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General Introduction 1.Context

Since the industrial revolution, the global energy consumption has dramatically increased, reaching 583.9 10 18 J in 2019, 1,2 of which 80% are based on fossil fuels.

This growth in activity went along with the increasing amount of green house gases released in the atmosphere, with an average of 40 billion tons of CO 2 per year over the last decade. Moreover, as the world's population is also increasing exponentially, our energy consumption should double by 2050, at the price of the irreparable ecological imbalances and the political tensions that we are already witnessing. In this context, the development of sustainable, carbon-free energies is critical to overcome the most urgent challenge that humankind is presently facing.

One of the most reliable and powerful energy sources that we have access to is sun, as solar illumination for one only hour would suffice for the global energy needs of one year 3 . On earth surface, direct sunlight irradiation can reach 120 W/m 2 , therefore covering 1% of earth surface with a 10% efficient technology would fulfill our total energetical needs. It is not a coincidence that nature, and plants in particular, made of it their main source of energy. But unlike plants, our main problematic when considering solar energy is storage and transport. In fact, the sporadic nature of sunlight mainly requires the use of batteries for storage and electricity transportation on long distances is still problematic. Plants on the other hand found another way to store sun energy and it is in the form of chemical bonds, through a process called photosynthesis.

Natural Photosynthesis

Plants, algea and some bacteria are able to convert CO 2 and water into biomass by using solar energy, and can therefore store this energy for later use, mainly in the form of sugar. This process takes place in the Photosynthetic System (PS) composed of two parts, PSI and PSII. These two parts work in pair, and both are able to harness the solar energy and convert it into excited electrons, which are subsequently transported through a cascade of redox transfers to be stored in the form of reduced species (Fig. 1).

Fig. 1 -Z-Scheme of electron transport in the photosynthetic process 4 The electrons originating from the water oxidation are transported to the reaction centers P680 and P700 that are able to photogenerate the highly energetic charges required for the reduction of NAD + into NADH. The transport of those electrons is performed by a serie of redox active complexes called the electron transport chain.

This cascade consists of different electron donors and acceptors with redox potentials aligned in a way that form the so-called Z scheme. In fact, the highly energetic electrons produced by charge separation in P680 are transferred to a plastoquinone, then to different cytochrome complexes and subsequently transferred through a plastocyanin to P700, while contributing through a gradient of protons to the ATP synthase. During this process, ATP (adenosine triphosphate) synthesis occurs, which is, with NADH, the other main substrate required for CO 2 transformation into sugar through a process called the Calvin Cycle 5 . An enzyme, Rubisco, is the main actor in this cycle, as it is able to fix the atmospheric CO 2 and achieve the following reaction:

18ATP + 12(NADPH + H + ) + 6CO 2 → 18(ADP + P) + 12NADP + + 6H 2 O + C 6 H 12 O 6 .

We can then resume the photosynthetic process into 3 main components, the light harvesting performed by PSI and PSII, the electron transport chain made by multiple redox active complexes and finally an enzyme, the catalyst required to oxidate the water at the beginning and to fix the substrates and perform the chemical conversion of CO 2 at the end of the process. Plants are then able to store sun's energy and diminish the amount of CO 2 in the atmosphere, and chemists found inspiration in this intricate process to start elaborating synthetic systems that could solve the environmental issues addressed above.

Artificial Photosynthesis

While photosynthesis is a highly convoluted process that would be impossible to reproduce, the basic functions and chemical processes implied in the latter could be rationalized and replicated thank to simplified models aiming to mimic those different functions. First, the conversion of solar energy into chemicals can either be realized directly through photochemical reactions, or first converted into electricity by the usual means and afterwards used in electrochemical setups. As we saw above, two main reaction types are required to realize a fully operating device: at the (photo)anode, an oxidation reaction, generally the oxidation of water into oxygen, and at the (photo)cathode, a reduction reaction, for example of water into hydrogen fuel, of CO 2 to provide carbon-neutral fuels, of nitrogen in ammonia or also of dioxygen into hydrogen peroxide. In this project, focus has been made on the reduction processes, targeting the elaboration of photocathodes in order to build a prototypic photoelectrochemical cell. In fact, our goal is to associate molecular electrocatalyst, either protons or CO 2 reduction ones, to dye-sensitized p-type transparent oxides acting as light harvesting units, and promote the electrons and protons transfer by using polyanionic metal clusters known as polyoxometalates (POMs) to serve the role of redox mediators. In fact, POMs are our main subject of interest for their remarkable electron and proton reservoir properties and will be presented later in this chapter, but first we need to understand how catalysts and dye-sensitized surfaces operate, with a focus on the implied electron and protons transportation phenomena.

Electroreduction catalysts

During this project, two main types of catalysts have been considered, protons and CO 2 reduction ones. Since the hydrogen evolution reaction only requires two electrons and two protons, we will focus in this introduction on CO 2 reduction, as the implied concepts are similar in both cases, but the processes implied in CO 2 reduction require a more challenging catalyst tailoring and tuning. Moreover, hydrogen in this case is often considered as a side product that should be avoided, since CO 2 reduction also implies multiple protons and electrons, the required ingredients for hydrogen evolution reaction. This process will be detailed in the following section but it is important to understand that the more electrons and protons are delivered by the catalyst, the higher reduced products can be achieved.

In our preliminary design, we supposed a possible interaction between the catalyst and POMs, known for their ability to store and deliver electrons and protons. In order to do so, we needed to select a proper catalyst to associate to our POMs.

CO 2 electrocatalytic reduction, important parameters to consider

Understanding natural catalytic systems (e.g CO-dehydrogenase 6 , formatedehydrogenase 7 ) allowed the development of a plethora of homogeneous and heterogenous catalysts 8 . Our goal was to improve those catalyst's properties and although we suggested a possible enhancement of the selectivity in our preliminary design, other parameters have to be taken in account when tuning a CO 2 reduction electrocatalyst: activity, working potential and efficiency. We will herein present those parameters and how we can possibly improve them in the presence of a POM

We had also to take in account the chemical nature of the catalyst, since an easy to synthetize and modify candidate will be less time consuming to obtain and optimize.

Selectivity

The first parameter to consider is selectivity, defined by the products that the catalyst can lead to. Considering CO 2 reduction, and more specifically proton coupled electron transfer (PCET) CO 2 reduction, a wide range of products can be achieved. From a thermodynamic point of view, the lower reduction products are the easiest to achieve, but in reality, these products are kinetically harder to obtain. In TOF. Here, we can suppose that by delivering the required electrons at a mild potential, the POM could improve the catalyst's lifetime. Moreover, since the POM is in solution and could act as a redox shuttle, delivering electrons would activate more catalyst molecules at the same time leading to a faster overall production.

Working potential and overpotential

In order to operate, an electrocatalyst requires a set potential. Electrochemists will refer to this potential by comparison to the standard redox potential of a specific reaction, E°. The latter is the variation of free energy ΔG during the reaction divided by the charge transferred during the reaction. For example, the different standard potentials for CO 2 reduction reactions are reported (Fig2). As mentionned before, thermodynamically, the most challenging process is the first electron transfer to CO 2 , the following become more accessible as more protons and electrons are involved.

