)). SEM pictures obtained for ITO/poly1-CoO x and ITO/CoO x also confirm the AFM measurements. SEM images also revealed a granular topography and an ill-defined nodular topography for ITO/poly1-CoO x (Figures 7(C)) and ITO/CoO x (Figures 8D and8E).

In view to determine more precisely the CoO x particles size inside the film, the poly1-CoO x and CoO x materials were peeled off from the ITO plates and deposited on copper grids for transmission electron microscopy (TEM) analyses (Figure 9). TEM images revealed similar sizes for CoO x nanoparticles on the ITO/CoO x and ITO/poly1-CoOx electrodes with an average particle size of 31 ± 16 and 31 ± 20 nm associated (Figure 9 (A,B)). We can see also that the polymer avoids the nanoparticles agglomeration, giving better catalytic activity with the nanocomposite although the film has a smaller amount of nanoparticles incorporated (Figure 9(B)). In addition, a more or less well-resolved selected area electron diffraction (SAED) pattern was recorded with poly1-CoO x indicating that CoO x particles within polypyrrole are most probably amorphous. Zhao et. al. also obtained amorphous CoO x films of ca. 40 nm of thickness. 13 Others authors obtained similar cobalt particle size, as Frei et. al. 20 and Costentin et. al. 21 to mention some of them. To conclude, the use of polypyrrole films as template for cobalt deposition and CoO x formation allows obtaining nanostructurated CoO x films by avoiding agglomeration of particles. A well-nanostructurated poly1-CoO x composite can offer a great electroactive surface area that is responsable of a great electrocatalytic performance towards water oxidation. E l e c t r o c a t a l y t i c p e r f o r m a n c e o f C o b a l t O x i d e a n d P o l y ( p y r r o l e -a l k y l a m m o n i u 

-

m ) C o b a l t O x i d e N a n o c o m p o s i t e E l e c t r o d e s .

The electrocatalytic activity of C/poly1-CoO x and C/CoO x electrodes have been evaluated in a conventional three-electrode cell by linear sweep voltammetry at nearly neutral pH of 9.2 as well as at more basic pHs of 13 and 14 (Figure 10). Table 1 summarized the catalytic OER performances of these electrodes and those of iridium and nickel-based electrode reported by our research group at similar pHs. 14,15 The architecture of catalysts able to operate at nearly neutral pH is very important 22 for use natural water sources but also to develop photoelectrochemical cells for light-driven water splitting 10 that couple a catalyst and a molecular photosensitizer, the latter is often unstable in strongly basic solution. 23 As we mentioned in the previous chapter, the two figures of merit usually measured for an electrocatalyst working at pH 9.2 are the catalytic current density (j) at overpotential () of +0.61 V (corresponding to +1.1 V vs Ag/AgCl at pH 9.2) and the overpotential to reach the catalytic current density of 1 mA cm -2 . For C/poly1-CoO x , the j value at +0.61 V and the  value at 1 mA cm -2 are respectively 3.72 mA cm -2 and +0.46 V with a cobalt mass load of 1.35 g cm -2 , while for C/CoO x these values are 3.51 mA cm -2 and +0.45 V with a 3.75g cm -2 , respectively (Table 1). The C/poly1-CoO x nanocomposite electrode presents better catalytic performance than the C/CoO x direct deposition with ~ 2.8 times less cobalt load, demonstrating the enhancement in catalytic activity by using a polymer film to improve the nanostructuration. According to TEM analysis, both C/poly1-CoO x and C/CoO x present the same particle size (31 nm). Hence the higher catalytic activity of the C/poly1-CoO x nanocomposite in comparison with the direct deposition C/CoO x is due to the better nanostructuration of the nanocomposite that increases the active surface area of the anode and promotes a good mass transport of water and OH -ions into the nanocomposite. The value of mass activity and TOF confim the higher OER catalytic activity of C/poly1-CoO x than that of C/CoO x , respectively with 2.75 A mg -1 and 0.41 s -1 for C/poly1-CoO x and 0.94 A mg -1 and 0.14 s -1 for C/CoO x , at pH 9.2 at an overpotential of 0.61V (Table 1). It is also interesting to note that the OER performance of C/poly1-CoO x are clearly superior to that of C/poly1-NiO x displaying lower values of mass activity and TOF of 1.12 A mg -1 and 0.17 s -1 respectively.

The electrocatalytic activity of the C/poly1-CoO x and C/CoO x electrodes was also investigated at basic pHs of 13 and 14 (Figures 10), since the most common commercial electrolyzers operate in strongly alkaline media and most of the metallic catalysts for OER based on non-precious and earth-abundant elements are studied in basic conditions in order to avoid the corrosion of metal. Note that, at these basic pHs, the onset potential for OER and the Co II (OH) 2 /Co III (O)(OH) redox process recorded at C/poly1-CoO x and C/CoO x by linear sweep voltammetry disappeared completely (Figure 10). The OER performance of C/poly1-CoO x and C/CoO x was analyzed at pH 13 and 14 in terms of catalytic current density (j) at an overpotential () of 0.35 V (corresponding to 0.61 V vs Ag/AgCl at pH 13 and 0.56 V vs

Ag/AgCl at pH 14) and the  value at j of 10 mA cm -2 . At pH 13 (Table 1), C/poly1-CoO x displays a better catalytic performance than that of C/CoO x with current densities of 2.17 and 0.59 mA cm -2 at  0.35 V respectively for C/poly1-CoO x and C/CoO x , and overpotentials of for the nanocomposite (see Table1). Our C/poly1-CoO x catalyst electrode also exhibits higher catalytic activity than our NiO x 15 and IrO x 14 based electrodes previously reported under basic conditions. It is interesting to mention that C/poly1-CoO x present 10 fold higher mass activity than that of C/CoO x at pH 13 with a cobalt content 3 times lower. Nevertheless, at pH 14 an opposite behaviour is observed. The performance of the simple C/CoO x electrode increase at pH 14 compared to that at pH 13 and is also bigger than C/poly1-CoO x electrode, presenting a current density of 6.19 mA cm -2 at  0.35 V and an overpotential of 0.36 V at 10 mA cm -2 , a mass activity of 4.58 A mg -1 and a TOF of 0.69 s -1 at  0.35 V, which are much lower than those of C/CoO x with a current density of 27.7 mA cm -2 at  0.35 V and a overpotential of 0.33 V at 10 mA cm -2 , mass activity of 7.3 A mg -1 and a TOF of 1.11 s -1 at  0.35 V. The OER performance of CoO x electrode are also higher than those of CoO x electrode reported by Boettcher et coll. 24 which displays a mass activity 85 times lower than that of our cobalt oxide electrode with a cobalt content of the same order of magnitude (1.32 vs 3.75 µg cm -2 ).

Basically, at pH 14 the release of O 2 increases drastically and then the resistance of material towards mass transport also significantly increases, which would limit the catalytic current of the anode. So, at pH 14 C/CoO x is more efficient than C/poly1-CoO x due to the fact that the polypyrrole-CoO x nanocomposite exhibit higher mass transport resistance than that of bare CoO x -film. 21 At pHs 13 and 14, the C/poly1-CoO x and C/CoO x electrodes lose their activity after only few CV successive scans between 0 and 1.2 V vs Ag/AgCl (Figure 11). This poor stability in strong basic conditions can be directly correlated to the detachment of the film of poly1-CoO x or CoO x induced by the strong oxygen bubbling as the consequence of their high catalytic performances. Nevertheless, the first scan recorded at the C/poly1-CoO x and C/CoO x electrodes at pHs 13 and 14 is sufficient to evaluate their real catalytic activity and thus their potentiality towards OER in very basic conditions. Catalyst/electrode j (mA cm -2 ) @ƞ (V)

ƞ(V) @j (mA cm -2 )
Metal mass loading (µg cm -2 ) mass active (A mg -1 ) @ƞ (V) TOF min (s -1 ) @ƞ (V) Author pH 9.2 with 0.1M H 3 BO 3 + 0.05M NaOH C/poly1-CoO x 3.72@0.61 0.46@1 1.35 2.75@0.61 0.41@0.61 This work C/CoO x 3.51@0.61 0.45@1 3.75 0.94@0.61 0.14@0.61 This work C/poly1-NiO x 2.17@0.61 0.51@1 1.9 1.12@0.61 0.17@0. The stability of C/poly1-CoO x and C/CoO x electrodes at pH 9.2 was evaluated by chronoamperometry measurements over a period of 2h at an applied potential of +1.2 V vs Ag/AgCl (Figure 12). The current density of the C/CoO x electrode decreases until 5.28 mA cm -2 after 2 min of electrolysis and then gradually decreases to reach a pseudo plateau at 4.82 mA cm -2 . Meanwhile the current density of C/poly1-CoO x increases during the first 18 s until 7.11 mA cm -2 and then gradually decreases to reach a pseudo plateau at 6.35 mA cm -2 . Over this time range, C/poly1-CoO x seems relatively stable and more efficient than C/CoO x with a Tafel analysis was carried out by stepwise chronoamperometry (see experimental section) at pH 9.2 on C/poly1-CoO x and C/CoO x electrodes in order to gain some mechanistic information, through the Tafel slope, about the rate determining step for OER (Figure 13).

The calculated Tafel slope values for C/poly1-CoO x and C/CoO x are 47 and 23 mV dec -1 respectively. The difference in Tafel slope between the C/poly1-CoO x and C/CoO x electrodes means that the oxidation of water occurs via different catalytic mechanisms for both electrodes. 25 Sun and co-workers obtained the same a Tafel slope of 47 mV dec -1 also, but with a bifunctional Co-P film in alkaline media. 26 The Tafel slope value of 47 mv dec -1 is close the theoretical value of 40 mV dec -1 usually attributed to a sequential catalytic mechanism where the rate determining step is the second electron transfer. 27 Similar values were reported by other groups, Castro and co-workers obtained a tafel slope of 40 mV dec -1 for a C/Co 3 O 4 catalyst in strong alkaline media, and Boettcher et coll. obtained a tafel slope of 42 mV dec -1 for a CoO x . 28,24 The value of 23 mV dec -1 is completely unusual and has been previously observed at once for nickel oxide based electrodes by Conway and Bourgault in 1959. 19 This group has proposed a plausible global mechanism for OER (Equations 1-4) and has associated this low Tafel slope value to a rate determining step corresponding to the adsorption of OH -anions at the surface of metal oxide (Equation 3).

M + OH -→ MOH + e - (1) 
MOH + OH -→ MO + H 2 O + e - (2) 
MO + OH → MHO 2 + e - (3) 
MHO 2 + MOH → M + H 2 O + O 2 (4) 
In view of the low Tafel slope obtained with our C/poly1-CoO x anode, the mechanism of Conway and Bourgault for OER could be also envisaged. In addition, Tafel analysis confirms that C/poly1-CoO x electrode operates efficiently at a lower overpotential than C/CoO x electrodes. 

-C o n c l u s i o n

We report a very efficient OER anode based on a cobalt oxide-poly(pyrrole-alkylammonium) nanocomposite prepared by an easy all-electrochemical synthesis. As observed by AFM and TEM, this composite features the dispersion of CoO x particles of 31 nm into the polymer film, conferring a high electroactive surface area, an easy mass transport and thus high OER electrocatalytic performances. These cobalt oxide particles entrapped within the polypyrrole film, exhibits exceptional mass activity and TOF values for OER at mildly basic pH 9.2 of 2.75 A mg -1 and 0.41 s -1 at an overpotential of 0.61 V, and an unprecedented Tafel slope of 23 mV dec -1 . Under basic conditions at pH 14, the cobalt oxide-polypyrrole nanocomposite electrode, with a high mass activity and TOF values of 4.58 A mg -1 and 0.69 s -1 at an overpotential of 0.35 V, outperforms the nickel oxide-polypyrole nanocomposite and iridium oxide based anodes previously reported by our group. In addition, at mildly basic pH, the cobalt oxide electrogenerated into polypyrrole-alkylammonium films appeared more efficient than the cobalt oxide film electrogenerated on a naked electrode surface by the same electrochemical procedure. We successfully demonstrated that our all electrochemical approach to prepare metal oxide-polymer nanocomposite can be used with cobalt metal and could be easily extended to other first-row transition metals as manganese and iron.

P A R T I I
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Hybrid photoanodes for water oxidation: a bibliographic study by coupling to the SCs an oxygen-evolving catalyst for photoanodes (or hydrogen-evolving catalyst in the case of photocathodes), generally metal (oxide) nanoparticles.

I
Another strategy is to adsorb a molecular dye or photosensitizer (PS) on the surface of the semiconductor to extend the absorption in the visible, and to couple to a catalyst, generally metal-based, to promote the OER (or HER) reaction. 4,5 This molecular approach to the construction of PEC cells (or dye-sensitized-PEC (DS-PEC)) for water splitting, is an emerging line of research inspired by the technology of photovoltaic cells (dye-sensitized solar cells (DS-SC)). 6 OER or HER catalysts are either a metal oxide nanoparticles or a molecular transition metal complexes bound or co-adsorbed with the PS. 1,5,7,8 At present, only about ten examples of "hybrid" photoanodes associating a molecular photosensitizer to a metal(oxide) catalyst have been published. [3][4][5][9][10][11][12][13][14][15][16][17][18][19] These photoanodes couple the benefit of the high stability of metal (oxide) catalysts compared to molecular catalysts and the excellent properties of visible-light absorbing molecular PS. In this bibliographic chapter, we will summarize these relatively recent studies.

As we will see, basically, these "hybrid" photoanodes consist of a transparent doped semiconductor (SC) electrode (Indium Thin Oxide (ITO) or Fluoride Thin oxide (FTO)) that can be covered or not with another n-type semi-conductor such as TiO 2 , SnO 2 or WO 3 on which are co-adsorbed, generally in mono-layer, a molecular chromophore as well as metal oxide (nano)particles (IrO x , CoO x , Ni 0.5 Co 0.5 O x or Co 3 O 4 ) deposited by a chemical way or coadsorbed. Ru-tris-bipyridine [10][11][12][13] or organic dye including heptazine, 14 perylene, [15][16][17] naphtalen, 18 or porphyrin free base have been employed as PS. 19 The electrochemical potential diagram of this kind of DS-PEC for water oxidation is schematized in Figure 1. The light absorption by the dye molecule leads to an excited state (dye*), followed by a fast injection of the excited electron into the conduction band (CB) of the nanostructured semiconductor (TiO 2 , SnO 2 or WO 3 ), resulting in an oxidized dye (dye + ). In the absence of a photocathode to drive water reduction for instance, the application of a bias to the DS-PEC photoanode is required in order to take the electrons injected in the CB of the SC. If the lifetime of this charge separated state (dye + /e -in CB of the SC) is sufficiently long, an electron transfer from the MO x nanoparticles catalyst to the oxidized dye occurs. Since the water oxidation required four electrons, the catalyst need to accumulate four holes in order to oxidize water. Catalytic water oxidation is typically slow (millisecond timescale), too slow to compete effectively with back electron transfer on the 100s of microseconds timescale. Thus, low quantum yields for water splittingtypically 1-2%are a consequence of the fast kinetics of charge recombination, which competes effectively with the catalytic oxidation of water. 5 In this chapter, the examples of hybride photoanodes with Ru as PS will be described first, then those with an organic chromophore.

2-Hybrid photoanodes with a Ru-tris-bipyridine derivative as photosensitizer

Three examples of hybrid photoanode using a ruthenium tris-bipyridine derivative as photosensitizer have been recently published. [10][11][12][13] In 2009, Mallouk and coworkers 10 design an heteroleptic Ru tris-bipyridine complex with one bipyridine substituted by two phosphonate groups and another one substituted by a bidentate carboxylic acid (malonate) group. The phosphonate groups of the dye allows the adsorption of the dye onto porous nanocrystalline TiO 2 semi-conductor (SC) while the malonate links the hydrated iridium oxide nanoparticles IrO 2 •nH 2 O, that was used as efficient water oxidation catalyst 20 (Figure 2). Before its adsorption onto TiO 2 , the dye-IrO 2 •nH 2 O assembly was first chemically synthetized, the manolate acting as a stabilizer to the nanoparticles allowing to control their size and polydispersity and this results in well dispersed particles of ~ 2 nm of diameter. 

once the measurement was carried out at each potential, the anodic current spike observed decayed rapidly into a steady current (typically 10 -30 A vs 1 -2 A with unsensitized TiO 2 ). Under steady illumination, the current decayed over a period of approximately 4 hours.

The decay in photocurrent is accompagnied by a bleaching of the dye sensitized and visible absorbance of the film. A small bias to reach overall water splitting is needed in such system, because electrons in trap states below of the TiO 2 conduction band edge are not enough reductive to generate H 2 and rapidly recombine. A semiconductor with a more negative conduction band potential or the reduction of recombination rate of trapped electrons will allow achieving overall water splitting without applied bias. Finally, the photocurrent measured using 450 nm light at 7.8 mW cm -2 intensity was of 12.7 A cm -2 , corresponding to an internal quantum yield of ~ 0.9%. The production of hydrogen and oxygen was confirmed by gas chromatography and for oxygen also by using a pseudo-clark electrode. The current efficiency for the photoanodic oxygen generation was ~ 20%. After approximatively 4h, the total photocurrent produced corresponds to a turnover of 16 per dye molecule. The low quantum yield efficiency is the result of a slow electron transfer from the IrO 2 •nH 2 O nanoparticles to the oxidized dye, which was measured as six times slower than the backelectron transfer of the trapped state of the TiO 2 SC to the photo-oxidized dye (from the TiO 2 to the photo-oxidized dye).

The quantum yield for water splitting in dye-sensitized electrodes is low since the charge recombination reaction is faster than the catalytic four-electron oxidation of water oxidation.

For this reason, in a consecutive work, Mallouk and coworkers 11 improved the quantum yield of the dye sensitized electrode to 2.3%, i.e. by more than a double, by incorporation of an electron transfer mediator, the benzimidazole-phenol (BIP), to separate the donor (IrO x particles and the acceptor (Ru dye)), mimicking the tyrosine-histidine pair present in photosystem II (Figure 3(A)). As in the nature, for this photosynthetic system, the mediator molecule intermediates the electron transfer between a slow metal oxide catalyst that oxidizes water in milliseconds and a dye molecule that is oxidized by a fast light-induced electron transfer reaction. To achieve the structure, colloidal IrO x particles were bound to the BIP In presence of co-adsorbed 3P-Ru on TiO 2 , the comparison of the photocurrent intensity with IrO x nanoparticles with (2-IrO x •nH 2 O) and without (1-IrO x •nH 2 O) the BIP electron mediator was made (Figure 2(B)). At pH 5.8 and for an overpotential (η) of -0.69 V (0 V vs Ag/AgCl), a steady-state photocurrent density up to 80 A cm -2 is observed in the presence of the BIP mediator, with a stability over 100 s. In the absence of mediator, a photocurrent of only 25 A cm -2 was obtained (thus around three times lower), a comparable value to the previous results obtained with the heteroleptic Ru tris(bipyridyl) dye. 10 In addition, without BIP, the photocurrent is less stable. This result is in agreement with faster electron transfer between the IrO x •nH 2 O nanoparticles with the 3P-Ru when the catalyst nanoparticles are covered by BIP mediator. On the other hand, by using 450 nm of light at 4.5 mW cm -2 of intensity, the steady state photocurrent densities were 29.1 and 10.1 A cm -2 for nanoparticles with and without mediator, corresponding to 2.3% and 0.8% of internal quantum yield, respectively. A promising. Indeed, the photocurrent density decreased to 50 A cm -2 (i.e. 40 % of its initial value) after 3 cycles of 20 s ON-OFF illumination of ~100 s. 13 This can be due to the prepared modified Co 3 O 4 , which is not able to give enough reductive equivalents to the oxidized dye causing the dye's decomposition or desorption.

In conclusion, hybrid photoanodes with ruthenium photosensitizers display photocatalytic activities at negative overpotentials, but the photocurrents are weak (< 100 µA cm -2 ) and generally not stable.

3-Hybrid photoanodes with an organic chromophore

. 1 . H e p t a z i n e c h r o m o p h o r e

In 2012, Beranek and coworkers 14 Ag/AgCl at neutral pH. 14 

. 2 . P e r y l e n e c h r o m o p h o r e

Three examples of hybrid photoanodes with perylene chromophores, have been recently published. [15][16][17] PDI are very interesting chromophore since they are robust with good thermal and photochemical stability, they possess a strong visible light absorption and they are relatively cheap. Many DPI exhibit also a highest occupied molecular orbital (HOMO) with a potential enough positive to oxidize water or to activate a metal oxide or a molecular water oxidation catalyst. 21 However, there are limited by a low oxidation potential at the excited state preventing efficient charge injection into the CB of many semi-conductors. 17 Thus their use in energy conversion schemes relies on the oxidative quenching of their excited state. All of these features make PDI very good candidates as sensitizer for water-splitting schemes.

The first example of an hydrid photoanode for water oxidation based on perylene dye was published Finke and co-workers 15 Visible-light assisted water oxidation was obtained with the ITO/PMPDI/CoO x electrodes with a photocurrent density 150 A cm -2 at an applied bias of +1.0 V vs Ag/AgCl in a phosphate buffer aqueous solution at pH 7 (η = 0.38 V), with a stability over 300 s. When analogous photoanodes were prepared with a PDI derivative having two alkyl groups in place of the phosphonate groups of PMPDI, the photocurrent obtained were about one order of magnitude smaller than with the typical ITO/PMPDI/CoO x . This is due to the fact that, with this dye only traces of cobalt were deposited as shown by XPS measurements. These results provide evidence that the phosphonate groups of the PMPDI may be important for an efficient linking of the inorganic CoO x catalyst to the organic dye.

Although the ITO/PMPDI/CoO x anodes are capable of light-assisted water oxidation, their efficiency are limited by low light harvesting (LHE) (only about 12% of incident light is adsorbed by the thin PMPDI films) and low charge transfer efficiency as well as charge recombination. However, thicker films absorbed more light but showed lower photocurrents, due to the low exciton diffusion lengths of this organic material. The authors proposed that this limitation could be solved by using a dye-sensitized mesoporous semiconductor, which can absorbed more light due to its higher surface area, by keeping the monolayer dye thickness. Despite the limitations, this was the first time that water oxidation can be achieved photochemically by a thin film monolayer of molecular organic semiconductor coupled to a water oxidation catalyst.