However, kinetic limitations make multiple transfers unfavorable and will overall involve a higher potential to operate. This difference between the working potential and the standard equilibrium potential is defined as the activation overpotential. This notion is important to bear in mind as it directly affects the kinetics of electrons transfer. As for the selectivity, our hypothesis here is to modify the mechanistic pathway and thus the overpotential in presence of the POM.

Efficiency

The efficiency of an electrocatalyst is called Faradaic efficiency. It is defined as the ratio between the amount of passed charge required to obtain the measured product and the amount of total passed charge. For example, a 100% faradaic yield towards a specific product means that the catalyst is totally selective for that product. In reality, this value is tedious to achieve since faradaic loss generally occurs, either because of side reactions or just because of the electrochemical cell resistivity. For this parameter, we didn't expect an improvement in the presence of the POM but we had to be aware that adding another redox active compound in the system would probably induce faradaic loss as we didn't expect a full charge transfer from the POM to the catalyst. Moreover, depending on the applied potential, POMs are known to be active ele ctrocalysts for proton reduction and thus leading to our main side product.

Chemical nature

As mentionned before, we were looking for an easy to synthesize catalyst, meaning that the nature of the ligand was an important parameter to consider for us. Since we were looking to enhance a catalyst properties, our goal in this project is to prove a possible synergetic effect between POMs and a catalyst. Thus we were not looking for the best catalyst as we only wanted to see improvements in the overall results. Knowing that, an easy to synthesize catalyst would save us time to work on the electronic transfer tuning. Moreover, we had in mind to chemically bond the catalyst and the POM if this first study was successful, which would be easier to achieve with a simple to modify ligand. Finally, for environmental considerations, since most of CO 2 reduction catalysts are metal based complexes, we wanted to favor first row metal based ones.

Summary

To summarize, by adding a POM, our goal was to improve either the product selectivity, the activity or the working potential of a catalyst. If electronic transfer is possible from the POM to the catalyst, we were expecting to see a lower faradaic efficiency as it would likely be a partial and not a total transfer. Now that we overviewed the main parameters to consider in order to evaluate a catalyst, we need to understand how a catalyst can be optimized. To do so, we will present one the most studied CO 2 reduction catalysts, Iron tetraphenylporphyrin Fe(TTP), and will go through it's engineering during nearly half a century, making it one of the most studied and efficient CO 2 reduction electrocatalysts known to the present day.

Catalyst tuning 1.3.3.1. General discussion

In this section we will present how electrocatalysts can be tuned depending on the experimental conditions and the modification of their structure, with an overview of the mechanistic pathways. It is crucial to understand how these catalysts operate in order to be able to theorize the possible action of the POM on their activity.

Generally CO 2 catalysts are classified according to the metal they are based on. For practical purposes, the first parameter we considered was the ligand chemical structure. We were looking for well documented catalysts, with commercially available ligands that are easy to synthetize and modify. Another important parameter we considered was the need of a rigid structure as it could allow further photoelectrochemical developpement. Also, we mainly focused on first raw transition metal bases catalysts and therefore, among the different catalysts reported in the litterature, we decided to focus on Porphyrin and Bipyridin based catalysts. The Iron porphyin in particular is one of the most studied and documented CO 2 reduction catalysts and thus is a perfect model to understand how a catalyst can be improved, while bypiridine is one of the easiest to synthesize and functionnalize ligands, suiting our design of a multicomponent POM based system.

Porphyrins

Porphyrins and other macrocyclic ligands (corroles, phtalocyanines, etc..) associated with nickel, cobalt, chromium or iron have shown catalytic activity towards CO 2 reduction 10 . Here we will mainly focus on the iron based tetraphenylporphyrin (TPP) catalyst, as they are recognized for their stability and efficiency. Their investigation by Saveant and coworkers for the last 30 years through ligand modification and mechanistic studies allowed a better understanding of CO 2 reduction and catalyst design 11 . First tests were conducted with [Fe(TPP)]Cl as catalyst in DMF/NEt 4 ClO 4 leading to catalytic conversion of CO 2 to CO at -1.6V vs SCE but only few TONs could be achieved due to the porphyrin degradation.

1.3.3.2.1.

Effects of Acids

The catalyst's lifetime and efficiency could be extended by the addition of a Lewis Acid. 12 Synergetic effects between [Fe(TPP)]Cl and a Lewis acid were first observed in the presence of Mg 2+ cation 13 and then extended to other ones 14 . According to the mechanism described below, Mg 2+ stabilize the adduct formed between the nucleophilic Fe(0) and the CO 2 and accelerate the catalysis by weakening the C-O

Photoelectrodes: insights from dye-sensitized solar cells and recent achievements

In order to build our artificial photosynthetic system, an electrocatalyst needs to be coupled to a photoactive device. As mentionned before, two approches can be considered: either the light conversion into electricity by conventional silicon solar cells, or the use of dye sensitized ones. The latter present multiple advantages over the former, as they are generally made of inexpensive materials, (TiO 2 , NiO, ITO) through a much simpler process 22 . In fact, while silicon based solar cells require drastic highly controlled conditions to be produced (clean-room conditions), dyesensitized solar cells fabrication can be easily performed since they are relatively insensitive to contaminants. This robustness allows for a wide variety of designs such as thin and flexible materials, and they can be produced at ambient temperature with the possibility to graft several different dyes (in order to cover the full visible light spectrum), which makes them easy to procude, modify and study.

Of course, these advantages come with drawbacks such as the use of heavy metals, the cost of the synthetically demanding chromophores, but also limitations in charge transport and yield. It is this last point that we aim to adress by the use of our POMs, in order to enhance the photogenerated currents. Thus we will go through a quick overview of some reported systems and the important parameters to consider when optimizing them.

Historical introduction

Historically, first photosensitized semiconductors have been operating since the apparition of photography, and the first engineered photographic films made by Vogel in 1873 associated the use of dyes to silver halide semiconductors to obtain black and white photographic films 23 . But it is only in the second half of the past century that chemists started theorizing the electron transfer processes involved in such systems. It is only in the mid 70's that first dye sensitized semiconductor systems for artificial photosynthesis started to be reported, when Fujishima and Honda 24 followed by Tsubomura and coworkers 25 reported a dye sensitized metal oxide able to perform water splitting, with low efficiency and stability, as the photosensitizers were present in solution. The idea to graft dyes on the surface of the semiconductor followed shortly after, as Dare-Edwards and coworkers used ruthenium-based systems attached to TiO 2 with ester functions, but again, only poor yields were obtained 26 . This was mainly due to the insulating nature of the dye coating. It is only one decade after, in 1991, that O'Regan and Grätzel prepared the first highly efficient sensitized TiO 2 films, with an energy conversion yield of 8%, by controlling the dye grafting in order to obtain a monolayer and avoid the passivation of the surface, but also by enhancing the active surface, using high surface area porous supporting material rather than single crystals 27 . This work opened the path for other research groups all over the world, and dye sensitized solar cells became a highly active subject over the following years, leading to the development of highly effective devices, with energetic yields reaching 14% today, 28 an acceptable value for industrial purposes.

Operating principles

In general, dye sensitized solar cells are made from four components: a mesoporous semiconductor deposited on a transparent conductive glass substrate, a dye grafted onto the surface, an electrolyte containing electroactive species and a counter electrode. In order to perform artificial photosynthesis, this system must be able to achieve three main steps: first, light harvesting is realized by the dye, then rapid charge separation must occur to avoid recombination and allow the charge transfer to the catalyst, and finally the catalytic cycle can start once all the required electrons and protons are transferred. Consequently, these processes imply an efficient broad absorption of the dye, stable excited states and fast charge separation, but also a highly active catalyst able to kinetically follow the charge injection, or it would become the limiting step for the system. Finally, high stability of the dye and the catalyst is required to achieve a sustainable system.

Since we needed to perform reduction reactions, our focus was made on photocathodes, and while photoanodes displaying important currents, reaching the mA.cm 2 were reported 29 , most of the limitations in the development of full tandem (using both photoelectrodes) dye sensitized cells arises from the relatively low photocathode performances, due to the fast charge recombination at the dye/electrode interface (less than a nanosecond). 30 Most of the components required for a fully functionning photocathodes will be presented in Chapter III, in this section we will focus on the key parameters governing such systems to better address the problematic of this project.

Electron transfers and long-lived charge separation states

As mentionned above, one of the main limitations for photoelectrodes development is the generation of long-lived charge separation states, persisting long enough to induce a catalytic process. This is particularly true when considering that most of those catalysts need multiple electrons in order to operate, which implies an effective charge accumulation and require a fine control over electron transfer dynamics. In this section, we will have a quick overview on the kinetics of electron transfers in order to have a better grasp on the main parameters.

When considering a donor D and an acceptor A, an electronic transfer from D to A would require a transition trough the excited state D*, before charge separation occurs, leading to D + and A -. The transition from starting point (reactant) D|A and the resulting system (product) D + |A -can be described by Marcus theory 31 . In fact, the main parameters raised by his theory to describe such transfers are the position fluctuations of the solvent molecules surrounding the considered substrates, as the potential energies of both the reactant and the product are highly dependent on the coordination sphere and solvent shell reorganization, induced by the charge transfer. Marcus describes the potential energy of the reactant and product as being two parabolas, according to the nuclear configuration (Fig. 9). These notions are applicable when considering electronic transfers from a photosensitizer to a catalyst or a mediator, and it is important to be aware of the counter intuitive inverted region, especially when considering charge recombination.

To summarize, electron transfer is not only function of the distance, but also the surrounding of the implied species. Moreover, depending on the Marcus region considered, the driving force should be finely tuned, since the electron transfer don't follow a simple linear dependence to -𝛥𝐺°, but an optimal value is achievable.

Molecular engineering and covalent assemblies

With these parameters in mind, chemists developed different systems in order to increase the charge separation state's lifetime and limit charge recombination. One of the most elaborated molecular architectures demonstrating how proper engineering can lead to highly efficient systems is the Fc-(ZnP) 3 -C 60 developed in 2004 by Fukuzumi and coworkers (Fig. 11). [START_REF] Imahori | Long-Lived Charge-Separated State Generated in a Ferrocene-meso,meso-Linked Porphyrin Trimer-Fullerene Pentad with a High Quantum Yield[END_REF] In conclusion, this work aims at integrating POMs as redox mediators in order to improve the electron transfer, either in a POM-catalyst or in a POM-photosensitizer system. In both cases, the electron and proton reservoir properties of the POMs combined with their high versatility and the post-functionnalization approach developed by our team will allow the integration of such systems in artificial photosynthetic devices. First, we will present the non-covalent approaches for both systems (Chapters II and III), and afterwards we will describe more synthetically elaborated architectures (Chapter IV).

Electrocatalysis and CO 2 reduction

2.1.

Introduction and context

As mentioned in the previous chapter, increasing CO 2 concentration in the atmosphere led chemists to actively investigate CO 2 reduction catalysts. Our team also tackled the matter by using a Cobalt substituted POM, (TOA) 6 [α-SiW 11 O 39 Co], and demonstrated a catalytic activity towards CO 2 reduction into CO and formaldehyde 1 . Achieving 4 electrons reduction (e.g formaldehyde) with a molecular catalyst was encouraging but the slow nature of the catalyst and the moderate faradaïc yields led us to rethink the role of the POM. As described by Girardi & al, the Cobalt metal center was the catalytic site while the oxo-tungstate structure served the role of electron reservoir. We decided then to investigate the role of the POM not as a catalyst but rather as a redox mediator that could assist a catalyst.

Generally CO 2 catalysts are classified according to the metal they are based on. For practical purposes, the first parameter we considered was the ligand chemical structure. We were looking for well documented catalysts, with commercially available ligands that are easy to synthetize and modify. Another important parameter we considered was the need of a rigid structure as it could allow further photoelectrochemical developpement, since it would avoid the folding of the structure and a possible charge recombination. Also, we mainly focused on first raw transition metal bases catalysts and therefore, among the different catalysts reported in the litterature, we decided to focus on Bipyridin based catalysts, one of the easiest to synthesize and functionnalize ligands, suiting our design of a multicomponent POM based system.

Bipyridine

Bipyridines are a major class of ligands that have been thoroughly investigated and found a wide range of applications. Consequently the development of numerous synthetic routes allowed the acces to different isomers 2 but here focus will be made on the 2-2' bipyridine (bpy) as the most reported catalysts for this type of ligands are the Manganese and Rhenium based fac-[M(bpy)(CO) 3 X] (X = Br, Cl) type 3 .

Rhenium bipyridine complexes

Electrocatalytic activity of [Re(bpy)(CO) ). The authors also pointed out that the increase of the water's concentration would shift selectivity towards hydrogen evolution reaction. 4 A year later Meyer and coworkers started paving the way in their short communication with their first mechanistic insights. 5 2.1.1.1.1.

Mechanism overview

Under inert conditions, the first reversible reduction at -1.12V vs NHE was attributed to the reduction of the bipyridine and the second irreversible process at -1.55V vs NHE was attributed to the Re(I)/Re(0) metal reduction. In presence of CO 2 , the catalyst could achieve the catalytic reduction of CO 2 to CO following two different possible catalytic pathways depending on the applied potential: a slow one-electron or a rapid two electron processes (Fig. 1).

to the first mechanistic studies of Christensen and coworkers by providing IR data,

showing that this more electron rich equivalent could lead to the catalytic [Re(dmbpy)(CO) 3 ]• form and react with CO 2 in acetonitrile. 9 Thus they demonstrated that a fine tuning of the solvatation sphere and the electronic structure of the ligand could give access to both pathways.

The reaction mechanism were further investigated by Fujita and Muckerman in 2004 10 .