In view to improve the performance of their photoanodes, in a subsequent work, Finke and co-workers 16 introduced a semi-conductor, consisting of a nanostructured metal oxide of TiO 2 , SnO 2 or WO 3, to design a device of the type dye sensitized photoelectrolysis cell (DS-PEC) (see Figure 1). These SCs, deposited onto FTO electrodes, were sensitized with the same PMPDI dye (Figure 7(A)). To increase the stability, the PMPDI was chemisorbed via one of the phosphonate groups onto the SCs surfaces, and not spin-coated as in their previous work. 15 The driving force for the electron injection from the photoexcited dye, PMDPI* into the conduction band (CB) of the different SCs (the CB energies were estimated by electrochemical photocurrent method) 23 increases in the order TiO 2 < SnO 2 < WO 3 (Figure 7(C)), and thus it is expected that the photocurrent will follow the same trend. However, the adsorption of PMPDI dye was less efficient on SnO 2 than onto TiO 2 and not at all effective onto WO 3 . Anyway, when tested with a sacrificial reductant as hydroquinone (H 2 Q) (20 mM) in aqueous phosphate buffer at pH 7 with a bias at +0.2 V, the photocurrent produced by TiO 2 /PMPDI was much lower than that measured with SnO 2 /PMPDI, this latter reaching Other semi-conductors were tested including TiO 2 and SnO 2 , but the charge injection on WO 3 was found to be more efficient than on SnO 2 , although both SCs have similar conduction band energy. In general, hybrid photoanodes with perylene dyes need significant overpotentials or to be associated with a low band gap semiconductor (as WO 3 ) for obtaining high photocurrents (> 100 µA cm -2 ).

. . π -C o n j u g a t e d p o l y m e r n a p h t a l e n e b a s e d c h r o m o p h o r e

In 2015, Sivula and coworkers 18 investigated a n-type π-conjugated polymer as organic dye, the poly[benzimidazobenzophenanthroline], BBL, to be used in a direct semi-conductorliquid junction configuration for solar water oxidation (Figure 9(A)). BBL is known for its exceptional stability 24 and good electron mobility. 25 BBL films were prepared on FTO electrodes by a spray deposition method from an aqueous BBL nanofibers dispersion. Under intermittent simulated solar illumination (100 mW cm -2 ) in buffered aqueous solution at pH 7, a photocurrent density up to 230 A cm -2 at 1.23 V vs RHE was obtained in the presence of a hole scavenger (SO 3 2-

), with an optimized nanostructured film thickness of 120 nm. The SO 3 2oxidation allows the investigation of the PEC properties of the BBL dye with minimum kinetic limitations. The FTO/BBL film was also investigated without SO 3 2-in aqueous solution at different pH from 3.5 to 10.5. It was found that the photocurrent density increases with increasing pH (from ~10 to 30 A cm -2 at +1.23 V vs RHE) but no O 2 evolution was detected and no evidence of semi-conductor oxidation after 30 min was observed. Instead the photooxidation reaction was found to be a two-electrons oxidation of water by the bare film into H 2 O 2 which in turn is reduced at the anode to produce the hydroxyl radical (•OH). This later was quantified by fluorescence test.

(A) (B)

In view to drive the four electron oxidation of water, an OER catalyst consisting of Ni-Co nanoparticles, has been directly attached to the BBL surface. However no O 2 was produced due to the poor catalyst attachment. The successful attachment of the catalyst was obtained when the BBL film is pretreated with a thin layer of TiO 2 (~ 1mm) acting as tunnel junction.

Even if the application of TiO 2 did not result in a significant change of the observed photocurrent density (from ~10 -20 A cm -2 ) a slight increase (up to ~ 30 A cm -2 ) was observed upon application of the catalyst layer (Figure 9(B)). Molecular O 2 was confirmed by gas chromatography during constant illumination chronoamperometry measurements (I ~10 A cm -2 ) with a faradaic yield of 82 ± 16%.

Finally, this study demonstrated for the first time that robust π-conjugated organic semiconductors are suitable for direct PEC water oxidation opening new perspectives for the design and optimization of photoanodes for solar water splitting. 

. 4 . P o r p h y r i n f r e e b a s e c h r o m o p h o r e

In 2015, Mallouk and co-workers 19 reported the first example of a functioning watersplitting DS-PEC using organic free-base porphyrin sensitizers (Figure 10 As for the π-conjugated polymer DS-PEC published by Sivula, 18 these hybrid photoanodes with free base porphyrins do not exhibit significant photocurrents (< 40 µA cm -2 ) and present a poor stability over time.

(B) (A)

-Conclusion

This bibliographic chapter give an overwiev of the few examples of hydride photoanodes for light-driven water oxidation already published combining a molecular chromophore to a metal oxide as catalyst for water oxidation. Since the introduction of the first example published by Mallouk in 2009, much of the effort in re-design photoanodes has focused on improving the quantum yield by slowing down back electron transfer as well as to substitute the ruthenium polypyridyl sensitizers by organic sensitizers involving only earth abundant elements.

However, although these Ru-and organic dyes sensitized hybrid photoelectrodes are active in neutral or weakly acidic medium, demonstrating their potential for the OER reaction, they are poorly stable and exhibit fairly low photocurrents (150-200 A cm -2 for perylene derivatives and <20 A cm -2 for the other examples). The low photocurrent density has been mainly attributed to fast kinetics of back electron transfer (charge recombination) which competes effectively with the slow catalytic oxidation of water and the slow electron transfer kinetics between the PS and the metal oxide inorganic catalyst.

To improve the efficiency of these water-splitting PECs, the challenge is still to avoid the charge recombination reactions and also to accelerate the water oxidation reaction.

Finally, it should be stressed that in these published water-splitting PECs exemples, the amount of sensitizers and metal oxide catalysts deposited at the surface of the electrodes are weak and not well-controlled. Photosensitizers are generally adsorbed in a monolayer. To go one step further, it will be very interesting to explore novel methods of fabrication and of deposition of photosensitizers/metal oxide nanoparticles deposited at the surface of the electrodes and thus evaluate the effect of increasing the amount of materials and of the structuration of the film and their photocurrent intensity. 

-I n t r o d u c t i o n

This chapter focuses on the development and the study of new hydrid photoanodes and their use in photo-induced catalytic water oxidation. As described in the previous bibliographic chapter, only few examples of hydride photoanodes combining a molecular chromophore and an inorganic metal oxide catalyst, have been published. [1][2][3][4][5][6][7][8][9][10][11][12][13][14] The molecular chromophores employed were the classical ruthenium-tris-bipyridine complex [5][6][7][8] or organic dyes such as heptazine, 9 perylene, [10][11][12] π-conjugated naphtalen polymer 13 or porphyrin free base, 14 generally adsorbed or deposited in monolayer at the surface of a semi-conducting electrode.

Building on the results already acquired in the previous chapters, the aim of this work was to introduce a molecular chromophore within our nickel oxide/cobalt oxide-polypyrrole nanocomposite electrode materials in order to achieve photo-induced water oxidation. To ride the use of rare and expensive noble metals, we have investigated the use of a photosensitizer of the perylene diimide (PDI) family. Although still poorly explored for photocatalytic water oxidation, [10][11][12] and hydrogen production, 15,16 such organic molecules are very promising for water-splitting schemes. Indeed, perylene derivatives have all the properties required for such applications: i) robustness in water at both ground and excited state and high photostability,

ii) strong absorption in the visible region with a very high molar extinction coefficient, iii) suitable photophysical (excited state lifetime of around 5 ns) and redox properties to allow efficient electron transfers with a catalyst such as a metal oxide or a n-or p-type semiconductor such as TiO 2 or NiO. Indeed, perylene show high oxidation potential, allowing the activation of many metallic oxides and molecular catalysts. In addition, there are only made of abundant elements and their structural plateform is easy to functionalize by different substituents to tune their redox potentials and to introduce electropolymerizable groups such as pyrrole.

In view to introduce a PDI sensitizer, our strategy was to 3,4,9,10-tetracarboxylic acid diimine) was synthetized according to a previously published procedure of Lee and coworkers 17 (Scheme 1). In this previous work, the photoluminescence and electrochromism properties of the corresponding electrodeposited films have been investigated. We focused on this derivative since, in addition to the electropolymerizable pyrrole substituents, the presence of the electron donor, tert-butylphenoxy groups give an oxidation potential of about +1 V vs Ag/AgNO 3 (i. e. +1.3 V vs Ag/AgCl) sufficiently positive to oxidize the nickel or cobalt oxide nanoparticles. In addition, these later substituents enhance the solubility in organic solvents. 17 The synthesis and purification of the product were performed by Baptiste Dautreppe during his Master 1 training in our research group (2017). Since this perylene derivative is neutral, the strategy employed in the study described in this chapter was to co-polymerize the cationic ammonium pyrrole monomer 1 with this perylene derivative in order to have a positively charged polypyrrole film allowing the introduction of metallic nanoparticles of nickel or cobalt by the same strategy already used in the two previous chapters 2 & 3 of Part I.

In this chapter, we will first describe the electrochemical and spectroscopic properties of PyrPDI in acetonitrile/dichloromethane (1/1) solution, and the fabrication of the corresponding modified electrodes. We will then present the results concerning the elaboration of modified electrodes by copolymerization of PyrPDI and 1 as well as the incorporation of metallic nanoparticles of nickel and cobalt oxides. Finally, the photoelectrochemical activity for water oxidation of poly1/PyrPDI-MO x photoanodes was investigated by the measure of photocurrents under light irradiation. 1), attributed to PyrPDI/PyrPDI •- and PyrPDI •-/PyrPDI 2-, respectively. In the anodic region, an intense irreversible peak at about +0.95 V is observed, corresponding to the oxidation of the two pyrrole units to form polypyrrole 18 and of the perylene core (PyrPDI •+ /PyrPDI). 19 The intensity of this peak is more than two times higher than that of the one-electron reversible reduction processes in accordance with the exchange of more than two electrons. 17 A reversible one-electron wave is expected for the PyrPDI •+ /PyrPDI oxidation process, as observed for the parent PDI without pyrrole groups. The overall oxidation process appears irreversible here due to the superimposition of the irreversible oxidation of the pyrrole moiety. The absorption spectrum of PyrPDI exibits two distinct bands at 453 and 576 nm (( ≈ 36100 M -1 cm -1 , shouder at 540 nm) (Figure 2). 17 

-R e s u l t s a n d d i s c u s s i o n

. 1 . E l e c t r o c h e m i c a l a n d s p e c t r o s c o p i c p r o p e r t i e s o f P y r P D I

. -E l e c t r o p o l y m e r i z a t i o n o f P y r P D I a n d e l e c t r o c h e m i c a l b e h a v i o r o f t h e r e s u l t i n g f i l m s

Lee and coworkers 17 and 0.4 cm 2 . When the electrodes are removed from the solution, the visual examination reveals that the C and ITO surfaces are covered with a uniform dark red film. The UV-visible absorption spectrum of the polyPyrPDI deposited on the ITO electrode exhibits the typical absorption of the perylene unit although the higher absorption band at about 580 nm saturated due to the thickness of the film (Figure 3). The stability of the modified electrodes was investigated by repeated cycles through the reduction and oxidation waves of the perylene. Modified electrodes exhibited an excellent stability toward electrochemical cycling through the two reversible reduction waves (PyrPDI/PyrPDI •-and PyrPDI •-/PyrPDI 2-states). Indeed, after 10 cycles at 50 mV s -1 between -0.60 and -1.5 V, the intensity of the reduction processes remains constant (less than 3% loss of the integrated peaks). PolyPyrPDI films are less stable towards multiple oxidative scans. Typically, 10 successive scans at 50 mVs -1 under the oxidation wave (0 to +1.2 V) result in the loss of about 7-10% of the electroactivty of the film, as estimated from the charge measured under the oxidation wave (Figure 6). Thus it appears that the perylene is more stable at reduced state, even in its double reduction state than in its oxidized state, although the oxidation process appears reversible at the time scale of the cyclic voltammetry. 

Electro-copolymerization of PyrPDI and 1, and electrochemical behavior of the corresponding poly1/PyrPDI modified electrode

Copolymerization was performed from a mixture of the monomers 1 and PyrPDI in of perylene unit comprised between 1.79 x 10 -8 and 2.4 x 10 -8 mol cm -2 ( PyrPDI ) was obtained corresponding to a deposition yield between 14.3 and 19.3 % (Figure 8(A,B)), while for the ITO electrode, for a total charge of 22.1 mC, a  PyrPDI of 1.81 x 10 -8 mol cm -2 , corresponding to a deposition yield of 14.4% was obtained (Figure 8(C)). These values are divided by more than two compared to films electrodeposition from a solution containing only the PyrPDI derivative at 0.5 mM, with the same deposition charge (see above, Figures 456). This result is consistent with the concomitant copolymerization of the monomer 1. By scanning in the anodic potential region, a reversible wave corresponding to the electroactivity of the polypyrrole is observed but the shape is more or less intense depending on the electrodes. Anyway, we have tentatively estimated the amount of polypyrrole immobilized by integration of the polypyrrole oxidation wave by cycling between 0.0 to +0.7 V at a low scan rate (10 mV s -1 ) assuming that one in three pyrrole units is oxidized (Figure 8). 21 However, since a copolymer of 1 and PyrPDI is formed; it is not possible to know if the detected polypyrrole electroactivity is only related to the ammonium of 1 derivative. Although no polypyrrole electroactivity was detected for polyPyrPDI films (see above), we can not exclude that when copolymerized with 1, the electroactivity of PyrPDI can be detected. Thus from this electrochemical method, it is not possible to estimate the amount of ammonium positive charge present in the copolymer films. Anyway, based on the integration of the polypyrrole signal, an apparent surface coverage of polypyrrole comprised between 3.7 x 10 -8 and 7.2 x 10 -8 mol cm -2 ( polypyrrole ) was obtained corresponding to a deposition yield in the range 14.9 -28.6 % (Figure 8(A,B) which is lower than the yield of polypyrrole deposition of poly1 (45-51 %, see Experimental Section and Part I, Chapters 2&3).

The absorption spectrum of the poly1/PyrPDI film deposited on ITO electrode is shown Figure 9. The typical absorption of the PyrPDI film is observed with three maximum at 572 (sh, 543 and 454 nm). 17 No saturation of the band at 580 nm is observed since for the same charge of 22.1 mC, the amount of PyrPDI deposited with the copolymer is lower than that deposited with only PyrPDI (respectively, PyrPDI = 1.81 x 10 -8 and 4.34 x 10 -8 mol cm -2 ) (Figure 9). 

Electrogeneration of Nickel or Cobalt oxide nanoparticles into poly1/PyrPDI copolymer

Before the electrogeneration of the metal oxides in the poly1/PyrPDI deposited on glassy carbon electrodes, the electroactivity of the films has been recorded in aqueous borate buffer solution at pH 9.2. In CH 3 CN, the electroactivity of the perylene in poly1/PyrPDI appears at about -0.98, -0.87 V and +1.08 V vs Ag/AgNO 3 (Figures 4-6 and8). Thus, in water, the corresponding waves should be located at about -0.65, -0.54 and +1.41 V vs Ag/AgCl. By scanning in reduction up to -1.0 or -1.2 V vs Ag/AgCl, the electroactivity of the perylene diimine immobilized appears, at a scan rate of 50 mVs -1 as a single reversible wave in the range E 1/2 = -0.43 to -0.47 V vs Ag/AgCl (E p = 220 to 245 mV), so again a potential positively shifted to the expected one (Figure 10(c) and Figure 11(c)). To avoid the deterioration of the film, we did not cycle in this aqueous medium in the positive region up to +1.4 V in view to observe the oxidation wave of the perylene. Anyway, since the oxidation process to transform M 0 nanoparticles into metal oxide MO x nanoparticles requires cycling between 0 to +1.2 V vs Ag/AgCl, in principle this potential is lower than the oxidation wave of the perylene and will not lead to its deterioration. As we will see below, the potential for the oxidation process of M 0 into MO x has limited to +1.1 V vs Ag/AgCl, as a precautionary measure.

The electrochemical procedures used for the deposition of nickel and cobalt oxide nanoparticles with the poly1/PyrPDI cationic films are similar to those previoulsy employed for the deposition within poly1 films without the perylene derivative (see Part 1, Chapters For comparison with a similar photoanode without SC, a photocurrent density of about 200 μA cm -2 was obtained at +1.1 V vs Ag/AgCl for the ITO/PMPDI/CoO x photoanode developped by Finke and coworkers 10 while ITO/PMPDI produces a photocurrent density of about 10 μA cm -2 (see Part II, Chapter 1). The larger photocurrents obtained in our case for C/poly1/PyrPDI with and without MO x loading is probably the result of the higher nanostructuration and higher amount of active materials deposited on the electrode surface, the PyrPDI dye as well as the MO x water oxidation catalyst.

A measure of the photocurrent density was also performed with the C/poly1/PyrPDI-MO x electrodes and the corresponding electrodes without MO x using 100 s transient illumination at three different applied bias of +0.49 V vs Ag/AgCl (η = 0 V), +0.69 V (η = 0.2 V) and +0.8 V (η = 0.3 V) before and after loading of MO x (Figures 12 and13(b-d)). We chose to limit the anodic potentiel to +0.8 V, since at higher potential, a direct electrocatalytic water oxidation by the MO x catalysts can occur (see Part I, Chapter 2).

At +0.49 V, an identical photocurrent density of 14 μA cm -2 was measured for both anodes, with and without NiO x (Figure 12(b)). At higher bias of 0.69 V, the poly1/PyrPDI and poly1/PyrPDI-NiO x anodes showed photocurrent density of ~42 and 82 μA cm -2 , respectively (Figure 12(c)). Interestingly, when the applied potential further increases to +0.80 V, a large increases of the photocurent density is observed with the poly1/PyrPDI-NiO x anode reaching 750 μAcm -2 while at this potential the photocurrent with poly1/PyrPDI remains close to that obtained at +0.69 V (56 μAcm -2 ) (Figure 12(d)). The significantly higher photocurrent density obtained with poly1/PyrPDI-NiO x (about 13-fold enhancement) is consistent with a catalytic reaction of water oxidation occuring in presence of the NiO x water oxidation catalyst.

However, the production of oxygen should be confirms by oxygen detection experiments. With these C/poly1/PyrPDI-MO x photoanodes, very high photocurent up to 750 μA cm -2 with nickel oxide and up to 375 μA cm -2 with cobalt oxide have been measured under visible light illumination ( = 400 -700 nm) at a moderate overpotential of η = +0.3 V (E = +0.8 V vs Ag/AgCl) along with a relatively good stability over time. These photocurrent density values largely exceed those reached by similar "hydrid" photoanodes combing an organic dye and a metal oxide as catalyst (see Part I, Chapter 1). This can be due to larger amount of dye and catalyst deposited at the electrode surface (not limited to a single monolayer). Besides, the nanostructuration of our materials can also lead to a larger photocurrent. In addition the polymer matrix (polypyrrole film) can play a favorable role for maintaining the integrity of the MO x nanoparticles precluding their corrosion and thus improve the stability of the photoanodes.

Anyway, further experiments have to be performed to confirm the catalytic activity toward water oxidation by the detection of oxygen by gas chromatography and Clark electrode.

Longer term photolysis will also be necessary to evaluate the stability and to measure the faradic yield of oxygen formation. Besides additionnal characterizations of the new photoactive nanocomposite materials have to be completed through deposition on ITO electrodes by different and complementary methods, such as Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), Energy-Dispersive X-Ray Spectroscopy (EDX), X-ray Photoelectron Spectroscopy (XPS), Inductively Coupled Plasma Mass spectrometry (ICP-MS), and High-Resolution Transmission Electron Microscopy (HR-TEM) in order to evaluate the morphology, chemical composition, oxidation state of the metals and the size of the nanoparticles. Finally, the photoanodes described in this chapter need further optimization for instance by the study the effect of the film thickness and dye loading (ratio PyrPDI/1) as well as the amount of MO x loading on the photocatalytic activity. The introduction of a semi-conductor such as TiO 2 deposited onto the ITO (or FTO) surface will be also of important to design DS-PEC that will required lower bias to operate.

General conclusion and perspectives

This thesis work has been devoted to the development of efficient anodes for electrocatalytic water oxidation based on nanocomposite materials in which nickel oxide (NiO x ) or cobalt oxide (CoO x ) nanoparticles have been inserted in a positively charged poly(pyrrole-alkylammonium) film (denoted poly1). These nanocomposite materials have been prepared by an easy all-electrochemical synthesis at the surface of an electrode. These nanocomposite anodes (poly1-NiO x and poly1-CoO x ) and their analogues, in which NiO x or CoO x has been deposited on electrode without poly1 film, have been characterized by various electrochemical, physico-chemical and microscopic techniques.

As observed by TEM, the simple deposit of NiO x on electrode exhibited quite big agglomerated nanoparticles of ca. 100 nm with a large size distribution (± 42 nm), while the poly1-NiO x composite featured small crystalline NiO x particles of 21 nm dispersed in the polymer film with a small size distribution (± 4 nm), which confers a great nanostructuration, a high electroactive surface area and thus high electrocatalytic performance. These nickel oxide particles entrapped within the polypyrrole film, whose nature has been determined by coulometric titration to be -Ni III (O)(OH), exhibits very high mass activity and TOF values for OER at pH 9.2 of 1.12 A mg -1 and 0.17 s -1 at an overpotential of 0.61 V. Under basic conditions at pH 14, the poly1-NiO x nanocomposite anode presents high mass activity and TOF values of 1.28 A mg -1 and 0.19 s -1 at an overpotential of 0.35 V, outperforms the nickelbased anodes of the literature (undoped by Fe) and those using precious metal oxides, such as RuO 2 and IrO 2 .

In contrast to the nickel-based anodes, TEM images revealed similar nanometric sizes of amorphous CoO x particles (31 nm) for the simple deposit and the composite, even if particles within poly1-CoO x are not agglomerated and are well dispersed into the polymer film as previously observed within poly1-NiO x , conferring a high electroactive surface area and thus high OER electrocatalytic performances. These poly1-CoO x displays exceptional mass activity and TOF values for OER at mildly basic pH 9.2 of 2.75 A mg -1 and 0.41 s -1 at an overpotential of 0.61 V, and an unprecedented Tafel slope of 23 mV dec -1 . Under basic conditions at pH 14, the cobalt oxide-polypyrrole nanocomposite electrode, with a high mass activity and TOF values of 4.58 A mg -1 and 0.69 s -1 at an overpotential of 0.35 V, outperforms the poly1-NiO x nanocomposite and the poly1-IrO x anode previously reported by our group.

Otherwise, at mildly basic pH, the cobalt and nickel oxides electrogenerated into polypyrrole-alkylammonium films appeared also more efficient than the cobalt and nickel oxide films electrogenerated on a naked electrode surface (without poly1) by the same electrochemical procedure, highlighting the beneficial role of the polypyrrole matrix in generating small and non-agglomerated metal oxide particles with high OER activity. This very promising way to elaborate nanocomposite material paves the way for the design of new anodes very active for OER by using other earth abundant metals, and also mixed metal oxide nanoparticles such as NiFeO x , known to be highly efficient and stable towards water oxidation (see the perspectives below).

Our strategy has been successfully extended to the design of photoanodes for photocatalytic water oxidation by combining these nanocomposite materials containing a nickel or cobalt oxide with a robust organic dye of the perylene diimine family. Even if further experiments have to be performed in view to optimize these photoanodes, the results already obtained in terms of photocurrents under visible light irradiation are very promising. Indeed, photocurrent as high as 750 μA cm -2 with nickel oxide and 375 μA cm -2 with cobalt oxide have been measured at a moderate overpotential of η = +0.3 V (E = +0.8 V vs Ag/AgCl) along with a relatively good stability over time. These values largely exceed those reached by similar "hydrid" photoanodes combining an organic dye and a metal oxide as catalyst already published. This can be due to a completely different approach that we use to prepare the dye/catalyst assembly than those generally used in literature, leading to a larger amount of dye and catalyst deposited at the electrode surface. In addition, the probable good distribution of the catalyst and dye in the nanocomposite material can promote the electron transfers between both entities. Further experiments have to be performed to characterize this new photoactive nanocomposite material and to confirm the catalytic activity toward water oxidation by the quantification of the oxygen produced.

Perspectives of this thesis work will be to develop and characterize new nanostructured electrode materials for the design of more efficient anodes and photoanodes for the catalytic oxidation of water. An objective will be to improve the efficiency of the poly(pyrrole-alkylammonium)/MO x (M = Ni or Co) anodes developed by doping the metal oxide with a second metal M'. Indeed, as discussed in the first chapter of this thesis, the catalytic performances of certain metal oxides are significantly increased (i.e. decrease of the overpotential and increase of the catalytic current) by the introduction of a second metal or alkaline earth metal in certain proportions, for example 40% of Fe in Ni oxide. The mixed metal oxide active nanoparticles (M(M')O x ) could be electrogenerated in situ following the same strategy used for monometallic MO x from a mixture of anionic metal complexes of the respective metal salt in the positively charge ammonium pyrrole films. With this method, it will be easy to test increasing amounts of M' anionic complex in order to determine the best M/M' ratio leading to the most efficient anodes for water oxidation (overpotential and catalytic current). Another objective will be to develop a new, even simpler and more versatile strategy for the development of these nanomaterials, allowing the direct incorporation of metal cations (Co 2+ , Ni 2+ , Fe 2+ , Mn 2+ ...) without having to generate in solution negatively charged complexes [M(L) x ] n-which can be difficult with some metallic salts. This can be achieved thanks to the use of a negatively charged polymer matrix. In that case, metal oxide active nanoparticles (M(M')O x ) can be electrogenerated in situ by simple oxidation of the metallic cations M n+ dispersed in the negatively charged polymeric matrix, or, if this method is not effective, by reduction in M  (M') 0 and then oxidation to M(M')O x .

Regarding the elaboration of photoanode, to go one step further, it will be important to introduce in the platform of the perylene dye, in addition to the electropolymerizable groups, additional positively or negatively charged substituents. Thus direct incorporation of anionic metal complexes in a positively charged perylene or cationic metal salt in the case of a negatively charged perylene will be possible without resorting to the more complex elaboration of copolymers.

The electroactive materials for photoanodes will be first deposited in a carbon or ITO electrode similarly that for the elaboration of the anode. In a second stage, in view to improve the photocatalytic performances of the photoanodes, DS-PEC will be designed by electrodeposition of a thin layer of a n-type semiconductor like TiO 2 at the surface of the ITO or FTO electrode before the electrogeneration of the nanocomposite materials.

Finally, similar strategies are also envisaged to elaborate (photo)cathodes for hydrogen production (HER reaction). Nickel and cobalt metallic nanoparticles are indeed well-known to be efficient H 2 -evolution catalysts. Other effective HER catalysts like MoS x could be also introduce within a perylene nanocomposite in view to construct a photocathode H 2 production with only earth abundant elements.

-C h e m i c a l s a n d R e a g e n t s

The monomer (3-pyrrole-1-yl-propyl)-triethylammonium tetrafluoroborate, denoted 1 (Scheme S1), was prepared as previously reported. 1 Nickel(II) sulfate hexahydrate (NiSO 4 •6H 2 O, 99% Acros), Cobalt(II) Sulfate (CoSO 4 , Prolabo), sodium oxalate (NaC 2 O 4 , 99% Prolabo), boric acid (H 3 BO 3 , 99.5% Normapur), acetonitrile (Fisher, HPLC grade), sodium sulfate (Na 2 SO 4 , 99% Laurylab), sodium hydroxide (NaOH, 99% Laurylab), potassium hydroxide (KOH, ≥85% Prolabo) and tetra-n-butylammonium perchlorate ([Bu 4 N]ClO 4 , Fluka puriss) were purchased from commercial suppliers. All reagents and solvents were used as received. Distilled water was obtained from an Elga water purification system (milli-Q system, Purelab option, 15.0 MΩ.cm, 24 °C). Scheme S1. Pyrrole-based monomer (1).

-E l e c t r o d e s , E l e c t r o c h e m i c a l C e l l s a n d I n s t r u m e n t a t i o n .

The electrochemical experiments were performed using a conventional three-electrode system. Electroanalytical experiments were performed using a CHI 660B Electrochemical analyser (CH Instruments). Electrosynthesis of nanocomposites and bulk electrolysis were carried out using an EGG PAR Model 273 potensiostat. Potentials were referred to Ag/AgCl The poly1/PyrPDI-MO x electrodes were illuminated at 3 cm of distance with a Xenon lamp (150 W, Hamamatsu L8253, type LC8-0 ) equipped with cut off fi ter or hi h pass fi ter (˂ 400 nm). 15 Abstract:

This thesis is focused on the development of efficient anodes and photonanodes for electrocatalytic and photocatalytic water oxidation based on nanocomposite materials in which nickel or cobalt oxide nanoparticles have been inserted in a positively charged poly(pyrrole-alkylammonium) film.

The nanocomposite anodes exhibit small nanoparticles of nickel or cobalt oxides and high nanostructuration induced by the polypyrrole matrix leading to very high catalytic performance in comparison with bare anodes on which nickel and cobalt oxides have been deposited without polypyrrole. These nanocomposite electrodes outperform the nickel-based anodes of the literature (undoped by iron) and those using precious metal oxides, such as RuO 2 and IrO 2 .

This strategy has been successfully extended to the design of hybrid photoanodes by introducing a perylene diimine chromophore in these nickel or cobalt oxide nanocomposite materials. These photoanodes display very high photocurrent density with nickel oxide and cobalt oxide under visible light illumination along with a relatively good stability over time. These photocurrent density values largely exceed those reached by similar hydrid photoanodes of literature combining an organic dye and a metal oxide as catalyst, demonstrating the great potentialities of our approach to implement (photo)electrochemical cells devoted to water splitting into H 2 and O 2 .

Titre: Matériaux nanocomposites polypyrrole-oxyde métallique pour l'oxydation de l'eau en oxygène par voie électrocatalytique et photocatalytique

Résumé :

Ce mémoire de thèse est consacré au développement d'anodes et de photonanodes efficaces pour l'oxydation électrocatalytique et photocatalytique de l'eau à base de nanocomposites dans lesquels des nanoparticules d'oxyde de nickel ou de cobalt ont été insérées dans un film de poly(pyrrole-alkylammonium) chargé positivement. Les anodes nanocomposites renferment des petites nanoparticules d'oxydes de nickel ou de cobalt avec une excellente nanostructuration induite par le film polypyrrole, et des performances catalytiques très élevées par rapport à des anodes sur lesquelles des oxydes de nickel et de cobalt ont été directement déposés sans polypyrrole. Ces électrodes nanocomposites surpassent les anodes à base de nickel de la littérature (non dopées par du fer) et celles utilisant des oxydes de métaux précieux, tels que RuO 2 et IrO 2 .

Cette stratégie a été étendue avec succès à la conception de photoanodes hybrides en introduisant un chromophore de pérylène diimine dans ces nanocomposites d'oxydes de nickel ou de cobalt. Ces photoanodes présentent une densité de photocourant très élevé avec l'oxyde de nickel et l'oxyde de cobalt sous irradiation dans le visible avec une stabilité relativement bonne dans le temps. Ces valeurs de photocourant dépassent largement celles obtenues par des photoanodes hybrides similaires de la littérature combinant un colorant organique et un oxyde métallique comme catalyseur, démontrant les grandes potentialités de notre approche pour élaborer des cellules (photo)électrochimiques dédiées à la dissociation de l'eau en H 2 et O 2 .
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 231 photoélectrodes, photoanodes et photocathodes sont souvent optimisées séparément et étudiées avec une simple contre-électrode en platine nécessitant l'apport d'électricité pour fonctionner. De nombreuses recherches sont consacrées au développement de photoélectrodes uniquement à base de matériaux semi-conducteurs (SCs), mais elles rencontrent la difficulté d'avoir un SC capable d'absorber efficacement la lumière visible et un niveau d'énergie suffisant pour catalyser l'OER pour les photoanodes et HER pour les photocathodes. Une stratégie pour améliorer l'efficacité de ces PECs à base de SC consiste à découpler les fonctions d'absorption de lumière et catalytiques de l'électrode, en couplant aux SCs un catalyseur OER pour les photoanodes ou HER dans le cas des photocathodes, généralement à base de nanoparticules d'(oxyde) métallique. Une autre stratégie consiste à adsorber un colorant moléculaire ou photosensibilisateur (PS) sur la surface du SC pour étendre l'absorption dans le visible, et également de le coupler à un catalyseur, généralement à base de métal, pour promouvoir la réaction OER (ou HER). Cette approche moléculaire de construction de cellules PEC (ou dyesensitized-PEC (DS-PEC)) pour la dissociation de l'eau est un domaine de recherche émergant inspiré par la technologie des cellules photovoltaïques (cellules solaires sensibilisées aux colorants (DS-SC)). Les catalyseurs OER ou HER sont soit des nanoparticules d'(oxydes) de métaux, soit des complexes de métaux de transition moléculaires liés ou co-adsorbés avec le PS.
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 8 photocourant dépassent largement celles atteintes par des photoanodes "hybrides" similaires combinant un colorant organique et un oxyde métallique comme catalyseur (voir Partie I, Chapitre 1). Cela peut être dû à la plus grande quantité de colorant et de catalyseur déposée à la surface de l'électrode (non limitée à une seule monocouche). Par ailleurs, la nanostructuration de nos matériaux peut également conduire à un photocourant plus important. En outre, la matrice polymère (film de polypyrrole) peut jouer un rôle favorable pour maintenir l'intégrité des nanoparticules d'oxyde métallique empêchant leur corrosion et ainsi améliorant la stabilité des photoanodes.Quoi qu'il en soit, d'autres expériences doivent être effectuées pour confirmer l'activité catalytique pour l'oxydation de l'eau par la détection de l'oxygène libéré par chromatographie en phase gazeuse et électrode de Clark. Une photolyse plus longue sera également nécessaire pour évaluer la stabilité et mesurer le rendement faradique de la formation d'oxygène. Par
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Figure 1 .

 1 Figure 1. Histogramm of the number of articles dedicated to oxygen and hydrogen evolving reaction (OER and HER respectively) since 2005 (Reproduced from Ref 78 , with the permission from the Royal Society of Chemistry, Copyright 2018).

  displays redox signatures of nickel oxide films electrodeposited via 30 cycles at various sweep rates. They showed that the α-Ni II (OH) 2 / -Ni III/IV O(OH) redox transition (according to the Bode's diagram, see below) is observed with a relative fast sweep rate of 50 mV s -1 , while at slower rate of 10-20 mV s -1 cyclic voltammogramms exhibit a mixture of α-Ni II (OH) 2 / -Ni III/IV O(OH) and -Ni II (OH) 2 / -Ni III O(OH). This difference in the oxide composition was ascribed to a dehydration of the oxides occurring at slow sweep rate (i.e. at long experimental timescale) favouring the formation of -Ni II (OH) 2 .

Figure 2 . 7 ) 1 .

 271 Figure 2. Cyclic voltamograms recorded in 1.0 M NaOH at 40 mV s -1 for Au electrode modified with nickel hydroxide films deposited using 30 growth cycles performed at a sweep rate of 10, 20 and 50

Figure 3 .

 3 Figure 3. Simplified hexagonal cluster model of Ni-B i with an average domain size between 2 and 3 nm. Ni ions are shown in green, bridging oxo/hydroxo ligands are shown in red, and nonbridging oxygen ligands, which may include water, hydroxide, or borate, are shown in pale green (reproduced from ref 86 , with the permission from the American Chemical Society, Copyright 2012).

  contrast, SEM images of NiO x -NH 3 and NiO x -aqua present a similar morphology of packed particles of size between 250 and 500 nm, heterogeneously deposited with numerous pinholes. So, NiO x -en film possesses higher electroactive surface area than NiO x -NH 3 and NiO x -aqua, explaining the highest catalytic activity of NiO x -en towards OER. Besides, the great catalytic performance of NiO x -en was attributed to the presence of -NiO(OH) in the film, as supported by XANES and EXAFS measurements, confirming the previous observation of Nocera's group (see above).

Figure 4 .

 4 Figure 4. High (left side) and low (right side) magnification SEM images of NiO x -aqua (A, A-1), NiO x -NH 3 (B, B-1) and NiO x -en (C, C-1) films deposited on FTO electrode. (reproduced from ref 59 , with the permission from the Royal Society of Chemistry, Copyright 2013).
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 1 60 Applying a CPE of 1.10V, depositions of Ni ~ 0.26 mol cm -2 were realized (determined by ICPMS) for the NiO x films derived from the four complexes in NaB i Buffer (pH 9.2) and the latter films have presented almost identical catalytic performances of 1.2-1.3 mA cm -2 at a of 0.6 V, with a Faradaic efficiency of the film of 90% after 2h of operation. During approximately 4h of electrolysis, similar values were obtained in the previous work. The complexes deposited in buffer NaB i and NaOH electrolyte were also studied in 0.NaOH electrolyte by LSV showing an onset potential of 0.63 V vs. Ag/AgCl (~ 0.37 V). The CPE at 0.75 V (= 0.49 V) for the NiO x film in NaOH buffer produces a current density of 1.5-1.6 mA cm -2 at pH 12.9, running during 2 hours. An increase of pH increases the catalytic activity and the onset of catalysis. The catalytic activity was studied also by Tafel plot in NaB i electrolyte, slopes between 100 and 110 mV dec -1 were obtained for all films. The SEM characterization of all films shows homogeneous deposition with well-defined grain boundaries. SWtacn-Bi and SWtacn-OH films present a similar morphology. New SEM images

Figure 5 .

 5 Figure 5. LSVs of NiO x films deposited on FTO electrode obtained from the Ni II complexes of this study (scan rate 1 mV s -1 ) (top) and the corresponding CPEs performed at 1.10 V vs Ag/AgCl (bottom) in 0.6 M NaBi buffer (pH 9.2) (reproduced from ref 60 , with the permission from the Royal Society of Chemistry, Copyright 2013).

  obtained for SWtacn-OH. The IR spectra of [Ni(tacn) 2 ] 2+ and SWtacn-Bi films confirm the deposition of NiO(OH) films. Finally the Raman spectrum of SWtacn-Bi supports the presence of -NiO(OH) phase in the NiO x film. Finally the group of Spiccia 87 studied screen-printed nickel oxide on FTO electrode for water oxidation. They synthesized NiO-MB microballs (0.45 mg cm -2 of Ni content) with spherical morphology (3 m diameter) by thermolysis method and compared the activity with commercial NiO-NP nanoparticles (1.1 mg cm -2 of Ni content). NiO-NP (14.4 mA cm -2 at  of 0.62V) presents higher catalytic activity than NiO-MB (6.4 mA cm -2 at  of 0.62V), but if the current density is scaled to Ni content (i.e. mass activity in mA mg -2 ), NiO-NP (12.5 mA mg -2 at a  of 0.62V) displays lower performance than NiO-MB (15.2 mA mg -2 at  of 0.62V) (Figure 6). This behavior could be ascribed to the fact that NiO-MB is more porous than NiO-NP, and then the Ni centers are more accessible for water oxidation and the mass transport of water substrate and O 2 released is promoted. Otherwise, catalytic current density is improved by 12h of anodization in borate buffer at  of 0.62 V. The morphology of the NiO films was studied by TEM and SEM. The SEM images show differences in morphology of the NiO x films. NiO-MB film looks like thin flakes with a lacelike fine structure; meanwhile NiO-NP film is an agglomeration of nanoparticles (diameter ~ 25 nm). SEM images after 12h of operation show some corrosion for NiO-MB film and no changes for

Figure 6 .

 6 Figure 6. LSVs of (A) fresh NiO-MB (red line), NiO-NP (black line), NiO-NP1 (blue line), anodized NiO-MB (dashed red line), anodized NiO-NP (dashed black line), and NiO-NP1 (dashed blue line) films in 0.60 M NaB i buffer (pH 9.2; scan rate of 20 mV s -1 ). Inset shows CPEs of 12h for NiO-MB, NiO-NP and NiO-NP1 films in 0.60 M NaB i buffer at 1.10 V vs. Ag/AgCl ( = 0.62 V). (B) Data of (A) scaled against Ni content of each film. (reproduced from ref 87 , with the permission from Wiley, Copyright 2015).

Figure 7 .

 7 Figure 7. (a) ORTEP representation of Ni 2 Mo 2 (H atoms are omitted except those of hydroxo groups; (b) Scheme of the OER electrode preparation procedure. FE-SEM images of (c) the as-deposited Ni 2 Mo 2 sample and (d) the catalyst film after preconditioning and 30 min electrolysis in 1 M NaOH at 2 mA cm -2 (scale bar: 500 nm) (reproduced from ref 88 , with the permission from the Royal Society of Chemistry, Copyright 2016).

  cobalt electrodes was attributed to their unique porous structure characterized by an interlaced network of fine and coarse pores (observed by SEM) which confers a high surface area and a very high electrical conductivity of the electrodes. Finally, the electrochemical performance of Co electrodes in this study has been improved (i.e. the OER and HER overpotentials have been reduced) by activating the electrodes via the deposition of nickel cobalt sulfide material by reduction of nickel and cobalt chloride with NaS in water.

Figure 19 .

 19 Figure 19. (A) Cyclic voltammograms of electrode I on Ni substrate (a) and of a bare Ni substrate (b) in 1 M NaOH (scan rate 10 mV s -1 and electrode rotation rate 2000 rpm). (B) Cyclic voltammograms of electrode II on Ni substrate (a) and of a bare Ni substrate at different RTPS times of 5 min (b 1 ) and 60 min (b 2 ) (scan rate 50 mV s -1 and electrode rotation rate 2000 rpm) (reproduced from ref 114 , with the permission from Springer, Copyright 1998).
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 5 the group of Casella 115 were among the first group to investigate the deposition of cobalt oxide on conducting electrode for OER and the oxidation of organic compounds, via the electrodecomposition of a cobalt complex as precursor. The authors prepared cobalt oxide based electrodes (glassy carbon) by potentiostatic electrolysis at constant potential at ca. 0.vs SCE during 1 h or by cyclic voltammetry between 0.4 and 1.1 V (Figure20(a)) in alkaline solution (30 mM NaOH, pH 12.5) and in presence of 6 mM CoCl 2 and 30 mM sodium citrate. The cobalt content deposited on glassy carbon by potentiostatic method was estimated to be between 3 and 18 nmol cm -2 , and it increases with more anodic applied potentials. Basically, during the electrodeposition of cobalt oxide, cobalt(II) citrate complex is oxidized into Co III and Co IV oxide species which are insoluble at pH 12.5 and deposit on electrode. Although the OER catalytic activity of this cobalt oxide is not impressive at pH 12.5 with a catalytic current density lower than 1 mA cm -2 at 0.7 V vs SCE (corresponding to an overpotential of 0.45 V), this study provides a clear insight on the redox behavior of cobalt oxide film in alkaline solution. The cobalt oxide film electrodeposited was characterized by cyclic voltammetry and independently of the electrodeposition method, three redox waves were observed and assigned to the following redox couples: Co(OH) 2 /Co 2 O 3 at 0.08 V vs SCE (Ia/Ic), Co 2 O 3 /CoOOH at 0.3 V (IIa/IIc) and CoOOH/CoO 2 at 0.55 V (IIIa/IIIc, Figure 20(b)).

Figure 20 .