They calculated the stabilizing effect of THF when coordinated to the metal radical 

Ligand effects

Kubiak and coworkers continued the investigation of modified bipyridines in the 4-4' position and their effect on the catalysis in acetonitrile 12 . They observed a more important catalytic current when moderate electron donating groups (tBu, CH 3 ) were present, whereas strongly electron donating groups (OMe) or highly withdrawing ones (CF 3 ) showed poor results. The most effective catalyst was the di-tert-butyl substituted one. The catalysis enhancement was attributed to the steric hindrance induced by the tBu groups, blocking the formation of the inactive Rhenium dimer [Re(bpy)(CO) 3 ] 2 .

Later, in a systematic catalysts benchmark evaluating the effects of the ligand substituents and the nature of the X ligand, the authors concluded that the nature of the ligand X (py > CH 3 CN > Br -> Cl -) could shift the reduction potential of the complex but did not change the catalytic activity nor the overpotential, at variance with the 4,4'-bpy substituents. 13 The highest TOF max was obtained with the tBu-bpy derivative, while the original catalyst had the lowest overpotential. This demonstrates the importance of the ligand design, yet another parameter to control would be the effect of the proton source.

2.1.1.1.4.

Effects of acids

As for the Iron porphyrin (Chapter I), the effect of weak bronsted acids was thoroughly investigated. First, Wong and coworkers observed high selectivity towards CO in presence of proton donors and achieved near quantitative yields 14 . The efficiency of the proton source increased with its acidity, thus the higher catalytic rates were obtained with phenol and trifluoroethanol. Methanol and water were less effective, and while their acidity is close, a higher catalytic rate was obtained with methanol, since the coordination properties of water could compete with the CO 2 , slowing the reaction.

Further investigations were conducted by Kubiak and coworkers and a mechanistic study in presence of a proton source was proposed 15 Further computational studies were conducted and allowed to establish different mechanistic routes depending on the protonation or the reduction of the catalyst as a first step (Fig. 2).

catalyst requires the presence of an acid to operate, while for the Rhenium complex, in the absence of acid, the solvent (CH 3 CN) can act as a proton donor.

Finally, the catalytic rates, TOF/TON numbers and Faradaic efficiencies are tedious to compare as they are calculated under different experimental conditions and using different mathematical models. 27 Also, the bipyridine ligand, which plays an important role in both activity and selectivity, is often modified in the majority of the studies.

Nevertheless, the Rhenium catalyst is known to be one of the most efficient catalysts and recognized to be more efficient than the Manganese equivalent. [28][29] Yet, through modification of the bipyridine and by introducing bulky groups, examples of highly efficient Manganese based catalysts have been developed. 19,30,31 

Conclusion

Although the study of porphyrin based systems in the first chapter allowed us to better understand the different parameters involved when tuning a catalyst, bypiridines seemed to suit more our needs for an association with the POM. In particular, [Mn(bpy)(CO) 3 Br] seemed to be an appropriate candidate for our study due to its high selectivity towards CO production and easy synthetic route. Furthermore, for environmental considerations, one of our critirias was to use a first row metal based complex that could operate at a lower potential than the POM reduction to be able to charge the POMs when performing catalysis.

POMs association to bipyridine based catalysts 2.2.1. Assessing POMs influence on the catalyst activity by cyclic voltammetry

Protocol

In this section, we will first study the [Mn(bpy)(CO) 3 Br], then its association with a selection of different POMs by using cyclic voltammetry. We will proceed by comparing the cyclovoltammograms of the different systems in the presence of Argon and CO 2 .

Generaly when catalysis occurs, an increase in the cathodic current is expected. Our goal here is to observe a significant increase in this catalytic current in the presence of POMs. After presenting the [Mn(bpy)(CO) 3 Br] and the POMs in the catalytic conditions, we will screen a selection of different POMs and study their association with the catalyst in order to select the most promising ones to go further and perform bulk electrolysis.

[Mn(bpy)(CO) 3 Br] activity

Our study was performed in acetonitrile (0.1M, TBAPF 6 ), in the presence of 5% of water as a proton source. We used a Glassy Carbon Electrode as working electrode, an Ag/AgCl (KCl sat) as reference electrode and a platinum wire as counter electrode. The study was performed at two different concentrations, 0.1mM and 1mM, due to the poor solubility of some POMs when water was added to acetonitrile. As the study reported by Deronzier and coworkers was performed at a 1mM concentration, it was necessary to verify the catalytic activity at a 0.1mM concentration. 17 Here we compared the cyclovoltammograms of [Mn(bpy)(CO) 3 Br] in the presence or Argon and CO 2 at both concentrations (Fig. 10). Here we could reproduce the voltammograms reported in the previous section (1.1.1.2).

In both cases, after a first reduction around -1V vs Ag/AgCl, a catalytic wave was observed at -1.5V vs Ag/AgCl only in the presence of CO 2 , confirming that the catalyst was active at both concentrations. We then proceeded to the study of the behavior of different POMs in the same conditions.

Polyoxometalates study in the catalysis conditions

In order to screen a wide range of systems, different POMs were selected to be associated with the catalyst: (TBA) 2 [Mo 6 O 19 ] from the Lindqvist serie, (TBA) 3 [PMo 12 O 40 We started by studying the effect of the presence of CO 2 and the addition of water on the different POMs behavior. The following cyclovoltammograms present the results obtained with (TBA) 2 [Mo 6 O 19 ] but all selected POMs were studied in the same conditions and are presented in the Experimental section (6.1.1.). First, we studied the effect of CO 2 without water (Fig. 11). We then tested the effect of water on the POM, first with argon and then in the presence of CO 2 (Fig. 12).

- It is known that the presence of water, and thus protons, can shift the reduction potentials to more positive values [START_REF] Himeno | Redox Properties and Basicity of Keggin-Type Polyoxometalate Complexes[END_REF] . This is due to the charge compensation upon the addition of protons which can ease the reduction process. For example in our case, in the presence of Argon, while no major change is observed for the first reduction process, the second one is shifted by 400mV upon the addition of water. This effect is even more important when CO 2 is added, due to its acidifying properties (Fig. 13). In addition, when comparing both voltammograms in presence of water, we can see that the two distinct reduction processes observed under Argon (starting at -0.8V and -1.2V) are merging into a single wave upon the addition of CO 2 . Also, we should keep in mind that the catalytic reduction of protons in those conditions starts at -1.7V vs Ag/AgCl in the catalytic conditions. This process could compete with the electronic transfer to the catalysts depending on the relative kinetics of the corresponding processes.

To summarize, the addition of water is essential as protons are needed for CO 2 reduction. In our case, it could also help the POMs reduction, allowing us to store more electrons at a given potential. Also, it is important to be aware of the current increase in presence of CO 2 when evaluating a possible synergy between the catalyst and the POMs, as it could mislead our interpretation of the voltammograms. This phenomena is enhanced upon the acidification caused by the addition of CO 2, although we have to keep in mind that a more acidic medium also facilitates proton reduction, a side reaction that needs to be avoided in order to keep a good selectivity and thus a good faradaic yield.

Evaluation of a possible synergetic interaction, [Mn(bpy)(CO) 3 Br] + POM systems

2.2.1.4.1.