 20 Figure 20. a) Consecutive cyclic voltammograms of cobalt oxide film growth on glassy carbon electrode in a 30 mM NaOH electrolyte in presence of 30 mM sodium citrate and 3 mM CoCl 2 (scan rate 50 mV s -1 ). b) Cyclic voltammograms (30 th cycle) of cobalt oxide film on glassy carbon electrode in a 30 mM NaOH electrolyte (scan rate 50 mV s -1 ) (reproduced from ref 115 , with the permission from Elsevier, Copyright 2002). In 2008, the group of Nocera 31 opened a new area of exploration for the development of inorganic catalyst easy prepared and based on earth abundant elements with a significant OER catalytic activity at neutral pH. They reported an in situ formation of cobalt catalyst for OER prepared by cyclic voltammetry between 0 and 1.4 V vs NHE or by a potentiostatic electrolysis at 1.29 V on ITO (or FTO) electrode using a neutral phosphate buffer (KPi) containing 0.5 mM Co 2+ salts. Indeed, the cyclic voltammogram of 0.5 mM Co(NO 3 ) 2 solution in KPi at pH 7 shows an anodic wave at 1.13 V vs NHE and the onset of a significant OER catalytic wave at 1.23 V (Figure 21(a)), assigned to a dark coating of cobalt catalyst on ITO.

Figure 21 .

 21 Figure 21. a) Cyclic voltammograms on ITO electrode in 0.1 M KPi electrolyte at pH 7 with no Co 2+ ion (black line) and with 0.5 mM Co 2+ (red line). b) Current density in function of time during an electrolysis at 1.29 V vs NHE on ITO electrode in 0.1 M KPi electrolyte at pH 7 in presence of 0.5 mM Co 2+ . (Inset) Current density profile in absence of Co 2+ under similar experimental conditions. C) SEM image of the electrodeposited cobalt film on ITO electrode after 30 C cm -2 were passed in 0.1 M KPi electrolyte at pH 7 in presence of 0.5 mM Co 2+ (reproduced from ref 116 , with the permission from American Association for the Advancement of Science, Copyright 2008).

  on electrode (Figure21(b)). The maximum OER activity was obtained with a film of ca. 2 m of thickness prepared by potentiostatic electrodeposition. The cobalt catalyst film was characterized by SEM exhibiting coalesced particles inside the film and individual microparticles on the surface of the film (Figure21(c)).X-ray diffraction coupled to EDX and XPS analyzes on electrodeposited catalyst film displayed amorphous cobalt oxide or hydroxide with no crystalline phase formation, containing phosphate anions along with a stoichiometric ratio of 2:1:1 for Co:P:K. A Faradaic efficiency closed to 100% and 31 P NMR analyzes showed that the KPi electrolyte is not decomposed after a consistent electrolysis of 45 C demonstrating its robustness under these experimental conditions, and that the cobalt film cleanly oxidizes H 2 O to O 2 at pH 7. The electrodeposited cobalt film presents significant catalytic performance with a current density of 1 mA cm -2 at an overpotential of 0.41 V. The study of Tafel plot at various pHs between 5 and 8 revealed a Nernstian behavior of the cobalt film involving a series of reversible oxidations coupled to deprotonations (or proton-coupled electron transfers, PCET) before the rate determining step of O 2 evolution, whose deprotonation could be ensure by HPO 4 2-anions.

  its structure and valency by in situ X-ray spectroscopy. The Co-Pi prepared by electrodeposition has been obtained with two different thickness: in a thick Co-Pi film synthesized by applying a potential of 1.25 V vs NHE, an average cluster nuclearity of ~ 40-50 nmol Co ions cm -2 was obtained, meanwhile in a thin film deposited at 1.1 V, a lower nuclearity of ~ 3 nmol Co ions cm -2 was achieved. EXAFS characterizations confirmed the presence of bis-oxo/hydroxo-bridged Co subunits inside higher nuclearity clusters in Co-Pi. EXAFS data of Co-Pi of the two samples was compared with the data of Co oxide compounds, and it was proposed a model where the Co oxo/hydroxo clusters have the same structure found in extended planes of cobaltates, CoO(OH), and Co-Pi clusters are composed of edge-sharing CoO 6 octahedra with molecular dimensions (Figure 22). This molecular cobaltate cluster (MCC) can accommodate N values for the nearest Co-Co neighbor vector higher than 4. XANES characterization indicated the Co valence is higher than 3 when water oxidation is catalyzed at 1.25 V vs NHE for both Co-Pi samples. The significant activity suggests that the molecular dimensions of the Co-Pi clusters are may be essential for catalysis and raises the possibility to synthesize mixed-metal oxide clusters with improved catalytic performance. Indeed, Co ions can be replaced for one or more alternative metals as Mn, Ni or Ru, changing the oxidation state versus the potential profile or the M-O bond strengths altering the catalysis rate in view to access more efficient catalyst. The group of Stahl 120 developed original fluoride cobalt catalyst films for electrochemical oxidation of water under non-alkaline conditions. The authors speculated that fluoride cobalt species could be good OER catalysts since fluorocobaltate(III) are known to evolve O 2 and HF from water and F-anions, which are oxidatively robust, could play the role of acidic buffer in water (HF, pKa = 3.17), offering the possibility to perform OER under acidic conditions. The catalyst film was generated on FTO electrode applying a constant potential of 1.48 V vs. NHE at pH 3.5 of F --buffered solution containing 1 mM CoSO 4 . Cyclic voltammogram of the electrodeposited fluoride cobalt film in a fresh F -(0.1 M) buffer devoid of cobalt salt displayed a strong OER catalytic wave around 1.6 V vs NHE (Figure 23A), that gradually diminished after a prolonged electrolysis in 1.0 M fluoride buffer due to the dissolution of the catalytic material. The fluoride cobalt deposit could be more stable and more active during electrocatalysis by adding a low concentration of Co 2+(i.e. 0.1-1 mM) in the electrolyte along with 1 M fluoride (Figure23B). Under these experimental conditions, a stable oxygen evolution was obtained with a faradaic yield of O 2 superior to 95%. The current passed is directly proportional to the concentration of fluoride or cobalt salt, less current passes at lower concentration of F -or Co2+ . SEM characterization showed a layer of fused spheroidal nodules (Figure23C), and XPS analysis indicated the presence of cobalt, oxygen and fluorine with a ratio CoO 6.3±0.4 F 0.29±0.04 and CoO 6.7±0.3 F 0.37±0.14 for a sample deposited from 0.1 and 1.0 M F -, respectively. Besides, XPS data are consistent with a hydrated cobalt oxohydroxide containing Co 2+ and Co 3+ , which also suggests a mixture of oxides (CoO and Co 3 O 4 ). Tafel plot of fluoride cobalt film was performed on fluoride and phosphate (Pi) electrolytes at 0.1 and 1.0 M. At 1.0 M F -, a linear Tafel-like correlation was observed, whereas at 1.0 M Pi a marked decrease of current density and nonlinear correlation

Figure 22 .

 22 Figure 22. Edge-sharing molecular cobaltate cluster (MCC) model for Co-Pi surface. Bridging oxo/hydroxo ligands are in red and non bridging oxygen ligands (i.e. water, hydroxide, phosphate) are in pink (reproduced from ref 119 , with the permission from the American Chemical Society, Copyright 2010).

Figure 23 .

 23 Figure 23. (A) Cyclic voltammograms recorded at pH 3.5 with solutions of CoSO 4 (1 mM) and KF (0.1 M and 1.0 M, scans b and c, respectively) or with a KF (0.1 M) solution without cobalt salt (scan a). Inset: Cyclic voltammogram of an electrodeposited fluoride cobalt on FTO electrode recorded at pH 3.5 in a fresh KF (0.1 M) solution without CoSO 4 . (B) Potentiostatic electrolysis performed with an electrodeposited fluoride cobalt electrode at 1.6 V vs NHE in an electrolyte containing 1.0 M KF with and without 1 mM CoSO 4 (traces a and b, respectively), and 0.1 M KF with and without 1 mM CoSO 4 (traces c and d, respectively). The initial pH was 3.7 and cobalt catalyst was deposited on FTO electrode. (C) SEM image of the fluoride cobalt film deposited on FTO with 0.5 M KF (reproduced from ref 120 , with the permission from Wiley, Copyright 2010) In a consecutive work, Stahl and coworkers 121 undertook a meticulous and complex mechanistic investigation of water oxidation electrocatalyzed by cobalt oxide-based material in aqueous solution with different buffer electrolytes with pHs between 0 and 14. The authors mentioned in first place that cobalt based electrocatalysts reported in literature commonly follow three distinct behaviors in function of pH of the solution: with a pH above 5.5, cobalt catalyst films are stable and long electrolysis with stable catalytic current density could be performed without need of additional Co 2+ salt in electrolyte; at pHs between 3 and 5.5, the cobalt oxide films are in dynamic equilibrium between Co 2+ salts soluble in electrolyte and insoluble CoO x deposited on electrode; at a pH below 3, CoO x is soluble in electrolyte and heterogeneous coating is absent at the surface of electrode during OER electrolysis. Based on these observations, Stahl and coworkers 121 carried out different Tafel plots of cobalt oxide electrodes with various electrolytes and at various pHs (Table 1). The examination of the Tafel data reveals two different regimes for catalytic activity. Above pH 4.0, cobalt oxide electrodes possess a low Tafel slope of 50-70 mV dec -1 independent of pH and electrolyte nature, which is coherent with the OER activity of heterogeneous CoO x catalysts. At pH 2.0 and below, CoO x films deposited on electrode quickly dissolve and exhibit high values of Tafel slope above 110 mV dec -1 . At the intermediate pH 3.4 in 0.1 M fluoride buffer, the two regimes are observed with two different Tafel slopes of 60 and 113 mV dec -1 respectively at low and high overpotential, indicating a change at this pH in the nature of catalyst (heterogeneous vs homogeneous) and the rate-determining step of OER.

*

  CoO x films formed in situ were then electrolyzed in the same electrolyte buffer, either with or without cobalt solution. Films formed ex-situ were prepared by Noufi's 122 method in 0.1 M F -at pH 3.4 and at current densities greater than the break in the slope with 0.1 M fluoride, where the CoO x is unstable.Stahl and coworkers 121 also performed cyclic voltammograms of CoO x deposited on FTO at various pHs and electrolytes (Figure24(A)), whose the number and the potential value of the redox processes are pH-dependent. Above pH 8.0, two redox couples are observed, while at pHs 3.0-8.0, only one redox couple appears below the OER catalytic wave. Note that at pH ca. 3.0 and below, only the catalytic wave along with a broad cathodic peak is present in the cyclic voltammograms and no heterogeneous coating appears on electrode. The midpoint potentials of quasi-reversible redox processes (i.e. their half-wave potentials) and the catalytic waves were plotted in function of pH values to build a Pourbaix diagram that matches well with a Pourbaix diagram derived from literature free energies of formation for cobalt aquo/hydroxide/oxide species (Figure24(B)). The correlation between both diagrams allows assigning all redox processes observed in the previous cyclic voltammograms recorded at various pHs (Figure24(A)), giving precious information on the in-situ electroformation of CoO x from Co 2+ salts and on the nature of active forms of CoO x during OER. This electrochemical study was completed by an EPR analysis that characterized only the paramagnetic species of the CoO x based electrodes, such the Co II and Co IV salts. The EPR investigation confirmed the assignment of the redox couples recorded in the cyclic voltammograms and indicated that, during OER process, several Co IV sites are generated within the catalyst stemming from various coordination spheres of cobalt and/or the formation of an oxygen-centered radical.

Figure 24 .

 24 Figure 24. (A) Cyclic voltammograms (CVs) of CoO x deposited on FTO electrodes realized at 1 mV s -1 in buffering electrolyte at indicated pH: (a) pH 13 hydroxide, (b) pH 11.6 vanadate, (c) pH 10.3 carbonate, (d) pH 9.2 borate, (e) pH 8.0 methylphosphonate, (f) pH 7.0 phosphate, (g) pH 6.3 trifluoromethylsulfonamide (vertical scale reduced 10x) and (h) pH 4.8 fluorophosphate. CVs recorded in electrolyte of 0.5 mM CoSO 4 at indicated pH: (i) pH 3.4 fluoride, (j) pH 2.1 phosphate, (k) pH 2.0 sulfate and (l) pH 2.0 blank without Co 2+ salt. Black dots mark the midpoints of the quasireversible redox processes. Potentials are referenced versus NHE and currents are vertically offset for visibility. (B) Pourbaix diagram showing the pH/potential characteristics of the precatalytic features evident in CVs, shown in A, obtained from CoO x in diverse buffering electrolytes. Symbols denote the following redox features: ◼, potential at which the catalytic wave in the CV is equal in magnitude to the anodic prefeature; ◆, position of the midpoint potential for the first quasi-reversible wave; ▲, position of the midpoint potential for the second quasi-reversible wave; and •, position of the midpoint potential in cases where only a single prefeature is observed. Solid red lines show the pH/potential equilibria of soluble and insoluble cobalt oxide and hydroxide species shown in black with [Co 2+ ] = 10 -7 M from data in ref 123 dashed lines indicate equilibria for species shown in gray calculated from experimental data (reproduced from ref 121 , with the permission from the American Chemical Society, Copyright 2011).From all characterizations cited above, Stahl and coworkers 121 proposed a layered structure model for cobalt oxide catalysts and a set of mechanism for electrochemical water oxidation in acid, neutral and alkaline electrolytes with electrodeposited CoO x films, also with homogeneous cobalt electrocatalyst for water oxidation reaction (Figure25). The authors claimed that a layered double hydroxide (LDH) structure for the CoO x films is quite consistent with their pH dependence of their quasi-reversible curves in cyclic voltammograms, giving a Pourbaix diagram for a family of cobalt-based layered materials very similar to the classic Pourbaix diagram of cobalt (Figure24). Below pH 3, production of H 2 O 2 by homogeneous catalyst is observed, above pH 3 a CoO x film is formed from the aqueous solution of Co 2+ in buffering electrolyte by applying an oxidizing potential to the

  (A)). At pH 3-4, the increase of Tafel slope indicates the limit between heterogeneous cobalt oxide catalysts and homogeneous cobalt catalyst. At high value of Tafel slope, the oxygen production decreases and the cobalt film detaches from the electrode during long electrolysis. As illustrated in the Pourbaix diagram (Figure 24(B)), from pH ~8.0-9.5 the oxidation of aqueous Co II produces a heterogeneous Co III (O)OH species corresponding to a 3H + /e -process (1→2→3 in Figure 25(A)). Under mildly acidic to neutral conditions (i.e. pH ~3-8), the Co(O)OH species is thermodynamically unstable, hence the oxidation of Co II affords deposition of Co III/IV species (4 in Figure 25(A)), process associated with a 7H + /3e - trend. Meanwhile under basic conditions (pH ~10-12), the oxidation of the heterogeneous Co II (OH) 2 (2) follows a stepwise process (2→3→4 in Figure 25(A)) with low oxidation potentials. Hence the species 4 is deprotonated and the formation mechanism of CoO x at oxidizing potentials suggests a "self-healing" nature. Tafel plots at pH ~ 3.5-14 present a similar Tafel slope of ~ 60 mV dec -1 , that is associated with multistep electrochemical processes whose the mechanism would involve one electrochemical pre-equilibrium step preceding a rate-limiting chemical step. According to this mechanism, pre-equilibrium oxidation of 4 achieves a reactive CoO 2 -type intermediate 5 which can undergo the ratelimiting O-O bond formation (Figure 25(A)). Below pH 3, CoO x deposit is not observed on electrode and a Tafel slope of ~ 120 mV dec -1 was determined, corresponding to a mechanism with a rate-limiting one-electron transfer without electrochemical pre-equilibria. The Pourbaix diagram of cobalt at pH below 3 is coherent with a non redox adsorption/deprotonation equilibrium, 1 2 (step 1 in Figure 25(B)). Oxidation of Co II (steps 2) corresponds to the rate-limiting one-electron process. Under acidic conditions, the absence of base to withdraw protons after oxidation of Co(O)OH intermediate (3) inhibits the formation of Co III/IV oxide. Instead, oxidation of 3 produces Co IV species (7 in Figure 25(B)) which dissolves from the electrode surface. Then oxygen evolution occurs through the generation and subsequent disproportionation of H 2 O 2 (step 8).In summary, the electrokinetic studies highlighted the existence of two possible interrelated OER mechanisms occurring respectively at pHs below and above 3.5.

Figure 25 .

 25 Figure 25. (A) Deposition of CoO x and CoO x -catalyzed water oxidation under mildly-acidic to basic conditions with buffering electrolytes. (B) Deposition of CoO x and CoO x -catalyzed water oxidation under acidic conditions with buffering electrolytes. Cobalt oxide intermediates shown are shorthand for adsorbed sites on the electrode surface or a layered double-hydroxide material. Oxo species are depicted schematically and may have significant O-centered radical character and/or a bond order lower than 2. Step 6 is a composite of several rapid reactions that take place after the rate-limiting step (or rate-determining step, RDS) (reproduced from ref 121 , with the permission from the American Chemical Society, Copyright 2011).Cyclic voltammetry and electron paramagnetic resonance (EPR) spectroscopy allowed the identification of cobalt salts and their oxidation states inside CoO x films at various pHs and electrochemical potentials, and also the oxidation states of the intermediates involved in the OER mechanism. The pH dependence of the electrochemical features recorded in voltammograms provided a basis to build a Pourbaix diagram that mirrors a Pourbaix diagram derived from thermodynamic free energies of formation for various heterogeneous cobalt catalysts. This study, considered in its entirety, provided a basis for understanding the structure, the stability and catalytic activity of heterogeneous cobalt electrocatalysts devoted to OER.

  (f)) but the composition of Co-P evolved to a simple mixture of metallic cobalt and cobalt phosphide known to be efficient HER catalysts; cobalt phosphate being dissolved in solution under cathodic conditions. After OER electrocatalysis, SEM and XPS on a post-OER Co-P film indicated a new morphology with large nanoparticle aggregates (Figure 26(g)) along with a partial oxidation of Co-P to Co 3 O 4 and cobalt phosphate, which are among the best OER cobalt-based catalysts.

Figure 26 .

 26 Figure 26. (a) LSV curves of Co-P (red), Pt-C (blue) and blank Cu foil (black) in 1 M KOH at a scan rate 2 mV s -1 and rotating rate of 2000 rpm (Inset: expanded region around the onsets of the LSV curves). (b) Long-term potentiostatic electrolysis of Co-P (solid) and blank Cu foil (dotted) in 1 M KOH at overpotential of -107 mV (Inset: the corresponding current in function of time of Co-P (bottom trace) and blank Cu foil (top trace) during electrolysis at  -107 mV). (c) LSV curves of Co-P (red), IrO 2 (blue) and blank Cu foil (black) in 1 M KOH at a scan rate 2 mV s -1 and rotating rate of 2000 rpm (Inset: expanded region around the onsets of the LSV curves). (d) Long-term potentiostatic electrolysis of Co-P (solid) and blank Cu foil (dotted) in 1 M KOH at overpotential of 343 mV (Inset: the corresponding current in function of time of Co-P (solid) and blank Cu foil (dotted) during electrolysis at  343 mV). SEM images of (e) an as-prepared Co-P film (Inset: Cross section of a Co-P film; scale bar is 5 µm), (f) a Co-P film after a HER electrolysis of 2h at  -107 mV and (g) a Co-P film after an OER electrolysis of 2h at  343 mV (reproduced from ref 48, with the permission from Wiley, Copyright 2015).

A

  large number of heterogeneous cobalt based catalysts has been investigated for water oxidation and most of them possess a specific cobalt local environment with an octahedral geometry (O h ), as it was observed by the group of Nocera 119 (see above) for the amorphous Co-Pi. In spite of the fact that the coordination sphere and the electronic structure of the metal within the catalyst have a strong influence on its OER activity, there is no systematic work studying the correlation between the local Co coordination and the water oxidation performance. The

Figure 27 .

 27 Figure 27. (a) Crystal structure and cobalt crystal field of Na 2 CoP 2 O 7 catalyst. The cobalt atoms, phosphate units and Na atoms are depicted in blue, grey and yellow respectively. (b) Cyclic voltammograms (CVs) of Na 2 CoP 2 O 7 , Li 2 CoP 2 O 7 , NaCoPO 4 and LiCoPO 4 after the 1 st and 100 th cycle from 0.7 to 1.5 V vs NHE. The thermodynamic potential for OER at pH 7.0 is positioned at 0.816 V vs NHE. (c) Potentiostatic electrolysis at 1.4 V vs NHE with Na 2 CoP 2 O 7 , Li 2 CoP 2 O 7 , NaCoPO 4 and LiCoPO 4 catalyst. Electrochemical measurements were performed with cobalt catalysts deposited on ITO electrode in sodium phosphate buffer (pH 7.0) (reproduced from ref 124 , with the permission from Macmillan, Copyright 2015).

  offers a new strategy to improve the OER performance of cobalt oxide-based catalysts, via the use of nanocarbon composite, to design highly efficient and stable anodes for water splitting application.

Figure 28 .

 28 Figure 28. (a) SEM images of Co 3 O 4 /rGO nanocomposite. (b) LSV curves of Co 3 O 4 nanosheets (red), Co 3 O 4 /rGO (blue), Co 3 O 4 /CNTs (green), Co 3 O 4 /CS (orange) and IrO 2 /C (black) (scan rate 5 mV s -1 ). (c) Tafel plots of Co 3 O 4 nanosheets (red), Co 3 O 4 /rGO (blue), Co 3 O 4 /CNTs (green) and Co 3 O 4 /CS (orange). Electrochemical measurements were performed with cobalt/nanocarbon composite catalysts deposited on carbon-fiber paper electrode in 1 M KOH buffer (pH 14.0) (reproduced from ref 128 , with the permission from Wiley, Copyright 2017).

Scheme 1 .

 1 Scheme 1. General Strategy for the Electrosynthesis of Poly(Pyrrole-alkylammonium)/NiO x Composite Film Modified Electrodes a

Figure 1 .

 1 Figure 1. Deposition of a poly1 film on a C disc electrode (3 mm diameter), charge passed 4.0 mC at +0.95 V vs Ag/AgNO 3 in a 4.0 mM solution of 1 in CH 3 CN with 0.1 M [Bu 4 N]ClO 4 .

Figure 2 .

 2 Figure 2. Three successive scans between 0 and +0.7 V of the C/poly1 modified electrode ( N + = 1.2 x 10 -7 mol cm -2 ) in CH 3 CN with 0.1 M [Bu 4 N]ClO 4 ; scan rate of 10 mV s -1 .

Figure 3 .

 3 Figure 3. Nickel deposition (E appl = -1.4 V, Q deposition = 4 mC) on C ( Ni = 1.2 x 10 -8 mol cm -2 ) and C/poly1 ( N + = 1.2 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in 1 mM NiSO 4 , 5 mM Na 2 C 2 O 4 , 0.1 M Na 2 SO 4 , 0.1 M H 3 BO 3 .

Figure 4 .

 4 Figure 4. Cyclic voltammetry recorded at C (black line) and C/poly1 ( N + = 1.1 x 10 -7 mol cm -2 ) (red line) electrodes (3 mm of diameter) in an aqueous solution (pH 6) of 1 mM NiSO 4 , 5 mM NaC 2 O 4 , 0.1 M Na 2 SO 4 and 0.1 M H 3 BO 3 ; The C/poly1 electrode was dipped in the aforementioned aqueous solution during 1h before the cyclic voltammetry experiment.

  On the reverse scan, in the anodic part, two successive irreversible redox processes are observed at +1.28 and +1.82 V for C (+1.19 and +1.64 V for C/poly1) which are respectively attributed to the oxidation of oxalate anions and the reoxidation of Ni 0 deposited at the electrode surface to

  Figure 6(A), the NiO x formation is not observed by successive scans between 0 and +0.95 V of a C/poly1-Ni 0 electrode and only the polypyrrole oxidation and overoxidation are observable on the first scan. The NiO x formation is only effective by scanning up to +1.20 V as shown by the appearance and the progressive increase of the characteristic Ni II (OH) 2 /Ni III (O)(OH) redox process 1 (Figure6(B)). The growth of the NiO x redox process is stopped (Figure6(C)), if the oxidation potential of further scans is restricted to +0.95 V, confirming the need to sweep above +0.95 V to generate NiO x . Basically, the sequential three-electrons oxidation of Ni 0 to Ni 3+ that takes place above +0.95 V is followed by the formation of nickel(III) oxy-hydroxide species (Ni III (O)(OH)) in basic medium.28 The overall

Figure 5 .and 1 .

 51 Figure 5. Electro-induced generation of NiO x from Ni 0 by repeated cyclic votammetry (CV) scans (50 scans; scan rate of 50 mV s -1 ) in a aqueous 0.1 M borate buffer solution (pH 9.2) at (A) C/poly1-Ni 0 electrode ( N + = 1.1 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ), (B) C/Ni 0 electrode ( Ni = 1.2 x 10 -8 mol cm -2 ) and (C) overlay of 50 th scans of the C/poly1-Ni 0 (red) and C/Ni 0 (blue) electrodes (in black, the electroactivity of a naked C electrode of 3 mm diameter). The loading of nickel (i.e. the surface of coverage of Ni, denoted  Ni ) on the C/poly1 and C electrodes and their associated Ni deposition yield were quantified by ICP-MS after complete dissolution of the poly1-NiO x and NiO x films in acidic aqueous solution (5 mL) containing HNO 3 (0.45 M) (Table 1, see the Experimental Section). The complete dissolution of the film is verify by the disappearance of the Ni II (OH) 2 /Ni III (O)(OH) redox couple in the cyclic voltammograms after films dissolution. With a charge of 4 mC passed for nickel deposition, the Ni loading on the C/poly1 and C electrodes was estimated to be 3.32 x 10 -8 (± 0.19 x 10 -8 )

Figure 6 . 2 E

 62 Figure 6. Cyclic voltammograms recorded at a C/poly1-Ni 0 ( N + = 1.1 x 10 -7 mol cm -2 ,  Ni = 3.2 x 10 -8mol cm -2 ) electrode (3 mm of diameter) in an aqueous 0.1 M borate buffer solution (pH 9.2), scan rate of 50 mV s -1 : (A) 5 successive scans between 0 and +0.95 V vs Ag/AgCl, followed by (B) 5 scans between 0 and +1.2 V and then by (C) 5 scans between 0 and +0.95 V.

Figure 7 .

 7 Figure 7. Electrochemical double-layer capacitance measurements: Cyclic voltammograms recorded at the (A) C/poly1-NiO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) and (B) C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in an aqueous 0.1 M borate buffer solution (pH 9.2); the scans were recorded between -0.10 and +0.10 V vs Ag/AgCl with the scan rate of 10, 50, 100, 150 and 200 mV s -1 . (C) The cathodic and anodic current densities at 0 V vs Ag/AgCl plotted as function of scan rate for the C/poly1-NiO x (red) and C/NiO x (black) electrodes.This confirms that the C/poly1-NiO x electrode has a higher electroactive surface than the C/NiO x electrode. The capacitance values determined from cyclic voltammograms are not absolute values and should be used with great care when they are compared to other catalytic

Figure 8 .

 8 Figure 8. AFM images in peak force mode of (A) ITO coated with NiO x (28 mC used for deposition of Ni 0 ); (B) ITO coated with poly1-NiO x nanocomposite (28 mC used for deposition of poly1 and for subsequent deposition of Ni 0 ); (C) and (D) exhibit section analysis of ITO/NiO x and ITO/poly1-NiO x shown respectively in (A) and (B).

Figure 9 .

 9 Figure 9. TEM images (scale bar: 100 nm) of (A) NiO x (28 mC used for Ni 0 deposition on ITO) and (B) poly1-NiO x nanocomposite (28 mC used for deposition of poly1 and for subsequent deposition of Ni 0 on ITO) scratched off from an ITO plate and deposited on a carbon-coated Cu-grid. (C) SAED pattern of NiO x nanoparticules within the poly1-NiO x nanocomposite shown in (B). Analyses performed in Chile by Mr. Ricardo Oliva.

Figure 10 .

 10 Figure 10. Linear sweep voltammograms recorded at (A) C/poly1-NiO x ( N + = 1.1 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) and (B) C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in an aqueous solution at pH 9.2 (0.1 M H 3 BO 3 and 0.05 M NaOH), 13 (0.1 M KOH) and 14 (1.0 M KOH); Scan rate of 50 mV s -1 .
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Figure 12 .

 12 Figure 12. Tafel plot recorded at a C/poly1-NiO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) (red) and C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) (black) electrodes (3 mm of diameter) in 0.1 M aqueous borate buffer solution (pH 9.2).

Figure 13 .Figure 14 .

 1314 Figure 13. Cyclic voltammograms recorded at a C/poly1-NiO x ( N + = 1.1 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) electrode (3 mm of diameter) in an aqueous solution at pH 13 (black, 0.1 M KOH) and 14 (red, 1.0 M KOH); Scan rate of 50 mV s -1 .
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1 .

 1 s . In this work, we synthesized by an electrochemical procedure nanocomposite electrode materials composed of CoO x particles entrapped into a poly(pyrrole-alkylammonium) thin film coated onto C or ITO electrodes. A three-step electrochemical procedure is used here to prepare the C or ITO/poly1-CoOx modified electrodes depicted in Scheme 1. The C/poly1 electrodes were first prepared by electropolymerization of the pyrrole ammonium monomer 1 (4 mM) at a controlled-oxidation potential of +0.95 V vs Ag/AgNO 3 in acetonitrile (Scheme 1 and Figure 1, Part I: Chapter 2). The surface coverage in ammonium units  N + (mol cm -2 ), i.e. the quantity of pyrrole units deposited on C electrode (0.071 cm 2 ), was quantified electrochemically by integration of the polypyrrole reversible wave (Figure 2, Part I: Chapter 2).  N + values ranging from 1.10 x 10 -7 to 1.30 x 10 -7 mol cm -2 were obtained when a 4 mC anodic charge was used for the polymerization of Because the cationic polymeric film poly1 has an excellent ion-exchange properties, this film was used like matrix, and was loaded with the anionic cobalt oxalate complex, [Co(C 2 O 4 ) 2 ] 2- generated in situfrom an aqueous borate buffer (0.1 M) solution at pH 6 containing 4 mM of CoSO 4 and 20 mM NaC 2 O 4 . In a third step, an efficient generation of Co 0 particles inside a poly1 film was achieved by electroreduction of the [Co(C 2 O 4 ) 2 ] 2-loaded in the film at a controlled-potential of -1.3 V vs Ag/AgCl in the cobalt oxalate solution. Indeed, about 130

  precipitation of Co 0 (iv) air oxidation of Co 0 to CoO x C or ITO/poly1 C or ITO/poly1-CoO x C or ITO/poly1-Co 0 a (i) Formation of poly1 by oxidative electropolymerization of monomer 1 (4 mM) at E app = +0.95 V vs Ag/AgNO 3 in CH 3 CN, 0.1 M [Bu 4 N]ClO 4 ; (ii) incorporation of [Co(C 2 O 4 ) 2 ] 2-into poly1 upon soaking during 1h in an aqueous solution (pH 6) of 4 mM CoSO 4 , 20 mM NaC 2 O 4 , 0.1 M Na 2 SO 4 and 0.1 M H 3 BO 3 ; (iii) electroprecipitation of Co 0 within poly1 at E app = -1.3 V vs Ag/AgCl in the previously mentioned aqueous solution of cobalt oxalate; (iv) air oxidation of Co 0 to CoO x in an aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH.

Figure 1 .

 1 Figure 1. Cobalt deposition (E appl = -1.3 V, Q deposition = 4 mC) on C ( Co = 5.32 x 10 -8 mol cm -2 ) and C/poly1 ( N + = 1.2 x 10 -7 mol cm -2 ,  Co = 1.82 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in 4 mM CoSO 4 , 20 mM Na 2 C 2 O 4 , 0.1 M Na 2 SO 4 , 0.1 M H 3 BO 3 .

Figure 2 .

 2 Figure 2. Cyclic voltammetry recorded at C (black line) and C/poly1 ( N + = 1.2 x 10 -7 mol cm -2 ) (red line) electrodes (3 mm of diameter) in an aqueous solution (pH 6) of 4 mM CoSO 4 , 20 mM NaC 2 O 4 , 0.1 M Na 2 SO 4 and 0.1 M H 3 BO 3 ; The C/poly1 electrode was dipped in the aforementioned aqueous solution during 1h before the cyclic voltammetry experiment.

Figure 3 .

 3 Figure 3. Electro-induced generation of CoO x from Co 0 by repeated cyclic votammetry (CV) scans (5 scans; scan rate of 50 mV s -1 ) in an aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH at a (A) C/poly1-CoO x electrode ( N + = 1.2 x 10 -7 mol cm -2 ,  Co = 2.29 x 10 -8 mol cm -2 ) (5 consecutive scans), (B) zoom for Co II( OH)/Co III (O)(OH) redox process, and at a (C) C/CoO x electrode ( Co = 6.33 x 10 -8 mol cm -2 ), and (D) overlay of 5 th scans of the C/poly1-Co 0 (black) and C/Co 0 (red) electrodes (in blue, the electroactivity of a naked C electrode of 3 mm diameter).

Figure 4 .

 4 Figure 4. Diagram of Pourbaix for cobalt in aqueous solution. Green lines represent the borders of thermodynamic stability of the various species. Dissolved species are considered as having an activity of 1.Red dashed lines mark the region of water stability, the lower line corresponding to the hydrogen evolution reaction and the upper line to the oxygen evolution reaction. The vertical magenta line is drawn at pH = 1.6 as a guide to the eye.17 

Figure 5 .

 5 Figure 5. Cyclic voltammograms recorded at the (A) C/poly1-CoO x (Г N+ = 1.2 x 10 -7 mol cm -2 , Г Co = 2.29x 10 -8 mol cm -2 ) and (B) C/CoO x (Г Co = 6.33 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in an aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH; the scans were recorded between -0.10 and 0.10 V vs Ag/AgCl with the following scan rate of 10, 50, 100, 150 and 200 mV s -1 . (C) The cathodic and anodic current density at 0 V vs Ag/AgCl plotted as function of scan rate the C/poly1-CoO x (black) and C/CoO x (red) electrodes.

Figure 6 .

 6 Figure 6. AFM 3D profiles and respective images in peak force mode of (A, B) ITO coated with CoO x (57 mC used for deposition of Co 0 ); (D, E) ITO coated with poly1-CoO x nanocomposite (57 mC used for deposition of poly1 and for subsequent deposition of Co 0 ); (C) and (F) exhibit section analysis of ITO/CoO x and C/poly1-CoO x shown respectively in (B) and (E).

Figure 7 .

 7 Figure 7. SEM images of poly1-CoO x nanocomposite, deposition of 57 mC of poly1 and Co 0 , respectively on ITO electrode, 1 cm -2 , (A) scale 500 µm, (B) scale 50 µm, and (C) scale 3µm.

Figure 8 .

 8 Figure 8. SEM images of CoO x , 57 mC of Co 0 deposition on ITO electrode, 1cm -2 , (D) scale 10 µm, and (E) scale 4 µm.

Figure 9 .

 9 Figure 9. TEM images of (A) ITO/CoO x , 57 mC of Co 0 deposition, scale 100 nm, (B) ITO/poly1-CoO x nanocomposite, 57 mC of poly1 and Co 0 , respectively, scale 200 nm. (C) SAED pattern of CoO x nanoparticules within poly1-CoO x nanocomposite shown in (B).

Figure 10 .

 10 Figure 10. Linear sweep voltammetry recorded at (A) C/poly1-CoO x (Г N+ = 1.2 x 10 -7 mol cm -2 , Г Co = 2.29 x 10 -8 mol cm -2 ) and (B) C/CoO x (Г Co = 6.33 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in an aqueous solution at pH 9.2 (0.1 M H 3 BO 3 and 0.05 M NaOH), 13 (0.1 M KOH) and 14 (1 M KOH); Scan rate of 50 mV s -1 .

  and 0.46 V at 10 mA cm -2 respectively for C/poly1-CoO x and C/CoO x . The mass activity and TOF values of C/poly1-CoO x and C/CoO x follow the same trend with the highest values

Figure 11 .

 11 Figure 11. Cyclic voltammograms recorded at a C/poly1-CoO x (Г N+ = 1.2 x 10 -7 mol cm -2 , Г Co = 2.29 x 10 -8 mol cm -2 ) electrode (3 mm of diameter) in an aqueous solution at pH 13 (black, 0.1 M KOH) and 14 (red, 1.0 M KOH); Scan rate of 50 mV s -1 .

1. 3 Figure 12 .

 312 Figure 12. Chronoamperograms recorded at a C/poly1-CoO x (Г N + = 1.2 x 10 -7 mol cm -2 , Г Co = 2.29 x 10 -8 mol cm -2 ) and C/CoO x (Г Co = 6.33 x 10 -8 mol cm -2 ) electrodes (3 mm of diameter) in an aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH, at constant potential of +1.2 V vs Ag/AgCl.

1 Figure 13 .

 113 Figure 13. Tafel plot recorded for C/poly1-CoO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Co = 2.29 x 10 -8 mol cm -2 ) (red) and C/CoO x ( Co = 6.33 x 10 -8 mol cm -2 ) (black) electrodes (3 mm of diameter) in an aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH; Scan rate of 50 mV s -1 .
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 1233132341 photoanodes and HER for photocathodes. The most investigated materials for such photoanodes are transition metal oxide SCs as TiO 2 , WO 3 , BiVO 4 and Fe 2 O 3 .2,3 Oxynitrides photoanodes as TaON, LaTiO 2 N and SrNbO 2 N have been also used because such materials offer an alternative for visible light absorption. A strategy to improve the efficiency for these SCs based PECs is to decouple the light absorption and catalytic functions of the electrode,3 

Figure 1 .

 1 Figure 1. Electrochemical potential diagrams for a water-splitting dye-sensitized solar cell (DS-SC) (reproduced from ref 5 with the permission from Elsevier, Copyright 2017)

Figure 2 .

 2 Figure 2. (A) Schematic representation of water splitting dye sensitized solar cell developed by Mallouk and coworkers 10 based on a hydrid photoanode FTO/TiO 2 /Ru-IrO 2• nH 2 O nanoparticles. (B) Corresponding steady-state photocurrent in function of the applied potential and transient photocurrent recorded at 0 mV vs Ag/AgCl in function of time (inset) in an aqueous buffered solution at pH 5.75 (reproduced from ref 10 , with the permission from the American Chemical Society, Copyright 2009).

mediator and to 2 -

 2 carboxyethylphosphonic acid (CEPA) which is also used as anchoring molecule onto the TiO 2 SC electrode. An extra step in the usual preparation of the nanoparticles was added to include the CEPA in view to link them easily to the TiO 2 . Characterization by UV-visible spectroscopy of CEPA capped IrO x with and without the BIP electron mediator, 1-IrOx•nH 2 O (CEPA-capped IrO x and of 2-IrO x •nH 2 O (BIP-and CEPA-capped IrO x ), respectively showed a broad absorbance at 580 nm, typical of Ir(IV) oxide nanoparticles. TEM characterization showed irregular nanoparticles of 2 nm for both, 1-IrOx•nH 2 O and 2-IrOx•nH 2 O. By contrast to the previous photoanode developed by this group, 10 the functionalized IrO x nanoparticles are coadsorbed onto TiO 2 electrode with the ruthenium polypyridyl sensitizer, that possess in this case three bipyridine ligands substituted by one phosphonate group (3P-Ru) (Figure 3(A)).

Figure 3 .

 3 Figure 3. (A) Schematic representation of the electron transfer reactions in the mediator-based, dyesensitized FTO/TiO 2 photoanode developed by Mallouk and coworkers 11 showing the molecular structures of Benzimidazole-phenol (BIP) mediator, 3P-Ru dye and 2-carboxyethylphosphonic acid (CEPA) anchoring group. (B) Corresponding steady-state photocurrent density in function of the anode potential for coadsorbed 3P-Ru and 1-IrO x •nH 2 O or 2-IrO x •nH 2 O in an aqueous buffered solution at pH 5.8 (reproduced from ref 11 , with the permission from the National Academy of Sciences of the United states of America, Copyright 2012).

  faradaic efficiency for oxygen evolution ≥ 85% was obtained by Clark electrode measurements for both 1-IrOx•nH 2 O and 2-IrOx•nH 2 O. One drawback of the coadsorption showed in Figure3, is the absence of control of the juxtaposition of the sensitizer and BIPcatalyst onto the TiO 2 surface. The electron transfer rate between the BIP mediator and 3P-Ru dye is thus not well controlled, due to the fact that both molecules were separetely adsorbed onto the TiO 2 electrode surface.11 By contrast to these two reported examples of photoanodes made of ruthenium dyes and iridium oxide nanoparticles as water oxidation catalyst,10,11 Na and co-workers13 developed sensitized ruthenium TiO 2 photoanodes using an earth abundant metal oxide as water oxidation catalyst, consisting of functionnalized cobalt oxide nanoparticles (Co 3 O 4 ) (Figure 4(A)). In this work, a new strategy to introduce nanoparticles water oxidation catalyst within dye sensitized photoelectrochemical cell for water splitting was investigated. Indeed, nanoparticles of Co 3 O 4 were first synthetized and subsequently modified by 3aminopropyltriethoxysilane (APTES). Then, the functionnalized Co 3 O 4 were integrated to ruthenium dye sensitized (RuP) photoelectrode by a fast Schiff base reaction. The Ru dye was first adsorbed onto mesoporous TiO 2 via two phosphonate groups of one bipyridine ligand.

Figure 4 .

 4 Figure 4. (A) Schematic representation of the hybrid photoanode developed by Na and coworkers 13 based on a FTO/RuP/Co 3 O 4 . (B) Corresponding transient photocurrent in a phosphate buffer solution at pH 6.8 at different bias vs Ag/AgCl in function of the time (reproduced from ref 13 , with the permission from Elsevier, Copyright 2016).

Figure 4 (

 4 Figure 4(B) displays the photocurrent density in function of time under visible light irradiation (400 nm) at pH 6.8 in a phosphate buffer solution. The inset shows that the optimum bias applied is +0.3 V vs Ag/AgCl (η = -0.33 V) producing a transient photocurrent density of 135 A cm -2 , decreasing to 50 A cm -2 . Irradiation of the TiO/RuP electrode without cobalt catalyst produces a photocurrent density less than 15A cm -2 due to a fast

  studied the photoxidation of water to oxygen using a hybrid photoanode of TiO 2 -Polyheptazine (TiO 2 -PH) with photodeposited Co-Pi (CoO x ) cocatalyst under visible light irradiation (Figure 5(A)).

Figure 5 .

 5 Figure 5. (A) Schematic representation of the hybrid photoelectrode developed by Beranek and coworkers 14 based on a layer of nanocrystalline TiO 2 powder pressed onto an ITO electrode, sintered, with subsequent modified by polyheptazine (PH) and loaded with a of Co-Pi cocatalyst. (B) Corresponding transient photocurrent density measured at TiO 2 -PH photoelectrodes with and whithout Co-Pi, under intermittent irradiation at = 450 nm (5 s light, 5 s dark), at cathodic potential sweep of 5 mV s -1 in a deaerated phosphate buffer at pH 7 (reproduced from ref 14 , with the permission from Wiley, Copyright 2012).

22 Figure 6 .

 226 photoelectrochemically deposited in view to improve water oxidation by applying a potential

Figure 6 (

 6 B) shows the linear sweep voltammetry of the ITO/PMPDI electrode with and without CoO x , and of the ITO bare, under on-off cycles of light irradiation. The oxidation of water was confirmed by the direct detection of O 2 obtained with a bias of +900 mV vs Ag/AgCl, which corresponds to a faradaic efficiency of 80 ± 15%. The quantum efficiency for water oxidation was ~1%. Almost none photocurrent was measured for bare ITO and relatively small photocurrents for ITO/PMPDI (<10 A cm -2 ) (Figure 6(B)).

Figure 7 .