General procedure

In this section, we will present how we tested the possible synergy between the POMs and the catalyst by comparing the cyclovoltammograms of [Mn(bpy)(CO) 3 Br] and of the POM alone to the association of both. Since the presence of POMs will generate a higher current, even under Argon, we also compared the catalytic current of the different systems in the absence or presence of CO 2 to isolate it.

Although we studied five different POMs, we will here only report the electrochemical studies of (TBA) On the left cyclovoltammorams (Fig. 14), we can observe an important catalytic current increase in the presence of the POM, with a maximum current of -30 μA at -1.8V vs Ag/AgCl. In comparison, the maximum current for [Mn(bpy)(CO) 3 Br] at the same potential was only -17 μA, but we had to take in account the POM contribution to this current increase. First, its contribution as an electroactive species that would naturally increase the current, even under argon, could be evaluated on the right cyclovoltammograms. In fact, the maximum current under argon for the [Mn(bpy)(CO) 3 Br] + (TBA) 4 [SiW 12 O 40 ] system was equal to -19 μA and the addition of CO 2 led to a significant drop in this value. The main artifact that we had to circumvent was the cathodic current increase observed in POM's cyclic voltammograms when CO 2 and water were added in comparison to those recorded under Argon, since this current increase could contribute to the overall value without being part of the catalytic process. Although models have been developed [START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF] providing a reliable way to analyze catalytic waves on cyclovoltammograms, the multicomponent nature of our system didn't allow us to use them, as each system would require a full heavy and time consuming study.

We had to come with a quick and easy way to troubleshoot and narrow our selection.

Therefore, we had to rely on the comparison of the different systems maximum cathodic currents values at a fixed potential since the catalytic wave's shape changed from a system to another. Thus we defined two ratios to roughly evaluate a possible synergy between the POM and the catalyst. Instead of giving a precise value, we prefered to set a low and a high limit to a possible synergetic effect. To do so, we had to define the different parameters that could mislead our evaluation of a possible interaction. As mentionned before, the first parameter that we coudn't isolate was the current increase observed in the POMs voltammograms in the presence of CO 2 . A second main artifact would be the contribution of the capacitive current and a third one would be the contribution of the POM to the current as an electroactive species. Finally, as the concentration is different depending on the system, using ratios would allow us to compare those systems.

We defined a minored value, 𝜏𝑚𝑖𝑛 , that doesn't take in account the current increase from the POM nor the associated capacitive current as being part of the catalytic wave, by simply eliminating the POMs current under CO 2 :

𝜏𝑚𝑖𝑛 = 𝑖𝑐(𝑀𝑛 + 𝑃𝑂𝑀, 𝐶𝑂2) -𝑖𝑐(𝑀𝑛, 𝐶𝑂2) -𝑖𝑐(𝑃𝑂𝑀, 𝐶𝑂2) 𝑖𝑐(𝑀𝑛 + 𝑃𝑂𝑀, 𝐶𝑂2) * 100
With maximized value, 𝜏𝑚𝑎𝑥 , we compared the overall currents increase in the presence or not of CO 2 which can lead to an overestimation of the POM's effect, since the current increase here is assumed to be part of the catalytic process:

𝜏𝑚𝑎𝑥 = 1 - 𝑖𝑐(𝑀𝑛, 𝐶𝑂2) -𝑖𝑐(𝑀𝑛, 𝐴𝑟) 𝑖𝑐(𝑀𝑛 + 𝑃𝑂𝑀, 𝐶𝑂2) -𝑖𝑐(𝑀𝑛 + 𝑃𝑂𝑀, 𝐴𝑟) * 100
Note: All currents values for the calculation of τ min were taken at -1.7V vs Ag/AgCl since we only compared CO 2 saturated solutions. Forτ max we observed potential shifts when argon was bubbled in the solutions. The maximum cathodic currents for the argon saturated measurements were taken at -1.5V vs Ag/AgCl since the maximum current was observed at this potential.

By applying those ratios to the [Mn(bpy)(CO) 3 Br] + (TBA) 4 [SiW 12 O 40 ] system, we calculated ratios of:

These values showed a slight range of improvement, but they are not absolute values nor precise calculations, and should be only used to compare our different systems rather than assuming a proper enhancement effect. We then applied the same procedure to the other POMs.

τ min =2% τ max =16% Here the maximum current in the case of the [Mn(bpy)(CO) 3 Br]+ (TBA) 3 [PMo 12 O 40 ] system is equal to -152 μA, with a relatively low increase compared to the [Mn(bpy)(CO) 3 Br] alone, giving a value of -118 μA. This is also showed by our calculated ratios:

According to our predictions, we shoudn't see an improvement in the catalysis when associating (TBA) 3 [PMo 12 O 40 ] to the catalyst. Of course, it is only by performing bulk electrolysis that we would be able to conclude, but this case would be a good reference to evaluate the pertinence of our screening. In this case, we could observe the highest current increase in presence of the POM (Fig. 16), with a value of -204 μA while the value for the catalyst alone was of -118 μA.

τ min =0% τ max =8% - 
This effect was also visible in our ratios:

According to these results, (TBA) 2 [Mo 6 O 19 ] is our best candidate, but again, only bulk electrolysis will give us more insight into a possible synergy. Finally, to remain consistent, we also studied (TBA) 2 [Mo 6 O 19 ] and (TBA) 3 [PMo 12 O 40 ] at 0.1mM.

Concentration effects

2.2.1.5.1. CV study, [Mn(bpy)(CO) 3 Br] + (TBA) 2 [Mo 6 O 19 ] (0.1mM)
Here is presented the cyclovoltammetry for the (TBA) 2 [Mo 6 O 19 ] 0.1mM study (Fig. 17), but similar tests were performed on (TBA) 3 [PMo 12 O 40 ]. Although it is lower compared to the 1mM system, we still observe an increase in the cathodic current in presence of the POM. Here, the [Mn(bpy)(CO) 3 Br] + (TBA) 2 [Mo 6 O 19 ] system showed a maximum current of -25 μA while the [Mn(bpy)(CO) 3 Br] gave a a value of -17.5 μA. We applied our ratios to evaluate if they remain consistent with the 1mM study and found values of:

Although the result changed considerably for τ min , the value remained consistent for τ max . The main approximation made for the calculation of τ min that could explain this difference is our approximation on the capacitive current, which was substracted twice in τ min . Since the concentration heavily affects the capacitive current, a greater variation in the τ min result than in the τ max one was expectable. Nevertheless, these ratios are not intended to be precise calculations but rather a quick method to compare different systems in the same conditions. The different calculated values are summarized in the following table. O 40 ] and (TBA) 6 [P 2 W 18 O 62 ] is equal to 0 and therefore weren't presented in this preliminary study. As mentioned above, although it was also the case for (TBA) 3 [PMo 12 O 40 ], its low τ max value motivated us to present it as a control experiment. Ultimately, cyclic voltammetry is a powerful tool allowing a preliminary insight but catalytic performances can only be evaluated by performing bulk electrolysis.