 7 Figure 7. (A) Schematical representation of the hybrid photonaode developed by Finke and coworkers 16 based on a FTO/SnO 2 /PMPDI/CoO x nanoparticles (red arrows correspond to recombination). (B) Corresponding transient photocurrent density in function of the applied potential for FTO/SnO 2 /PMPDI anode before (solid line) and after (dashed line) photoelectrochemical deposition of CoO x under intermittent irradiation (5 s white light transients), at cathodic potential sweep of 10 mV s -1 in a deaerated phosphate buffer at pH 7. Estimated energy diagram for the MOx/PMPDI/CoO x system at pH 7 (C) (reproduced from ref 16 , with the permission from the American Chemical Society, Copyright 2017).Thus, the CoO x water oxidation catalyst was then deposited photoelectrochemically on the SnO 2 substrate (Figure7(A)), following a similar photoelectrochemical procedure used in their previous work (see above) except that a lower potential is applied in present of SnO 2 (+0.2 V vs Ag/AgCl). This potential is not enough positive to directly oxidize the Co(II) but sufficiently positive for the SnO 2 E CB to collect photoinjected electrons. Unfortunately, the transient photocurrent density measured with the FTO/SnO 2 /PMPDI/CoO x photoanode (~ 10 A cm -2 (between +0.2 and +0.9 V vs Ag/AgCl (η = -0.27 to +0.18 V)) at pH 7 decreases by a factor of 2-3 compared ot that obtained without CoO x deposition (40A cm -2 that decreases to 20A cm -2 over 5 min), and this corresponds to a faradaic yield of ~ 31%. This yield is lower than of their previous ITO/PMPDI/CoO x photoanode15 due to enhance charge recombination between CoO x more likely deposited directly at the SnO 2 surface and photoinjected electrons in SnO 2 (Figure7(A)). Since O 2 was detected only with CoO x , the origin of photocurrent with FTO/SnO 2 /PMPDI could result for partial decomposition of the dye, oxidation of water to H 2 O 2 and/or of impurities species in solution.

This SnO 2 /

 2 photocurrent at a bias of +0.5 V in aqueous solution at pH 3, which increases in the order, a < b < c < d < e (type a, without IrO 2 ), consistent with electron transfer to the photogenerated oxidized state of the dye (PDI-N + ) from IrO 2 , which in turn catalyzes water oxidation (Figure8(A)). The transient photocurrent density under on-off illumination as shown in Figure 8(B) can reached ~ 200 A cm 2 , at a potential close to +0.5 V vs SCE (0.55 V vs Ag/AgCl, η = -0.3 V), for the best electrodes (type c and d), which corresponds to an enhancement of about 4-fold compared to without IrO 2 (type a). The enhancement in photoanodic current is due to an hole transfer from oxidized dye to IrO 2 with a rate around microsecond. As observed in Figure 8(B), the transient photocurrents rapidly decreases due to recombination processes and competition of hole transfer with the electrolyte. The charge kinetic transfer at 430 nm, was studied demonstrating that the codeposition of IrO 2 reduces the lifetime of the photoxidized sensitizer on WO 3 surface at 0.5 s. The latter hole transfer kinetics to IrO 2 occurs at the same time scale of the electron recapture by PDI-N + , and follows a first order with a constant rate of 0.95 x 10 6 s -1 .

Figure 8 .

 8 Figure 8. (A) Hybrid photonaodes developed by Bignozzi and coworkers 17 based on a FTO/WO 3 /PDI-N-IrO x nanoparticles. (B) Corresponding transient photocurrent in function of the applied potential for electrodes a-e, with irradiation visible light at 435 nm cut off in aqueous 0.1M NaClO 4 solution pH 3. Electrodes with different deposition method of IrO 2 NPs on 1/WO 3 : a-whitout IrO 2 NPs, b-drop casting, c-spin coating, d-spin coating and drying with warm air, and e-soaking (reproduced from ref 17 , with the permission from the American Chemical Society, Copyright 2015).

Figure 9 .

 9 Figure 9. (A) Hybrid photonaodes developed by Sivula and coworkers 18 based on a FTO/BBL/TiO 2 /Ni-Co nanoparticles (BBL = poly(benzimidazobenzophenanthroline)). (B) Corresponding transient photocurrent density in function of the applied potential for spray deposited film of BBL (230 nm thickness), before and after TiO 2 deposition, and after catalyst codeposition in aqueous phosphate buffer at pH 7 (reproduced from ref 18 , with the permission from the American Chemical Society, Copyright 2015).

  photocurrent of analogous [Ru(bpy) 2 (4,4'-(PO 3 H 2 )(bpy))], under visible irradiation (>410 nm) although these latter are not active under red illumination. Although the hole transport and injection of porphyrin sensitizers are poor compared to ruthenium polypyridyl sensitizers, back electron transfer recombination are much slower with porphyrin sensitizers.

Figure 10 .

 10 Figure 10. (A) Hybrid photonaode developed by Mallouk and coworkers 19 based on a TiO 2 /porphyrin /IrO 2 nanoparticles; the five steps of electron transfer process in such water-splitting DS-PEC are: (i) injection, (ii) recombination, (iii) hole transfer, (iv) regeneration of oxidized sensitizer, and (v) transport to the fluorine-doped tin oxide anode. (B) Representative photocurrent density and integrated charge in function of time for a DMEP sensitized electrode under illumination at  ≥ 410 nm in phosphate buffer at pH 6.8 under an applied potentiel of E = +0.1 V vs Ag/AgCl (reproduced from ref 19 , with the permission from the the National Academy of Sciences of the United states of America, Copyright 2015).

  synthesize a derivative with electropolymerizable pyrrole substituents. The perylene diimide (PDI) derivative with two pyrrole susbtituents and four bulky tert-butylphenoxy groups in 3, 4, 9, and 10 positions of the perylene core (PyrPDI = N,N'-Bis(3-pyrrol-1-ylpropyl)-1,6,7,12-tetrakis(4-tert-butyl-phenoxy)perylene-Scheme 1. Representation of PyrPDI.

Figure 1 .

 1 Figure 1. Cyclic voltammograms recorded at a C electrode (3 mm of diameter) of PyrPDI (0.5 mM) in a solution of CH 3 CN/CH 2 Cl 2 (1/1) + 0.05 M [Bu 4 N]ClO 4 ; scan rate 50 mVs -1 .

  These absorption features are typical of PDI derivatives

Figure 2 .

 2 Figure 2. UV-Visible absorption spectrum of a solution of PyrPDI (0.5 mM) in CH 3 CN/CH 2 Cl 2 (1/1) containing 0.05 M [Bu 4 N]ClO 4 , l = 1 mm.

  have shown that PyrPDI could be electrodeposited by scanning at potential between 0 and +1.2 V vs Ag/AgNO 3 in CH 2 Cl 2 /CH 3 CN (1/2 in volume) containing 0.1 M M [Bu 4 N]PF 6 leading to an adherent red film at the surface of glassy carbon (C) or indium tin oxide electrodes (ITO) electrodes. The expected reversible system between 0 and about +0.7 V corresponding to the electroactivity of the polypyrrole was not observed and the resulting red film exhibited only the electroactivity of the PyrPDI, i. e. the two successive reversible reduction waves and the reversible oxidation wave. However, in contrast to the monomer PyrPDI, the film was found to be insoluble in CH 2 Cl 2 attesting its polymeric nature. In this work, we have performed electropolymerization of PyrPDI (0.5 mM) in CH 3 CN/CH 2 Cl 2 (1/1 in volume) containing 0.05 M [Bu 4 N]ClO 4 from a 0.5 mM solution of PyrPDI by applied potential of +0.95 V vs Ag/AgNO 3 . Typically, the anodic charge used for the polymerization is 4 and 22.1 mC for C and ITO electrodes, respectively, both corresponding to 0.056 C cm -2 since the surfaces of the C and ITO electrodes are 0.071 cm 2

Figure 3 .

 3 Figure 3. UV-Visible absorption spectrum of an polyPyrPDI film deposited on an ITO electrode (surface of 0.4 cm 2 ) (Г PyrPDI = 4.34 x 10 -8 mol cm -2 ).

Figure 5 .

 5 Figure 5. Cyclic voltammetry curves of an ITO/polyPyrPDI film (surface of 0.4 cm 2 ) in CH 3 CN/CH 2 Cl 2 (1/1) solution, with 0.05 M [Bu 4 N]ClO 4 ( PyrPDI = 4.34 x 10 -8 mol cm -2 , Q a = 3.33 x 10 -3 C and Q c = 3.37 x 10 -3 C, respectively by scanning at 10 mV s -1 ) prepared by electrolysis at E = +0.95 V vs Ag/AgNO 3 (22.1 mC) from a solution of PyrPDI (0.5 mM) in CH 3 CN/CH 2 Cl 2 , 0.05 M [Bu 4 N]ClO 4 ion; scan rate of 10 mV s -1 . Electropolymerization yield, 35%.

Figure 6 .

 6 Figure 6. Cyclic voltammetry curves of an C/polyPyrPDI film (3 mm diameter) in CH 3 CN/CH 2 Cl 2 (1/1) solution, with 0.05 M [Bu 4 N]ClO 4 ( PyrPDI = 3.37 x 10 -8 mol cm -2 , Q a = 4.57 x 10 -4 C and Q c = 4.68 x 10 -4 C, respectively by scanning at 50 mV s -1 ) prepared by electrolysis at E = +0.95 V vs Ag/AgNO 3 (4 mC) from a solution of of PyrPDI (0.5 mM) in CH 3 CN/CH 2 Cl 2 , 0.05 M [Bu 4 N]ClO 4 ion; scan rate of 50 mV s -1 . Electropolymerization yield, 27%.

CH 3

 3 CN/CH 2 Cl 2 (1/1 in volume), 0.05 M [Bu 4 N]ClO 4 at a controlled potential of +0.95 V vs Ag/AgNO 3 on C and ITO electrodes. The copolymerization was performed with PyrPDI at 0.5 mM and 1 at 1 mM (ratio 0.5:1).

Figure 7

 7 Figure 7 displays the cyclic voltammogram of the resulting solution which corresponds to the superimposition of the electroactivity of both monomers in their respective proportion. In reduction, as expected, only the two reversible reduction waves of the perylene are observed. Besides, in oxidation, the very intense irrerversible oxidation wave observed corresponds both to the reversible oxidation of the perylene core and of the irreversible oxidation of the pyrrole units of PyrPDI and of the pyrrole-alkylammonium monomer 1, leading to the concomittant polymerization of the pyrrole units of both 1 and PyrPDI to form the resulting modified electrode C or ITOpoly1/PyrPDI.

Figure 7 .

 7 Figure 7. Cyclic voltammetry recorded at C electrode (3 mm of diameter) in a solution of CH 3 CN/CH 2 Cl 2 , 0.05 M [Bu 4 N]ClO 4 containing of PyrPDI (0.5 mM) and 1 (1 mM); scan rate 50 mVs -1 .Poly1/PyrPDI copolymer films were deposited on a series of seven glassy carbon electrodes and one ITO electrode. Figure8exhibits the electroactivity of the resulting poly1/PyrPDI

Figure 9 .

 9 Figure 9. UV-Visible absorption spectrum of an poly1/PyrPDI film deposited on an ITO electrode (surface of 0.4 cm 2 ) ( PyrPDI = 1.81 x 10 -8 mol cm -2 ).

Figure 10 .

 10 Figure 10. (a) Electrogeneration of Ni 0 nanoparticles by reduction at E appl = -1.4 V vs Ag/AgCl (Q = 4 mC) in a C/poly1/PyrPDI film ( PyrPDI = 1.79 x 10 -8 mol cm -2 ,  polypyrrole = 7.2 x 10 -8 mol cm -2 ) (3 mm of diameter) in an aqueous borate solution (pH 6) of 1 mM NiSO 4 , 5 mM Na 2 C 2 O 4 , 0.1 M Na 2 SO 4 ), 0.1 M H 3 BO 3 (the electrode was soaked for 1 hour in the solution before the reduction process). (b) Electrochemical generation of NiO x from Ni 0 by 50 consecutive scans in an aqueous borate buffer solution (pH 9.2), 0.1 M H 3 BO 3 , 0.1M Na 2 SO 4 and 0.05M NaOH solution. (c) Cyclic voltammograms between 0 and -1.0 V showing the electroactivity of the perylene of the corresponding modified

Figure 11 .

 11 Figure 11. (a) Electrogeneration of Co 0 nanoparticles by reduction at E appl = -1.3 V vs Ag/AgCl (Q = 4 mC) in a C/poly1/PyrPDI film ( PyrPDI = 2.2 x 10 -8 mol cm -2 ,  polypyrrole = 4.1 x 10 -8 mol cm -2 ) (3 mm of diameter) in an aqueous borate solution (pH 6) of 4 mM CoSO 4 , 20 mM Na 2 C 2 O 4 , 0.1 M Na 2 SO 4 ), 0.1 M H 3 BO 3 , (the electrode was soaked for 1 hour in the solution before the reduction process). (b) Electrochemical generation of CoO x from Co 0 by 5 consecutive scans in an aqueous borate buffer solution (pH 9.2), 0.1 M H 3 BO 3 , 0.1M Na 2 SO 4 and 0.05M NaOH solution. (c) Cyclic voltammograms between 0 and -1.2 V showing the electroactivity of perylene of the corresponding modified electrode, C/poly1/PyrPDI (green), after electrogeneration of Co 0 (red) and after oxidation of Co 0 into CoO x , in the 0.1 M borate solution (pH 9.2), scan rate 50 mV s -1 .

2 . 3 . 3 .

 233 (c)). Since a large amount of the perylene dye is maintained after the deposition of the MO x nanoparticles within the poly1/PyrPDI copolymer films, we have investigated the photoelectrochemical activity of these electrodes under light irradiation. Photoelectrochemical activity for water oxidation with C/poly1/PyrPDI-MO x photoanodes (M = Ni and Co) The photoelectrocatalytic performances of the C/poly1/PyrPDI-MO x photonanodes were first investigated by slow linear sweep voltammetry from 0 to +1.1 V vs Ag/AgCl under visible light ( = 400 -700 nm) in 0.1 M borate buffer at pH 9.2 (Figures 12(a) and 13(a), for M = Niand Co, respectively). These performances were also compared with the same electrodes before the deposition of MOx. A positive photocurrent starts to be produced at potential more positive than +0.6 V vs Ag/AgCl for the C/poly1/PyrPDI-MO x electrodes and drastically increases to reach very high value at +1.1 V. Indeed, at this potential, a photocurrent density high as 7400 μA cm -2 is measured for the poly1/PyrPDI-NiO x electrode when the same electrode without MO x produces only 280 μA cm -2 (Figure12(a)). For the poly1/PyrPDI-CoO x electrode, although lower, the photocurrent reaches 1650 μA cm -2 to be compared to 290 μA cm -2 for the same electrode without CoO x nanoparticles (Figure13(a)).

Figure 12 . 2 E

 122 Figure 12. (a) Linear sweep voltammograms from 0.0 to +1.1 V after ON-OFF cycles of visible-light irradiation ( = 400 -700 nm) in an aqueous borate buffer, 0.1M Na 2 SO 4 , 0.05 M NaOH, 0.1 M H 3 BO 3 (pH 9.2) of a C/poly1/PyrPDI electrode ( PyrPDI = 1.79 x 10 -8 mol cm -2 ,  polypyrrole = 7.2 x 10 -8 mol cm -2 ) (black), and under the same conditions after introduction of the nickel oxide, C/poly1/PyrPDI-NiO x (red) electrode. The scan rate is 2 mV s -1 , lighting ON/OFF cycles of 40 sec each were applied. (b-d) Chronoamperogramms after ON-OFF cycles of visible-light irradiation ( = 400 -700 nm) of the same modified electrode under an applied potential of +0.49 V (b), +0.69 V (c) and +0.8 V vs Ag/AgCl (d), lighting ON/OFF cycles of 100 sec.

Figure 13 .

 13 Figure 13. (a) Linear sweep voltammograms from 0.0 to +1.1 V after ON-OFF cycles of visible-light irradiation ( = 400 -700 nm) in an aqueous borate buffer, 0.1M Na 2 SO 4 , 0.05 M NaOH, 0.1M H 3 BO 3 (pH 9.2) of a C/poly1/PyrPDI electrode ( PyrPDI = 2.2 x 10 -8 mol cm -2 ,  polypyrrole = 4.1 x 10 -8 mol cm -2 ) (black), and under the same conditions after introduction of the cobalt oxide, C/poly1/PyrPDI-CoO x (red) electrode. The scan rate is 2 mV s -1 , lighting ON/OFF cycles of 40 sec each were applied. (b-d) Chronoamperogramms after ON-OFF cycles of visible-light irradiation ( = 400 -700 nm) of the same modified electrode under an applied potential of +0.49 V (b), +0.69 V (c) and +0.8 V vs Ag/AgCl (d), lighting ON/OFF cycles of 100 sec.

  ConclusionsIn this chapter hybrid photoanodes associating a perylene chromophore and a nickel or cobalt oxide as water oxidation catalysts have been elaborated. A neutral perylene diimine derivative having a high oxidation potential (+1.3 V vs Ag/AgCl) and two electropolymerizable pyrrole groups (PyrPDI) has been copolymerized with the cationic alkylammonium pyrrole monomer 1 already employed in the first part of this thesis (Part1, Chapters 2&3) to elaborate NiO x and CoO x anodes for water oxidation. The positive charge brought by the ammonium units have allowed the successful incorporation of NiO x and CoO x in the poly1/PyrPDI films deposited at the surface of carbon electrodes without significant deterioration of the perylene dye. The presence of MO x within the films has been confirmed by electrochemical measurements. Ni and Co loadings were also estimated by ICP-MS experiments and for the same charge of deposition (4 mC), the amount of deposited Ni and Co corresponds to about 80-83 % of that deposited into C/poly1 films without perylene dye (see part I, Chapters 2&3).

( 3 M

 3 KCl in water) or Ag/AgNO 3 (10 mM AgNO 3 in CH 3 CN + 0.1 M [Bu 4 N]ClO 4 ) references electrodes in aqueous and acetonitrile solutions, respectively. Potentials referred to the Ag/AgCl (3 M KCl) system can be converted to the reversible hydrogen electrode (RHE) 2 according to the Nernst equation S1: 199 V vs NHE at 25°C and NHE is the normal hydrogen electrode. Potentials referred to the Ag/AgNO 3 reference electrode can be converted to Ag/AgCl (3 M KCl) by adding 330 mV.For analytical experiments and films deposition of poly1-M 0 (M = Ni or Co), or for direct deposition of M 0 , glassy carbon working electrodes (denoted C, 3 mm in diameter corresponding to a surface of 0.071 cm 2 ) were used. These electrodes were polished with 1 µm diamond paste before coating. Films of poly1-M 0 , or direct deposition of Ni 0 or Co 0 were also deposited onto indium tin oxide-coated glass electrodes (ITO of 0.4, 0.5 and 1 cm 2 , 30 Ohms, from Solems) for microscopy characterization. For electrodeposition of poly1-Ni 0 or poly1-Co 0 , or direct deposition of Ni 0 or Co 0 and the subsequent oxidation of Ni 0 to NiO x or Co 0 to CoO x , the auxi iary e ectrode was either a p atinum p ate (≈ 2 cm -2 ) for the C working electrode or a circular platinum grid in the case of the ITO working electrode. All experiments were performed at room temperature under argon atmosphere. The overpotential () applied to the working electrode for performing water oxidation was calculated from the following equation S2:H -1.2 (S2)where 1.23 V is standard potential of water oxidation reaction at pH 0.

3 . P r e p a r a t i o n o f t h e N a n o c o m p o s i t e F i l m M o d i f i e d E l e c t r o d e s . 3 . 1 . E l e c t r o s y n t h e s i s o f P o l y ( p y r r o l e -a l k y l a m m o n i u m ) F i l m M o d i f i e d E l e c t r o d e s .1 3 . I r r a d i a t i o n L a m p f o r P h o t o e l e c t r o c a t a l y s i s .

 31s3 Polymer films (denoted poly1) were deposited either on C or ITO electrodes, by potentiostatic oxidative electropolymerization at E app = +0.95 V vs Ag/AgNO 3 for C and +1.1 V for ITO from a 4 mM solution of 1 in CH 3 CN containing [Bu 4 N]ClO 4 (0.1 M) as supporting electrolyte, without stirring. The polymerization of 1 was monitored through the anodic charge recorded during electrolysis (see figure1, chapter II). Typically, the anodic charge used for polymerization of 1 is 4 and 28 mC, for nickel experiments and 4 and 57 mC for cobalt, for C and ITO electrodes, respectively, both corresponding to 0.056 C cm -2 . The amount of pyrrole units in the films and thus, the apparent surface coverage in ammonium units  N + (mol cm -2 ) were determined by the integration of the polypyrrole oxidation wave by cycling between 0.0 to +0.7 V (vs Ag/AgNO 3 ) at a low scan rate (10 mV s -1 ) assuming that one in three pyrrole units is oxidized,3 after transfer of the poly1 modified electrodes into a CH 3 CN solution containing only 0.1 M [Bu 4 N]ClO 4 (see figure2, chapter II). The charge obtained from this integration (denoted Q exp ), is used to calculate the quantity of poly1 (q exp expressed in mol) deposited on C electrode following the equation S3:Germany) operating at an accelerating voltage of 2 kV. The samples of poly1-CoO x and CoO x were taken from ITO/poly1-CoO x and ITO/CoO x electrodes (previously prepared for AFM, see above). The ITO electrode was placed directly under the microscope.

  

  

  Dans le contexte énergétique actuel, l'hydrogène moléculaire (H 2 ) est considéré comme un vecteur d'énergie propre attrayant et une excellente alternative aux combustibles fossiles. Les combustibles fossiles, comme le charbon, le pétrole et le gaz naturel, sont limités et, même si les prévisions d'approvisionnement varient considérablement, il est clair que nos technologies doivent utiliser d'autres sources d'énergie abondantes et idéalement illimitées. Par ailleurs, bien que 1 kg d'hydrogène génère trois fois plus d'énergie que 1 kg d'essence ce qui fait de H 2 le carburant du futur, il n'y a pas de réserve naturelle de H 2 sur terre et il ne peut être obtenu facilement à partir de l'eau et nécessite un apport supplémentaire d'énergie. De nos jours,

95% de l'hydrogène moléculaire est produit à partir de combustibles fossiles par divers procédés industriels (par exemple la gazéification du charbon et le vaporeformage du méthane) qui nécessitent des températures et des pressions élevées, et génèrent du dioxyde de carbone.

  the group of Nocera studied a catalyst of nickel-borate (Ni-B i ) for oxygen evolution at near-neutral pH 9.2. They electrodeposited nickel oxyhydroxide (i.e. NiO(OH)) from Ni 2+ in a borate buffer solution pH 9.2 by cyclic voltammetry on glassy carbon of 0.07 cm -2 . From the charge integration of the anodic peak of Ni(OH) 2 /NiO(OH), the surface density was determined to be approximately 5

	measurements reveal that nickel within anodized films displays an average oxidation state of
	+3.6, ascribe to a -NiO(OH) phase with a large proportion of Ni IV , while the Ni oxidation
	state in nonactivated films is 3.16 corresponding to -NiO(OH) which essentially contains
	Ni III . The average of Ni oxidation state within activated and nonactivated films was also
	Ni atoms/25 Å 2 , corresponding to a monolayer coverage of catalyst with an integrated charge confirmed by coulometric titration coupled to ICPMS measurements (Inductively Coupled
	of ~ 300 µC cm -2 . The authors demonstrated that film formation and catalysis do not occur in Plasma Mass Spectrometry). From the structural parameters extracted from EXAFS data of
	absence of B i electrolyte, suggesting that the presence of a proton-accepting electrolyte is anodized films, the authors proposed that Ni IV atoms are connected by bis-oxo/hydroxo
	important for facilitating the film electrodeposition and the catalytic oxygen evolution. Ni-B i bridges within sheets of edge-sharing NiO 6 octahedra highly ordered, as usually observed in
	exhibits an interesting catalytic performance of 1 mA cm -2 at overpotential of ~425 mV at pH -NiO(OH), with a domain size of c.a. 2 nm (Figure
	9.2, along with quantitative faradaic yield for OER and a high stability under electrocatalytic
	conditions with no corrosion in water. In order to study the morphology of the catalytic
	material, thicker films of Ni-B i were prepared on fluorine tin oxide (FTO) electrodes
	(thickness of 3-4m) passing 10 C cm -2 at 1.3 V vs. NHE. The scanning electron microscopy
	(SEM) and powder X-ray diffraction (XRD) of Ni-B i showed its amorphous nature. From the
	elemental analysis of the dry film, its composition was determined to be
	Ni III O(OH) 2/3 (H 2 BO 3 ) 1/3 •1.5 H 2 O, which is undoubtedly quite different from that of the wet
	catalyst under operational conditions. This confirms that the catalytic material is composed of
	nickel oxyhydroxide associated with borate anions. To further characterize its catalytic
	activity, a Tafel Plot was performed on FTO/Ni-B i with current densities between 1 mA cm -2
	and 7 A cm -2 giving a slope of ~59 mV dec -1 . It is important to mention that, for obtaining
	reproducible values of Tafel slope, the anode underwent a preelectrolysis over 12h at a current
	density of ~1 mA cm -2 . Conversely, electrodes with freshly prepared Ni-B i without
	preconditioning exhibit Tafel slopes around 120 mV dec -1 , while nickel oxide based anodes of
	literature present values between 40 and 80 mV dec -1 . Finally the electrodeposited film shows
	a high stability to cathodic bias after 100 scans by cycling voltammetry, suggesting that the
	Ni-B i catalyst film may also present O 2 reduction activity.
	In a following work, 86 Nocera and coworkers showed that the catalytic performance of Na-B i
	can be significantly improved by an anodic activation of the film via an electrolysis at 1.1 V
	vs NHE in a borate buffered aqueous solution at pH 9.2, inducing a change of structure and
	oxidation state of catalyst. To have a clearer insight on the nature of Na-B i film after its
	anodization and during OER catalysis, the authors studied these changes by in situ X-ray
	absorption spectroscopy (XAS), such as in situ X-ray absorption near-edge structure
	(XANES) and extended X-ray absorption fine structure (EXAFS). The XANES

  2+ with NaB i buffer are abbreviated as tacn-Bi, SWtacn-Bi, NiO x -aqua and cyclen-Bi, meanwhile the film deposited from [Ni(tacn) 2 ] 2+ in NaOH electrolyte is abbreviated as SWtacn-OH.

	solution. Films deposited from [Ni(tacn)(OH 2 ) 3 ] 2+ , [Ni(tacn) 2 ] 2+ , [Ni(OH 2 ) 6 ] 2+ and
	[Ni(cyclen)(OH) 2 ]

3 -Cobalt Oxide as Electrocatalytic Material for Water Oxidation

  Yan, 100 Shao 101 and Cao, 102 to name a few, explored

	different strategies to improve the OER performance of these LDHs by controlling either their
	composition (e.g. varying the content of cation inside the layered structure), the catalyst size
	(e.g. with nanocrystals), or the catalyst shape (e.g. with nanolayers, nanoplatelet arrays,
	interconnected nanoribbons). Many efforts have to be done to further improve the catalytic
	activity of this LDH, but among all OER catalysts reported since few years, mixed NiFeO x
	with its high activity (low OER overpotential and low Tafel slope) and its high stability under
	electrocatalysis conditions, is the most promising.
	As nickel oxide, cobalt oxide has also been extensively studied to promote electrocatalytic
	water oxidation reaction. The OER activity of cobalt oxide is known since the end of the 60's
	via an US patent of Suzuki and co-workers, 103 and was investigated in detail only at the
	beginning of the 80's by the groups of Shafirovich, 104 Burke, 105 Bockris, 106,107 Noufi 108 and
	Tseung. 109,110 Since these pioneer works, few studies appeared in the 90's but cobalt oxide and
	more generally OER catalysts based on cobalt materials knew a renewed interest in 2008 with
	the works of Nocera and co-workers. 31 They reported an efficient inorganic cobalt OER
	catalyst electrodeposited from Co 2+ ions in phosphate buffer, which opened the way of the use
	of OER electrocatalysts devoid of rare metals at neutral and near neutral pH (9.2) in
	appropriate buffer solution (see below). Cobalt oxides developed for OER in literature are
	amorphous or crystalline of spinel type (Co 3 O 4 , NiCo 2 O 4 , LiCoO 2 ), perovskite type (LaCoO 3 ,
	SrCoO 3 ) or layered (oxy)hydroxides. 111 Besides, various methods have been employed to
	prepare cobalt-based catalysts as spin coating, sol-gel process, radio frequency sputtering,
	spray pyrolysis, chemical vapour deposition, pulsed layer deposition and electrodeposition. 112

Figure 18. LSV curves for H 2 and O 2 evolution on a cobalt electrode (Co loading of 93 mg cm -2 ) in 7N KOH buffered electrolyte at room temperature (not IR-corrected) (reproduced from ref 113 , with the permission from the Society for solid-state and

  

	two redox processes, Co 3 O 4 /CoO(OH) and CoO(OH)/CoO 2 , respectively at 0.222 and 0.562
	V vs Hg/HgO (Figure 19(a)). For the electrodes II, cobalt oxide was deposited by
	potentiodynamic electrodeposition (i.e. repetitive triangular potential scans, RTPS) only on Ni
	substrate sweeping between -0.1 and 0.7 V vs Hg/HgO during 60 min, resulting in a deposit
	with the electrochemical signature of Ni x Co 3-x O 4 in which some Co have been substituted by
	Ni (closed to the NiCo 2 O 4 form; Figure
	electrochemical science and technology, Copyright
	1991).
	the end of 90's, Castro et al. 114 also reported the preparation of cobalt oxide based
	electrodes by electrodeposition on different substrates: Ni, Pt, Fe and vitreous carbon disc
	electrodes in alkaline solution. Two types of electrodes (I and II) were implemented from two
	different electrochemical methods from alkaline solution (1 M NaOH, pH 14) containing 0.05
	M Co(NO 3 ) 2 •6H 2 O and 0.5 M NaNO 3 . For the electrodes I, cobalt oxide was deposited by
	potentiostatic electrolysis at 0.5 V vs Hg/HgO during 60 min, whose the structure was
	assigned to Co 3 O 4 spinel type, according to the voltammograms of Co deposit which displays

Table 1 .

 1 Tafel plots performed in different buffer electrolytes for electrochemical water oxidation catalyzed by cobalt material.*

	pH	Electrolyte composition	Catalyst Formation and/or Composition	Tafel Slope (mV dec -1 )
	14	1 M NaOH	ex-situ/Co free solution	61
	13	0.1 M NaOH	ex-situ/Co free solution	54
	7	1 M phosphate	in-situ/Co free solution	70
	7	0.1 M phosphate	in-situ/Co free solution	65
	6.3	1 M TfNH 2	in-situ/Co free solution	56
	6.3	0.1 M TfNH 2	in-situ/Co free solution	55

  group of Kang 124 explored the coordination of cobalt phosphate catalysts toward efficient water oxidation to better understand the catalytic activity of cobalt-based materials. Four cobalt catalysts were investigated, Na 2 CoP 2 O 7 , NaCoPO 4 , Li 2 CoP 2 O 7 and LiCoPO 4 , presenting various cobalt-and phosphate-coordination groups. These catalysts were synthesized using conventional solid-state methods (i.e. solvatothermal methods), then spin-

coated on ITO electrode via an aqueous mixture of catalyst and neutralized Nafion® and dried at 80°C. All these catalysts have crystalline structures with different local cobalt coordination including octahedral (NaCoPO 4 and LiCoPO 4 ), mix of octahedral and trigonal bipyramidal (Li 2 CoP 2 O 7 ), and tetrahedral (Na 2 CoP 2 O 7 ) geometries. Among these catalysts, Na 2 CoP 2 O 7 exhibits high structural stability with a distorted tetrahedral geometry for cobalt (Figure 27(a)) and a higher catalytic activity than that of the amorphous Co-Pi catalyst under neutral conditions. The distorted cobalt geometry was analyzed by DFT calculations which suggested that the former would be induced by the reorganization of pyrophosphate ligand, where water molecules can bind, resulting in a low overpotential of ~ 0.42 eV. Otherwise, characterizations by CV, HR-TEM, XPS, XANES, STEM-EDX and EPR confirm the catalytic and structural stability of Na 2 CoP 2 O 7 catalyst. The catalytic water oxidation properties of Na 2 CoP 2 O 7 catalyst was studied by cyclic voltammetry (100 scans between 0.7-1.5 V vs NHE) in a sodium phosphate buffer at pH 7, reaching a current density of 2.62 mA cm -2 at 1.44 V vs. NHE (Figure 27b). Long-term stability tests performed on Na 2 CoP 2 O 7

  Considering Co 4+ = O formation could be the RDS of Na 2 CoP 2 O 7 catalyst according to DFT calculations, the Co 2+ /Co 3+ equilibrium could take place before this RDS.Another strategy to improve the OER performance of cobalt oxide-based catalyts is to deposit them in thin layers on conducting substrates with a high surface area, such as carbon nanowire, 125 graphene 126 and reduced graphene oxide (rGO), 127 thus increasing the exposure of active cobalt atoms to water substrates (or OH -anions) to evolve oxygen. In this framework, Song and coworkers128 reported very recently a synthesis of ultrathin Co 3 O 4 /rGO nanocomposite by one-pot hydrothermal strategy, with an improved surface activity toward OER in comparison with a ultrathin Co 3 O 4 2D nanosheets, Co 3 O 4 /1D carbon nanotubes (CNTs) and Co 3 O 4 /0D carbon spheres (CS) in alkaline conditions. Characterization by Raman spectrum and XRD demonstrated that the GO is reduced to rGO after hydrothermal reaction, presenting functional groups of -OH and -COOH under hydrothermal conditions. XPS analysis on Co 3 O 4 /rGO showed the presence of C, O and Co elements in the nanocomposite. From XPS data, the atomic Co 2+ /Co 3+ ratio was calculated to be 1.4 for Co 3 O 4 /rGO nanocomposite which is higher than that of 1.2 for Co 3 O 4 nanosheets. Higher Co 2+ /Co 3+ ratio indicates a higher Co 2+ content in the ultrathin Co 3 O Co 3 O 4 /CNTs and Co 3 O 4 /rGO nanocomposites, respectively. To assess the OER electrocatalytic performance of Co 3 O 4 nanosheets, Co 3 O 4 /CS, Co 3 O 4 /CNTs and Co 3 O 4 /rGO nanocomposite, these cobalt-based materials was dispersed in ethanol with Nafion® and drop casted on carbon fiber paper before drying (mass loading of 0.2 mg cm -2 ). Among the series of studied catalysts, the ultrathin Co 3 O 4 /rGO displayed the best OER activity with a low

	a)	
	b)	c)
	overpotential of 290 mV at 10 mA cm -2 (Figure 28(b)), a high and stable catalytic current
	density above 10 mA cm -2 during a potentiostatic electrolysis of 10 h and a small value of
	Tafel slope of 68 mA dec -1 (Figure 28(c)) in 1 M KOH electrolyte. The low Tafel slope for
	Kang and coworkers opened the way for the development of new and efficient OER catalysts Co 3 O 4 /rGO nanocomposite suggests a most favorable OER kinetic reaction, due to rGO
	using polyanion cobalt-based materials and established a new paradigm by correlating the which improves the efficiency of charge transfer and the surface active area of the
	tetrahedral cobalt geometry to its high OER catalytic activity.

2 CoP 2 O 7 catalyst attesting its selectivity towards OER. Besides, a Tafel slope of 82 mV dec -1 was obtained from the 100 th scan. The Tafel slope value is far from 2.3RTF -1 , indicating that before the rate determining step (RDS) there is a one electron transfer step, most probably due to a limitation in ion or electron transport inside the film of Na 2 CoP 2 O 7 . Examination of OER kinetic of Na 2 CoP 2 O 7 catalyst by variation of pH and phosphate concentration of electrolyte indicated that the reaction rate follows approximately an inverse first-order dependence on the proton activity, meanwhile no dependence of the phosphate buffer strength was found. Based on pH dependence and Tafel slope, the authors postulated an equilibrium step involving one-proton/one-electron transfer before RDS. 4 /rGO and thus more oxygen vacancies that is often associated with high OER performance. SEM characterization of Co 3 O 4 /rGO nanocomposite showed a structure of flower-like with smooth surface (Figure 28(a)). In addition, the surface of Co 3 O 4 /rGO is fluffy and rougher, with more staggered holes or folds, than that of ultrathin Co 3 O 4 nanosheets. This difference in morphology observed by SEM between both nanocomposites corresponds to a higher specific surface area of Co 3 O 4 /rGO, which was also confirmed by Brunauer-Emmett-Teller (BET) analysis with surface area of 30.68, 74.94, 110.65 and 133.52 m 2 g -1 for ultrathin Co 3 O 4 nanosheets, Co 3 O 4 /CS, nanocomposite. The electrochemical impedance spectroscopy (EIS) analysis also confirmed that Co 3 O 4 /rGO has better conductivity with lower liquid resistance (R L ) and charge transfer resistance (R CT ) than Co 3 O 4 nanosheets, Co 3 O 4 /CS and Co 3 O 4 /CNTs. The group of Song

  80's, many electrocatalysts using transition-metal oxide, as nickel oxide and cobalt oxide, under various forms, as perovskite, spinel and layer double hydroxide, have been largely investigated for OER following two main guidelines. One guideline consists in developing can operate efficiently in neutral (pH 7) or mildly basic media (pH 9.2). After the Nocera's work, many groups reported different strategies to deposit films of metal oxides, especially the group of Spiccia or Kuznetsov which uses the electrodecomposition of nickel complexes or a nickel/molybdenum cluster to prepare NiO x films with a high porosity and high OER performance.Considering the numerous works reported on nickel oxide and cobalt oxide based catalysts, few trends are emerging to design efficient OER anodes. At first glance, if we compare the OER electrocatalytic activities of nickel oxide with those of cobalt oxide, it is clear that NiO x is more active than CoO x , particularly when NiO x is doped with Fe salts by drastically lowering its OER overpotential. Indeed, the mixed layer double hydroxide (LDH) catalysts containing iron, as NiFeO x that was first reported by the groups of Radniecka and Corrigan, are the most efficient electrocatalysts of literature for water oxidation reaction. Secondly, the OER activity of NiO x and CoO

	these synthetic strategies allow obtaining metal oxides with controlled forms and sizes as
	nanoparticles, nanoneedles, nanorods or nanosheets. Nevertheless, electrochemical deposition
	remains the simplest and the most used method to prepare NiO x and CoO x based anodes for
	OER, and the group of Nocera shows in the 2000's that their electrodeposition can be
	facilitated by using proton-accepting electrolytes (with borate or phosphate salt). Their work

various synthesis strategies to obtain catalysts of small size or catalyst films with a controlled morphology in view to afford high active surface areas and hence a high OER electrocatalytic activity. Another guideline aims to get rid of the problem of low electrical conductivity of metal based catalysts by ions doping (e.g. Fe 3+ ) to the catalyst film or by the association of catalysts with a conducting nanomaterial as precious metals (Au, Pt or Pd) and carbon materials (graphene, carbon nanowires and nanotubes).

In the light of these guidelines, this chapter summarized some works on the design of anodes devoted to water oxidation reaction and based on nickel oxide and cobalt oxide catalysts. Some groups like those of Burke, Noufi, Bockris, Corrigan and Tseung, to name a few, were the first in the 80's to demonstrate the potentialities of nickel and cobalt oxides to electrocatalyse water oxidation reaction by electrochemically depositing them on the surface of electrode. Since these pioneer works, many methods, other than electrodeposition, have been reported to prepare nickel and cobalt oxide by solvatothermal process or chemical precipitation, which are then deposited on electrode by various processes as spin coating, dropcasting, sol-gel process, electrospray deposition or screen printing, to name a few. All has also drawn significant attention to NiO x and CoO x (i) by providing fundamental insight into the structure of deposited oxides and their OER mechanism, and (ii) by demonstrating that these electrocatalysts x , and more generally of metal-based catalysts, has been improved by nanostructuring the catalytic films in the form of 2D nanomaterials such as nanosheets with a thickness on the atomic scale which can stack on a few layers. This strategy increases the surface-to-volume ratio and the exposure of metal active sites to react with water or hydroxide anions, and accelerates the mass transport of electrolyte salts at the electrode surface, reactants and also of O 2 released. Thirdly, in view to improve the electrical conductivity of the catalytic material, different strategies to prepare anodes have been reported such as for instance the introduction of conducting nanomaterials (e.g. carbon nanotube or reduced graphene oxide, see above the work of Song 128 ) between the metal oxide and the electrode or the deposition of well-organized nanoarrays of metal oxide directly on electrode (e.g. nanoplatelet arrays of NiFeO x aligned on glassy carbon electrode, developed by Shao 101

  b) Operating in appropriate media: The OER activity will depend on the pH media. In literature most of OER catalysts of transition metal oxides and hydroxides are investigated in alkaline media. Water oxidation in alkaline media requires 30% KOH electrolyte and high temperature causing high energy consumption, high corrosion and high maintenance costs. OER catalysis in neutral media can resolve these problems. Gerken, J. B.; McAlpin, J. G.; Chen, J. Y. C.; Rigsby, M. L.; Casey, W. H.; Britt, R. Introduction ........................................................................................................................ 57 2 -Results and discussion ........................................................................................................ 58 References ................................................................................................................................ 80
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(c) Improving stability: Some carbon nanomaterials have been used in combination with metal oxide to enhance the OER performance, but these material can undergo carbon corrosion under working conditions and their electrochemical oxidation produces CO or CO 2 at high potentials (standard potential of 0.297 V vs NHE), which decreases the reactive surface area by carbon dissolution and also results in the agglomeration of catalyst. Developing electrocatalysts devoid of carbon supports would be desirable to obtain anode with a great stability. (d) Studying OER mechanism: The role of the ion doping (e.g. Fe) in the enhancement of the OER activity of the metal oxides mixture is still unclear and under debate. Some groups hypothesized that the better catalytic performance of the metal hydroxides/oxides mixture (NiFeO x or CoFeO x ) over the single-metal oxides (NiO x or CoO x ) is due to a change of electronic structure or increase of electrical conductivity by the introduction of other ions. By contrast, some groups like those of Bell and Boettcher claimed in the case of the NiFeO x that FeO x is the active sites in the mixed LDH since it is much more active towards OER than NiO x . Nevertheless, due to its poor intrinsic electrical conductivity, FeO x needs the environment of NiO x to ensure a good conductivity of the material and a good catalytic activity. Better understand the interaction of metals inside mixed LDHs will provide guidance to design novel OER catalysts. (107) Brockis, J. O.; Otagawa, T. J. Electrochem. Soc. 1984, 131 (2), 290-302. (108) Chen, Y.-W. D.; Noufi, R. N. J. Electrochem. Soc. 1984, 131 (6), 1447. (109) Rasiyah, P.; Tseung, A. C. C. J. Electrochem. Soc. 1983, 130 (2), 365-368. (110) Rasiyah, P.; Tseung, A. C. C. J. Electrochem. Soc. 1984, 131 (4), 803-808. (111) Gardner, G.; Al-Sharab, J.; Danilovic, N.; Go, Y. B.; Ayers, K.; Greenblatt, M.; D.; Stahl, S. S. J. Am. Chem. Soc. 2011, 133 (36), 14431-14442. (122) Noufi, R. J. Electrochem. Soc. 1983, 130 (10), 2126-2128. (123) Deltombe, E. Pourbaix, M. In Atlas D'Equilibres Electrochimiques; Ed. Gauthier-Villars: Paris, France, 1963. (124) Kim, H.; Park, J.; Park, I.; Jin, K.; Jerng, S. E.; Kim, S. H.; Nam, K. T.; Kang, K. Nat. Commun. 2015, 6, 1-11. (125) Ma, T. Y.; Dai, S.; Jaroniec, M.; Qiao, S. Z. J. Am. Chem. Soc. 2014, 136 (1 -

Table 1 .