Relative Catalyst to POM concentration

A last study before moving to bulk electrolysis was to evaluate an optimal concentration ratio between the catalyst and the POM. We also performed this study at two different concentrations due to solubility issues. We selected the two POMs that showed interesting results according to our comparison method, (TBA) 2 [Mo 6 O 19 ] and

(TBA) 4 [SiW 12 O 40 ]. First the catalyst concentration was set at 1mM and we added from 0.2 to 2 equivalents of (TBA) 2 [Mo 6 O 19 ] (Fig. 18). We could observe an incremental increase of the maximum cathodic current (at -1.7V

vs Ag/AgCl), going from -120 μA for the [Mn(bpy)(CO) 3 Br] to -250 μA when 1 equivalents of (TBA) 2 [Mo 6 O 19 ] with an average increment of 18 μA for each 0.2 equivalent of (TBA) 2 [Mo 6 O 19 ] until we reached one equivalent, then this effect was slowed between one and two equivalent, as showed in the right graphic.

Then in a second time, the catalyst's concentration was set at 0.1mM and we added from 1 to 10 equivalents of (TBA) 4 [SiW 12 O 40 ] (Fig. 19). μA compared to the -8.5 μA obtained with the 0.1mM system. This concentration effect can be understood as outer sphere electron transfers are eased in a more concentrated medium where collisions between species are more probable. In our case the quantity of catalytic current is important as it implies potentially more product during bulk electrolysis and thus easier detection and analysis. On the other hand, the POMs solubility can be problematic as the presence of precipitate can compromise the electrolysis results. We thus decided to keep studying our systems at a 1:1

Catalyst:POM ratio as we didn't found a particular optimum.

Finally, for both systems, in order to be sure that this current increase was not only due to the simple addition of the electroactive POM in the solution, we checked that the cathodic current increase was due to the CO 2 reduction by bubbling argon into the solution at the end of the experiments (Fig. 20). For both systems, we could observe a loss of the catalytic wave and a significant drop in the cathodic current upon the addition of argon.

Conclusion

In this part of our work, we tried to detect a possible synergy between the catalyst and different POMs. Due to the multicomponent nature of our system, it was arduous to properly analyze our results and we are concious of the multitude of approximations we made. The CO 2 and water effects on the POMs electrochemical behavior, the capacitive current and the electroactive nature of the POMs were the main artifacts that could distort our evaluation of a possible synergy between the POM and the catalyst.

Although, our goal was to perform a fast screening of different systems rather than a meticoulous study and we were able to selected three out of the five POMs we studied.

(TBA) 3 [PW 12 O 40 ] and (TBA) 6 [P 2 W 18 O 62 ] gave a τ min value of 0%, thus we decided to abandon those systems and continue with (TBA) 2 [Mo 6 O 19 ] and (TBA) 4 [SiW 12 O 40 ] since they showed the best overall results, but also with (TBA) 3 [PMo 12 O 40 ] which showed the less interesting results, as a blank experiment to test our « benchmark » model. Overall, we didn't had neither the time nor the equipment to perform a proper mechanistic study. A time resolved spectroscopic measurements would have allowed us to observe reduced intermediates and better understand the electronic transfers between the POMs and the catalyst, but from a practical point of view, our results allowed us to narrow our selection, which was our goal. In fine, the purpose of this study is to observe an enhancement in the catalytic properties that can only be proved by performing bulk electrolysis.

Bulk electrolysis

[Mn(bpy)(CO) 3 Br] + POMs study

Cell optimization and experimental conditions

First we needed to find the proper conditions to reproduce Deronzier and coworkers resultst 17 . In their publication, a quantitative faradaic yield is achieved after 4h of electrolysis at -1.45V vs Ag/AgCl with a TON = 13. We started our first experiment using a 62mL cell that we will call Cell 1 (11mL cathodic and 3 mL anodic liquid phase and 48mL headspace) with open compartments and a 2.5cm diameter glassy carbon electrode as the working electrode and a platinum wire as a counter electrode. Note that we used an Ag/AgCl reference since it was easy to build and shape in order to fit our different cells. For our first experiment at -1.5V vs Ag/AgCl with 1mM of catalyst, we reached fadaraic yields of 42% for CO and 10% for H 2 . We also tested the same conditions at 0.1mM but the experiment yielded only 3% of CO. We thus decided to fix the concentration at 1mM. At the same time we ran blank tests with only the POMs and we observed precipitation at the electrode (especially for (TBA) 4 [SiW 12 O 40 ]). We changed the nature of the working electrode to a mercury bed (approximatively 1cm 2 area) and observed less or no precipitation in this case. Also, in the case of the catalyst only, changing the nature of the working electrode allowed us to improve the yield by 20%.

Although mercury is reported as being a CO 2 catalyst in aqueous solution [START_REF] Imahori | Long-Lived Charge-Separated State Generated in a Ferrocene-meso,meso-Linked Porphyrin Trimer-Fullerene Pentad with a High Quantum Yield[END_REF] , we ran several blanks with only POMs and no CO nor formate was detected. We decided then to work in a smaller cell, Cell 2 (2.5ml cahodic and 1.5mL anodic liquid phase, and 11 mL headspace), as we were suspecting leaks in Cell 1. With this new configuration, a 95% faradaic yield in CO was achieved with a TON=10, but we noticed the presence of oxygen in the gas chromatograms. We finally decided to work in closed compartment as the oxygen presence might be due to the oxydation of water at the counter electrode. This allowed us to achieve a TON=26 in 2h, with a fadaraic yield of 96%. O 40 ] it is the fourth reduction process that occurs at the same potential. This highly reactive reduced form of the molybdenum based POM could explain the presence of hydrogen and the faster reaction rate in the case of (TBA) 3 [PMo 12 O 40 ]. Despite the absence of hydrogen in the case of (TBA) 4 [SiW 12 O 40 ], we could detect CO and traces of formate, with respectively 82% and 2% faradaic yield. Here the effect is probably not electronic but rather probably induced by a local pH modification induced by the POM. It is reported that a fine pH tuning with [Mn(bpy)(CO) 3 Br] can lead to selectivity changes between CO and formate.

In fact, it is reported by Nervi and coworkers 24 that changing the acid strentgh can change the selectivity of [Mn(bpy)(CO) 3 Br] from CO to formate, through the formation of hydride intermediate. A way to ascertain this hypothesis would be to perform a spectroelectrochemical study as the spectral signature of the hydride is known 24 .

Finally, (TBA) 2 [Mo 6 O 19 ] which was the most effective according to our CV study, was in fact the less effective of the three POMs as it only yields 58% CO and 3% H 2 with a TON of 8 for 2h electrolysis time. For all those cases we assumed that the missing charge might be stocked in the POM, since the solution remained blue after stopping the electrolysis.

We couldn't observe any major effect at -1.5V, (TBA) 3 [PMo 12 O 40 ] seemed to speed up the catalysis while also accelerating the degradation of the catalyst, while only a slight selectivity change was induced by (TBA) 4 [SiW 12 O 40 ] and no positive effect was observed with (TBA) 2 [Mo 6 O 19 ]. We then decided to work at a potential where the catalyst was normally not active, to check if we could have an effect on the overpotential. We decided to perform experiments at -1.2V vs Ag/AgCl for two hours in order to study the effects of the POMs on the overpotential, especially in the case of (TBA) 2 [Mo 6 O 19 ] where we have an increase of current at this potential (Table .4).