 1 Loading and deposition yield of nickel on C/poly1 and C electrodes, along with their coulometric titration. a Measurements performed on three independant electrodes for C/poly1-NiO x and C/NiO x . b Determined by ICP-MS for an electrode surface of 0.071 cm 2 . c Charge used for reducing the NiO x films (i.e. C/poly1-NiO x and C/NiO x initially anodized at 0.95 V vs Ag/AgCl) to the Ni II state.The average number of electron consumed per nickel within C/poly1-NiO x and C/NiO x electrodes was estimated from the ratio of the charge used to reduce NiO x into Ni II (OH) 2 , to the nickel content on electrode (Table1and see the Experimental Section). A value of 1.11 was determined for C/poly1-NiO x , while a significantly lower value of 0.17 was obtained for C/NiO x . According to the schematic Bode representation,1, 27, 29 the oxidation state of nickel within C/poly1-NiO x lies between two limit states, the -Ni

	Electrode	Charge for	Ni loading b	Deposition	Film discharge to	no. of e -
		Ni 0 deposition	(nmol cm -2 )	yield of Ni 0	Ni II (OH) 2 c (µC)	consumed per
		(mC)		(%)		Ni
	C/poly1-NiO x	4	33.2 ± 1.9	11.4 ± 0.7	251.0 ± 10.1	1.11 ± 0.11
	C/NiO x	4	11.9 ± 0.3	4.1 ± 0.1	14.0 ± 0.7	0.17 ± 0.01

a III (O)(OH) and -Ni IV (O)(OH) phases. It was also previously established by Corrigan et al 30 that the -Ni II (OH) 2 /-Ni III (O)(OH) transition requires a transfer of 1 electron while the -Ni II (OH) 2 /-Ni IV (O)(OH) transition needs 1.67 electrons, as depicted respectively in equations (

Table 2 .

 2 OER performances of C/poly1-NiO x and C/NiO x prepared in this work compared to those of NiO x catalysts of literature at pH 9.2.

  published the most efficient anode based on a well nanostructurated -NiO x and C/NiO x electrodes. As for the nearly neutral conditions, only the mixed Ni/Fe oxides deposited on either gold, glassy carbon or ITO electrode, possess higher catalytic performances than those of our NiO x based electrodes at pH 13.33, 45,[52][53] For instance, the C/Ni 0.62 Fe 0.38 O x electrode of Strasser et coll.

	Ni(OH) 2 in the form of an hollow sphere (average diameter of 1.8 µm), actually made by
	numerous nanosheets. Although the overpotential obtained with this electrode is low (0.33 V
	at 10 mA cm -2 ) owing to its great nanostructuration and high Ni mass loading (200 µg cm -2 ),
	its mass activity and TOF values at 0.35 V with only 0.15 A mg -1 and 0.036 s -1 , remain below
	those of the C/poly1-

Table 3 .

 3 OER performances of C/poly1-NiO x and C/NiO x prepared in this work compared to those of Ni based catalysts of literature and classical IrO 2 and RuO 2 catalysts at pH 13 and 14.

	Catalyst/electrode	j (mA cm -2 ) @V)	(V) @j (mA cm -2 )	Ni mass loading (µg cm -2 )	@V) mass activity (A mg -1 )	@V) TOF min (s -1 )	Author ref
	pH 13 with 0.1M NaOH or KOH					
	C/poly1-NiO x	1.75@0.35	0.45@10	1.9	0.90@0.35	0.14@0.35	This work
	C/poly1-NiO x	0.25@0.30		1.9	0.13@0.30	0.020@0.30	This work
	C/NiO x	0.39@0.35	0.57@10	0.7	0.55@0.35	0.08@0.35	This work
	C/NiO x	0.07@0.30		0.7	0.10@0.30	0.015@0.30	This work
	C/ Ni(OH) 2 -HS	0.26@0.35	0.331@10	200	0.15@0.35	0.036@0.35	Yan 8
	C/Ni(OH) 2 -PL	0.03@0.35	0.444@10	200	0.013@0.35	0.003@0.35	Yan 8
	C/Ni(OH) 2		0.42@10	200			Liu 52
	Au/NiO x	0.20@0.30	0.47@10	0.06		0.008@0.30	Bell 33
	Au/Ni 0.6 Fe 0.4 O x	20.0@0.30	0.27@10	0.06 b		0.45@0.30	Bell 33
	C/Ni 0.62 Fe 0.38 O x		0.33@10	2.0 b	1.31@0.30	0.20@0.30	Strasser 45
	ITO/Ni 0.88 Fe 0.12 O x 	10@0.30	0.30@10	25 b	0.40 a @0.30		Buriak 53
	Ni(OH) 2 C/Ni 0.88 Fe 0.12 O x -		0.34@10	200 b			Liu 52
	C/poly1-IrO x	4.4@0.35	0.42@10	6.9 b	0.64@0.35	0.32@0.35	Moutet 12
	C/poly1-IrO x	1.1@0.30		6.9 b	0.16@0.30	0.08@0.30	Moutet 12
	C/RuO 2	0.23@0.35	0.387@10	200 b	0.030@0.35	0.010@0.35	Yan 8
	pH 14 with 1M NaOH or KOH					
	C/poly1-NiO x	2.49@0.35	0.41@10	1.9	1.28@0.35	0.19@0.35	This work
	C/poly1-NiO x	0.52@0.30		1.9	0.27@0.30	0.04@0.30	This work
	C/NiO x	0.30@0.35	0.51@10	0.7	0.43@0.35	0.07@0.35	This work
	C/NiO x	0.10@0.30		0.7	0.14@0.30	0.02@0.30	This work
	C/NiO x 	1.77@0.35	0.43@10	800	0.002 a @0.35		Jaramillo 54
	C/Ni(OH) 2	10@0.30	0.30@10	142	0.07 a @0.30		Hu 55
	C/NiO x		0.331@10	142	0.07 a @0.33		Hu 55
	Au-Ti/NiO x	1.01@0.30		1.1	0.896@0.30	0.17@0.30	Boettcher 58
	HOPG/NiO x		0.37@10	444	0.023 a @0.37	0.0006@0.3	Muller 56
	CFP/NiO x -NiS		0.37@10	200	0.050 a @0.37		Peng 57
	Au-Ti/Ni 0.9 Fe 0.1 O x	1.24@0.30		1.2 b	1.065@0.30	0.21@0.30	Boettcher 58

a Data non calculated by the authors but estimated herein from the current density (j) at defined overpotentials () and the mass loading of Ni given in the article. b Mass loading of Ni and Fe (or Mo, Co, Ir, Ru). HS, PL, NPL, rGO and NS mean respectively Hollow Sphere, NanoPlate, NanoPLatelets, reduced Graphene Oxide and NanoSheet. C, ITO, HOPG, CFP and Nifo mean respectively glassy Carbon, Indium Tin Oxide, Highly Ordered Pyrolitic Graphite, Carbon Fiber Paper and Nickel foam.
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3 µF cm -2 for anodic and cathodic capacitances respectively) than C/CoO x (63.1 and -63.6 µF cm -2 for anodic and cathodic capacitances respectively). This confirms that the C/poly1-CoO x electrode has a higher electroactive surface area than the C
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  Due to the poor solubility of the neutral organic dye PyrPDI in CH 3 CN, electrochemical studies were performed in a mixture of CH 3 CN/CH 2 Cl 2 (1/1 in volume) containing 0.05 M [Bu 4 N]ClO 4 . On a carbon or platinum electrode, as previously observed, 17 the cyclic voltammogram of PyrPDI exhibits, in the cathodic region, two successive reversible reduction processes, at E 1/2 = -0.96 and -1.11 V vs Ag/AgNO 3 (Figure
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Cobalt Oxide-Polypyrrole Nanocomposite Electrode Materials for Electrocatalytic Water Oxidation

these C and ITO/polyPyrPDI modified electrodes exhibit the typical basic redox behavior of the PDI derivative, similar to that previously observed by Lee and coworkers 17 from polyPyrPDI elaborated by repeated scans between 0 and +1.2 V (Figures 456). At a scan rate of 10 mV s -1 , the two successive one-electron reversible reduction waves are well separated and are located at about E 1/2 = -1.03 (PyrPDI/PyrPDI •-) and -1.15 V (PyrPDI •-/PyrPDI 2-) vs Ag/AgNO 3 (Figures 4 and5). The reversible one-electron oxidation (PyrPDI •+ / PyrPDI) is located at E 1/2 = +1.08 V vs Ag/AgNO 3 . By cycling at a higher scan rate of 50 mV s -1 , the two reduction processes are less separated and appear as a single large wave (Figure 6). Besides, the electroactivity of the polypyrrole is not observed, despite the fact that the electropolymerization potential of + 0.95 V is less anodic than that previously used for electropolymerization by scanning. 17 The absence of the electroactivity of the polypyrrole probably reflects its overoxidation during the electropolymerization process. For the moment we have no explanation for this phenomenon. However, to rule out the possible implication of the exited state of the perylene in the overoxidation process, electropolymerization should be performed in the dark, to see if in this case the electroactivity of the polypyrrole is preserved. mol cm -2 ) was calculated from the integration of the anodic and cathodic charge of the two successive reversible reduction waves of polyPyrPDI (Q a = 6.7 x 10 -4 C and Q c = 6.7 x 10 -4 C, respectively by scanning at 10 mV s -1 ). Deposition yield, 39.04%.

The surface coverage in the electroactive PyrPDI species immobilized,  PyrDPI (mol cm -2 ) on the C and ITO electrodes (0.071 cm 2 and 0.4 cm -2 , respectively), was quantified electrochemically by integration of the two reversible reduction waves (see Experimental Section).  PyrPDI values ranging from 3.54 x 10 -8 mol cm -2 to 4.89 x 10 -8 mol cm -2 for C electrodes and 3.76 x 10 -8 mol cm -2 to 4.34 x 10 -8 mol cm -2 for ITO electrodes were obtained for anodic charges of 4 mC and 22.1 mC respectively. These values correspond to an electropolymerization yield in the range of 28 to 39% and of 30 and 35% for C and ITO electrodes, respectively. 

Preparation of hybrid C or ITO/poly1/PyrPDI-MO x photoanodes

Having shown that the perylene derivative PyrPDI readily polymerized at an applied potential of +0.95V, i. e. at the same potential as the ammonium pyrrole compound 1, it should be possible to copolymerize the two entities at +0.95 V. Indeed, the positive charge provided by the ammonium units will allow for the incorporation of the metallic oxides in the film and thus the elaboration of the hybrid photoanodes. The first step which consists in the co-electropolymerization of 1 and PyrPDI will be described first and then the three following steps corresponding to the electrogeneration of metal oxide nanoparticles for nickel and cobalt, and finally the evaluation of the photoelectrochemical activity under visible light illumination. films deposited at the surface of two different C electrodes and of the ITO electrode after transfer in CH 3 CN/CH 2 Cl 2 (1/1) solution, 0.05 M [Bu 4 N]ClO 4 . As expected, all the modified electrodes display the regular electroactivity of the immobilized perylene diimide in reduction with two reversible successive reduction waves located at about E 1/2 = -0.96 and -0.87 V.

However, even at the low scan rate of 10 mVs -1 , the two waves are poorly defined and are not well-separated. Interestingly, these two waves are positively shifted by a bout 150 -200 mV compared to the same wave in polyPyrPDI. The coverage surface of PyrPDI units ( PyrPDI ) and deposition yield were calculated from the integration of the anodic and cathodic charge of the two successive reversible reduction waves of polyPyrPDI by scanning at 10 mV s -1 . The surface coverage of polypyrrole units and deposition yield was estimated by integration of the polypyrrole wave by scanning at 10 mV s -1 . For the C electrodes: (A)  PyrPDI = 1.79 x 10 -8 mol cm -2 (Q a = 2.58x10 -4 C and Q c = 2.35x10 -4 C), deposition yield, 14.3%,  polypyrrole = 7.2 x 10 -8 mol cm -2 , deposition yield, 28.6%, (B)  PyrPDI = 2.2 x 10 -8 mol cm -2 , deposition yield, 17.5%;  polypyrrole = 4.1 x 10 -8 mol cm -2 , deposition yield, 16.2%. (C) For the ITO electrode,  PyrPDI = 1.81 x 10 -8 mol cm -2 (Q a = 1.31x10 -3 C and Q c = 1.48x10 -3 C), deposition yield, 14.7%,  polypyrrole = 1.38 x 10 -8 mol cm -2 , deposition yield, 11%.

The amount of PyrPDI immobilized can be easily calculated by integration of these two waves at 10 mVs -1 . For C electrodes for a total charge of 4 mC, an apparent surface coverage 

Experimental Section (S3)

Where F is the Faraday constant (96500 C mol -1 ) and n e-is the number of electron involved in the oxidation of polypyrrole which is equal to 0.33.

 N

+ values ranging from 1.1 x 10 -7 to 1.2 x 10 -7 mol cm -2 for nickel and cobalt experiments were obtained for deposition of poly1 films onto C electrode (surface of 0.071 cm 2 ), denoted C/poly1 using a polymerization charge of 4 mC which correspond to an electropolymerization yield in the range of 45 to 51% for nickel and cobalt experiments.  N + values ranging from 4.5 x 10 -7 to 5.5 x 10 -7 mol cm -2 for nickel and cobalt experiments were obtained for deposition of poly1 films onto ITO electrode (surface of 0.5 cm 2 for nickel and 1.0 cm 2 for cobalt), denoted ITO/poly1 using a polymerization charge of 28 mC for nickel and 57 mC for cobalt which correspond to an electropolymerization yield in the range of 26 to 32%. The electropolymerization yield was determined from the equation S4:

The theoretical quantity of polypyrrole deposited on C electrode (q theo expressed in mol) was determined from the equation S5:

Where Q appl is the charge used for poly1 electrodeposition (4 or 28 or 57 mC), F is the Faraday constant and n e-is number of electron involved in the electropolymerization of pyrrole unit, which is equal to 2.33. 3 Indeed, the electropolymerization requires that two pyrroles are oxidized, thus two electrons are needed to promote the propagation of the pyrrole chain. In addition, the potential applied (e.g. +0.95 V vs Ag/AgNO 3 for C electrode) for the oxidation of pyrrole monomer is higher than the oxidation potential of the polypyrrole film, thus 0.33 electron is also necessary (vide supra). The theoretical quantity of polypyrrole (q theo ) for 4 and 28 mC of charge were determined to be 1.78 x 10 -8 mol and 1.25 x 10 -7 mol, respectively for nickel experiment, and 1.78 x 10 -8 mol and 2.55 x 10 -7 mol for 4 and 57 mC for cobalt experiment, respectively. 

Electrodeposition of Metallic

Electrodeposition of poly1/PyrDPI-MOx Nanocomposite.

The synthesis of the perylene diimine, PyrDPI, was prepared according to the publication of Lee et. al. 5 Copolymerization of poly1/PyrDPI were obtained by electropolymerization of 4 mC 0. 

. D e t e r m i n a t i o n o f M C o n t e n t s ( q ) o n E l e c t r o d e b y I n d u c t i v e l y C o u p l e d P l a s m a M a s s S p e c t r o m e t r y ( I C P -M S ) .

The C/poly1-NiO x and C/poly1-CoO x ( N + = 1.2 (± 0.1) x 10 -7 mol cm -2 ), and C/NiO coupled plasma-mass spectrometry (ICP-MS) using a Thermo X serie II spectrometer (Thermo Electron, Bremen, Germany) equipped with an impact bead spray chamber and a standard nebulizer (1 mL min -1 ). 60 Ni and 59 Co isotopes were selected for the measurement and 103 Rh isotope was used as internal standard. Polyatomic interferences were eliminated using the collision cell mode. The concentrations were obtained using an external calibration curve. Thus, the Ni content (q) was estimated to be c.a. 2.35 ± 0.14 and 0.84 ± 0.18 nmol respectively for C/poly1-NiO x and C/NiO x electrodes which correspond respectively to Ni loading of 33.2 ± 1.9 and 11.9 ± 0.2 nmol cm -2 . Meanwhile Co content (q) was estimated to be 1.63 ± 0.9 and 4. 

. D e t e r m i n a t i o n o f t h e A v e r a g e N u m b e r o f E l e c t r o n C o n s u m e d p e r N i c k e l D e p o s i t e d o n E l e c t r o d e s .

The mean number of electron consumed per nickel site (denoted n e-/Ni ) present on C/poly1-NiO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) and C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) electrodes was calculated from the experimental charge (Q exp ) used for the reduction of Ni III (O)(OH) to Ni II (OH) 2 and from the Ni content (q, determined from ICP-MS) on these electrodes using the following equation S6:

Where F is the Faraday constant (96500 C mol -1 ), Q exp and q are respectively expressed in C and mol.

Basically, after the anodization process in the aqueous borate buffer solution at pH 9. This calculation was not performed for cobalt due to the fact that the Co II (OH) 2 /Co III (O)(OH) redox system is present just in the direct deposition.

. C a p a c i t a n c e M e a s u r e m e n t .

The double-layer capacitance (C DL expressed in F cm -2 ) of C/poly1-NiO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) or C/poly1-CoO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Co = 2.01 x 10 -8 mol cm -2 ), and C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ) or C/CoO x ( Co = 6.10 x 10 -8 mol cm -2 ) electrodes was determined from non-faradaic capacitive current densities (j c ) measured at 0 V vs Ag/AgCl by cyclic voltammetry under scanning at various scan rates (from 10 to 200 mV s -1 ) between -0.1 and +0.1 V in aqueous solution (pH 9.2) of 0.1 M H 3 BO 3 and 0.05 M NaOH.

The j c value is related to the double-layer capacitance (C DL ) and the scan rate () following the equation S7:

(S7)

where j c , C DL and  values are expressed respectively in A cm -2 , F cm -2 and V s -1 .

Consequently, the C DL value corresponds to the slope obtained from the plot of j c in function of .

. C a l c u l a t i o n o f M a s s A c t i v i t y a n d T u r n o v e r F r e q u e n c y ( T O F ) .

The TOF value (expressed in s -1 ) at a given overpotential is usually defined as mole of O 2 produced per mole of Ni per second, O 2 produced being measured by gas chromatography.

The TOF values for each Ni based electrode could be also calculated from electrochemical experiments following the equation S8:

Where j is the catalytic current density (A cm -2 ) at a given overpotential, S is the surface of the electrode (0.071 cm 2 ), F is the Faraday constant (vide supra) and n is the molar number of nickel deposited on electrode. This TOF value corresponds to its lower limit (TOF min ) since it was considered that all nickel or cobalt sites deposited on the electrode are active for water oxidation. The quantity of Ni or Co deposited was estimated by ICPMS (vide supra).

The mass activity (expressed in A mg -1 ) at a given overpotential is calculated from the equation S9:

(S9)

Where i is the catalytic current at a given overpotential (A) and m is the mass of nickel deposited on electrode (mg).

. T a f e l P l o t .

The Tafel curves were plotted as the overpotential () in function of the current density in logarithm form and should be linear following the equation S10:

(S10)

Where j (A cm -2 ) is the current density at a given overpotential ( (V)) and b is the Tafel mol cm -2 ,  Ni = 3.3 x 10 -8 mol cm -2 ) and C/NiO x ( Ni = 1.2 x 10 -8 mol cm -2 ), and C/poly1-CoO x ( N + = 1.2 x 10 -7 mol cm -2 ,  Co = 2.01 x 10 -8 mol cm -2 ), and C/CoO x ( Co = 6.10 x 10 -8 mol cm -2 ) for electrodes that have been prepared with 4 mC of Ni, Co and poly1 as described above.

. A t o m i c F o r c e M i c r o s c o p y ( A F M ) O b s e r v a t i o n .

The NiO x , CoO x , poly1-NiO x and poly1-CoO x nanocomposites samples were prepared by electrodeposition on ITO electrodes (0.5 cm 2 for Ni 0 and 1 cm 2 for Co 0 ) (a charge of 28 mC was used for the deposition of Ni 0 from the nickel oxalate solution, and 57 mC for Co 0 deposition, see above section 3). The samples were observed with a Bruker instrument (Dimension Icon with ScanAsyst) equipped with a Bruker Stage controller and a Nanoscope® V Bruker control box. The topography images were recorded by peak force mode with different scanning ranges and a tapping nose was used for imaging. AFM cantilevers with a silicon tip on nitride lever (Bruker scanasyst-air) with a nominal spring constant of 77.6 mN m -1 were used. The peak force frequency and amplitude were set to 2 kHz and 150 nm, respectively. The images were displayed and processed using the Gwyddion program. TEM images and SAED patterns for poly1-NiO x and NiO x materials were recorded with a JEOL JEM 1200 EX II instrument, performed in Chile. Meanwhile TEM images and SAED patterns for poly1-CoO x and CoO x materials were studied in Grenoble, recorded on a Philips CM200 microscope (FEI Company, Hillsboro, OR, USA) operating at 80 kV. For TEM measurements, the poly1-MO x and MO x (M = Ni or Co) were separated from the ITO/poly1-MO x and ITO/MO x electrodes (previously prepared for AFM, see above) by peeling off with a blade. The resulting powdered fragments were collected in water and a droplet of the dispersion suspension was deposited onto carbon-coated copper grids. The images of poly1-NiO x and NiO x were recorded with a digital camera and processed using the ImageJ software.

Meanwhile the images of poly1-CoO x and CoO x were treated using Gwyddion program.

S e l e c t e d A r e a E l e c t r o n D i f f r a c t i o n ( S A E D ) A n a l y s i s f o r N i c k e l .

The SAED analysis was carried out using the software ImageJ (version 1.50i). For calibration and indexing, several circles were drawn on the diffraction pattern of poly1-NiO x (Figure S1).

Five circles were identified, analyzed and the calculated distances (1/nm) are presented in Table S1. The results are consistent with the nickel oxide structure. 13,14 Figure S1. SAED pattern recorded from NiO x nanoparticles within poly1-NiO x nanocomposite. The numbers (n) correspond to the rings that have been calibrated in Table 1.

Table S1. Indexation of crystallographic plans of NiO x electrogenerated within poly1 film from the SAED pattern. n is the number of the diffraction ring, starting from the smallest ring; r is the reciprocal distance measured from the rings and calibrated using the diffraction scale bar; d is the interplanar spacing in the crystal equal to 1/r. hkl are the Miller indices of the corresponding crystallographic planes .