At this potential, we weren't expecting to see any product as the catalysis would be unfeasible or rather very slow. In fact, in all the different cases, the passed charge was very low, as the TONs for CO production. But while no positive effect was observed at - Again the catalysis stopped after approximatively 2 hours for the catalyst alone while the POM based system kept producing CO for at least 6 hours. Even if the catalysis was slower in presence of the POM, the stabilized system led to a 60% higher TON. Of course the overall yield was lower in this case since a part of the passed charge is probably stored in the POMs (persistent dark coloration after the experiment is stopped). (Fig. 23) This stabilization effect was accordingly observed on the measured currents (Fig. 24). This effect might be due to the POM being able to transfer the required electrons to the catalyst but at a milder potential, avoiding its degradation. Of course, here we set our conditions in purpose to degrade the catalyst faster, or the electrolysis would have laster a longer time before we could be able to see this effect.

Fig
We decided thus to perform 8 hours electrolysis at different potentials to check if we could find the same trend. As expected, the catalyst wasn't active at -1.2V and the POM didn't improve the yield which is consistent with our first investigations in 2.2.1.3. A third experiment was performed at this potential and no CO was detected. Although the results are slightly different, we concluded that there is no catalytic activity at -1.2V and that the POM has no effect on the overpotential.

However, when the catalyst is active, we started to notice an effect of the POM at least on the current behaviour. While the effect wasn't obvious after 2 hours electrolysis, extending the electrolysis time to 8 hours helped to exacerbate this effect. Following the same logic, the experiments at -1.7V intend to rapidly degrade the catalyst in order to reduce the experiments duration while spotlighting the POMs effect. Yet in this case, the high amount of passed charge could be part of our reproducibility issues. Moreover, we doubt the reliability of our setup and we consequently coudn't easily compare the calculated TONs and yields. We thus had to rely on the current behaviour to draw some conclusions. Here we superposed the succesful and the failed experiment currents (at -1.7V vs Ag/AgCl), and while the TON value greatly varied, we were able to overlay the associated currents with a high reproducibility (Fig. 25).

Conclusion

Overall, an effect was observed in the case of (TBA) 3 [PMo 12 O 40 ], (TBA) 4 [SiW 12 O 40 ] and (TBA) 2 [Mo 6 O 19 ]. (TBA) 3 [PMo 12 O 40 ] could speed the catalysis without improving the overall TON, (TBA) 4 [SiW 12 O 40 ] gave a slight change in selectivity as traces of formate were observed and finally (TBA) 2 [Mo 6 O 19 ] was able to extend the catalyst's lifetime and 
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Time / h thus led to higher TONs. For all these systems, the overall faradaic yield was always lower than in the case of the catalyst alone, as a relatively important amount of charge was stored into the POMs. Moreover, their role as protons reduction catalysts contributed to the lowering of the faradaic yield towards CO. Finally, a lack of repetability for the detected CO made us rethink our setup. In fact, several experiments failed or had to be stopped due to bad connectivity, GC failure, diffusion and overpressure effects. The latter were mainly due to the production of oxygen at the anode when diffusion was from the anodic compartment to the cathodic one, and probably due to the different solubility of CO 2 in acetonitrile, compared to CO, when the diffusion happened from the cathodic compartment to the anodic one.

To solve these problems and gain in repetability, we decided to change our setup. First, the cell's frit was replaced by a microporous membrane as it can effectily reduce the diffusion between compartments. Secondly, we replaced the mercury pool by a GCE for a more practical setup configuration and in order to have a better insight on the surface's state after electrolysis, although we were aware of a possible precipitation at the electrode. Finally, we decided to work with the [Re(bpy)(CO) 3 Br] catalyst, which demonstrate higher TONs than the Manganese counterpart, and consequently we would have a better tolerance for the same variations of TON. Moreover, the Rhenium catalyst is active even with the transfer of only 1 electron, that could be easier to achieve with a molybdenum based POM. Finally, we acquired a custom GC (SRI-6080) especially built for small molecules detection.

[Re(bpy)(CO) 3 Br]+POM study

Here we proceeded as before, starting a CV study and afterwards we performed bulk electrolysis.

Cyclic Voltammetry

2.2.3.1.1.
[Re(bpy)(CO) 3 Br]

First we started by studying the [Re(bpy)(CO) 3 Br] in our conditions to remain consistent with the previous study (Fig. 26). Then we studied the effect of (TBA) 2 [Mo 6 O 19 ] on the catalyst (Fig. 27). The current increase was again confirmed. In presence of the POM, the current values double reaching 220 μA. Using the ratios defined earlier (1.1.4.2) we could calculate the enhancement rates for this system at -1.5V vs Ag/AgCl:

These numbers are higher than for the manganese-based system. This can be understood as the catalyst is more active in this case and its reduction potential are more accessible.

We should remember that, as showed in the previous study, it is hard to predict electrolysis results based on CVs and that the current increase doesn't automatically reflect an improvement in the catalysis. 

Bulk Electrolysis

A new setup was designed, inspired by Dr. Victor Mougel's design, in order to mitigate the issues encountered with the previous system and gain in reproducibility (Fig. 28). Here, both compartments are separated by a porous membrane (Celgard C212) that is less prone to leaks and diffusion than the regular frits used for Cell 1 and 2.

Electrolysis was conducted at -1.5V vs Ag/AgCl for 4 hours with a 1.7cm 
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Altough we were expecting a stabilizing effect of the POM, here we obtained a change in selectivity. Not observed with the Rhenium catalyst alone, we generated 11% of formate in the presence of the POM.

While it is known to be one of the most active catalysts, the yield of the Re complex was low compared to the average published values, although the conditions aren't similar to those described in the literature. In our case, water can coordinate the metal center blocking a potential CO 2 insertion. 14 A more efficient yield could be obtained with MeOH as proton donor, but we wanted to remain consistent with the previous study using the Mn complex analog.

Finally, despite the use of the membrane, diffusion was observed through the membrane as the anodic solution became slightly yellow. We then decided to use two membranes. It is important to remind that our membranes are double sided, one side is made of a porous polymer and the other made of alumina. We disposed them with the alumina side towards the electrolytic solution, and we ran again the same experiments for 4 hours ( With this new setup, we improved the yield in the case of the Rhenium catalyst. In the presence of the POM, we confirmed the selectivity change but the yield in formate was yet lower compared to the yield in CO for the Rhenium catalyst. Since charge is stocked into the POM, it is tedious to establish a proper yield, but, once again, looking at the current gave us more insight on the systems stability (Fig. 29). Here we can observe that the lifetime of the [Re(bpy)(CO) 3 Br] catalyst in our conditions is 3h30 to 4h, but the current in the presence of the POM is much more stable suggesting that, as for the Manganese counterpart, we should increase the electrolysis time for future experiments to see a clear difference of the catalytic performences in the presence of the POM.

General conclusion

We realized that the POMs can have different effects, not only depending on the POM nature but also the catalyst. It is hard to rationalize the results with multicomponent homogeneous systems, but overall, we can assume that the POMs have an electronic effect on the catalysis. By the end of this study, we were quite confident about our experimental setup, but the multicomponent nature of our systems is still our biggest O 40 ] system that we evaluated as being the worst of our selected POMs.

Of course the ratios that we developed to chose which POM we should use aren't precise, but moreover, we learnt that the difference in timescale between CV and bulk electrolysis makes the interpretation of what we observe on CV tedious to transpose to bulk electrolysis. This is especially true for a multicomponent system in comparison to monomolecular systems, since redox phenomena not only happen at the electrode surface, but also in the bulk solution. We decided to pursue this study but with a new form of catalysts, by grafting the bypiridine ligand directly on the POM, leading a more elaborate and synthetically developed monomolecular hybrids that we could control and finely tune to be able to have more insight over the catalytic process. This will be further developed in the fourth chapter of this thesis. Introduction

An important aspect of artificial photosynthetic systems is light harvesting and conversion. Consequently, we had to investigate the role that POMs could play in such context. Thus, we aim to build a fully functionnal photocathode based on POMs as electron relays in order to enhance the electron transfer and the system efficiency. In the previous chapter, we focused on the association of the POM with different catalysts, while providing the needed electrons using an electrode. In this section, we will present our work on the light collection and electron generation from different POM based photocathodes. Most of the published work have focused on dye sensitized photoanodes, with reported photocurrents going up to few mA.cm -2 . 1 The photocathode development have been more limited, mainly because of the fast rate of charge recombination at the oxide-dye interface and thus will be our subject of interet in this chapter. 2

General considerations

When considering artificial photosynthesis, different type of electrodes and supporting materials have been developped, including full inorganic materials, composite materials and dye sensitized metal oxides which we choose to focus on. 3 . In fact, the association of POMs to molecular dyes would allow an easier control over the energy levels as well as a fine tuning of the optical properties of the device.

There are two main types of dye-sensitized cells, n and p type ones. The first is used for photoanodes while the second is used for photocathodes, our subject of interest. 4,5 The main difference between both boils down to the nature of the charge separation process. In fact, after photoexcitation of the dye, an electron injection into the conduction band of the semiconductor occurs in n-type electrodes, while a hole injection into the valence band occurs for the p-type ones. In our case, we are interested in proton or CO 2 reduction, and thus will focus on p-type photocathodes.

faster than that of NiO). [9][10] In both cases, the generated photocurrents are low compared to the ones reported using photoanodes, mainly because of the fast charge recombination at the semiconductor/photosensitizer interface, slow hole injection and transport in the semiconductor, and finally the slow catalytic rates of proton reduction. 3 In order to improve such systems, this work will focus on charge recombination, which is considered to be a major limiting factor in solar energy conversion. As an order of magnitude, recombination time of the charge carriers is in the order of 10 -9 s while the chemical interaction at the electrode have a longer time scale, between 10 -8 -10 -3 s. 11 It has been reported that charge recombination can reach up to 90% only 10 ns after generation. 12 To address this issue, we propose the use of POMs as electron relays in order to modify the electron's path at the electrode and avoid fast charge recombination.

Electron relays for photocathode enhancement

Different approaches have been developped to improve photocathodes efficiency, including the modification of the supporting material (division into nanoparticles to increase the specific surface area), of the dye (the use of organic push-pull dyes over the organometallic ones as they have proven to be more efficient), but also the fine tuning of the catalysts. [13][14] In this chater we focus on the approach consisting in the use of electron relays. A good example of such improvement can be found in the work of Meyer and collaborators 15 . In this first example, a Ruthenium polypyridyl complex was used as a kinetically rapid electron-transfer mediator, allowing to enhance the catalytic rate of the oxygen evolution reaction by a factor up to 30. In a more recent work, Fielden and coworkers 16 demonstrated a 140% efficiency gain in a NiO based p-type dye sensitized solar cell by using a polyoxometalate as a coadsorbant in order to act as a relay between the poorly communicating dye and catalyst. The authors attributed this effect to a positive NiO's valence band shift due to the presence of the POM, allowing to decrease the recombination at the NiO/electrolyte interface.

Meyer and coworkers have recently reported more elaborated molecular architectures for solar CO 2 reduction (Fig. 2). 17

PS/POM Photocathodes

Ruthenium trisbipyridil/PS

We first decided to investigate a possible effect of the POM using the most simple of the proposed designs, where only the photosensitizer was grafted onto the surface and the POM electrostatically deposited afterwards. To do so, a phosphonate groups bearing ruthenium trisbipyridil complex was used (Fig. 6).

Fig Here we can see that the photocurrent density value, 0.038 mA.cm -2 , doubles in the presence of the POM, reaching a value of 0.075 mA.cm -2 (suggesting an effect of the latter on the electron transfer). We then decided to exacerbate this effect by changing the nature of the substrate.

Supporting surface optimization

In order to increase the amount of grafted and deposited species, we aimed to increase the surface active area by using nanostructured ITO (named nano-ITO) developped by our collaborators in the CEA Grenoble. 13 Thus, the same experiment was repeated with the nano-ITO (Fig. 8).

In this case, the photocurrent density was between 4 and 9 times higher in the presence of the POM. In both cases, the currents showed stability over time despite the weak nature of electrostatic interaction and despite being in acidic conditions and under strong irradiation. Moreover, comparing these results to the planar ITO ones, we can see that the current density of the pure PS substrate is 3.6 times higher, going from 0.038 mA.cm -2 to 0.147 mA.cm -2 , while the current density of the PS/POM substrate is 9 times higher and goes from 0.075 mA.cm -2 to 0.672 mA.cm -2 .
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Thus, the nanostructured ITO is 3 times more efficient than the planar system. This non linear behaviour is probably due to a change in the relative concentration ratio of PS/POM. In fact, the mesoporous nature of the nanostructured ITO could affect the POM's load on the surface, but electrostatic interaction don't allow much control over the surface state. We decided to work on a fully co-grafted system to get the best control over the surface properties. 

Push-Pull organic photosentizer and POM

A carboxylic acid terminated hybrid POM (named hereafter POM-COOH, Fig. 9b) was synthesized to anchor the POM to the surface. To optimize the cografting, a neutral carboxylic acid functionalized PS was used. This push pull organic dye (Fig. 9a) was provided by our collaborators in grenoble. 19 -0,0025 Here, while varying the potential we could observe a higher cathodic current upon irradiation, confirmed by the chopped light curve that allows to attribute the current increase to the irradiation. We performed this experiment to determine the set potential for the photocurrent measurements, which needs to be in the photoactive potential window, here from +0.6 to -0.3V vs Ag/AgCl. In order to isolate only the light contribution to the measured current, we decided to set the potential for the photocurrent measurements at +0.3V vs Ag/AgCl, where the dark current is the closest to zero for the PS/POMCOOH. Finally, the same experiment was run using the pure POM surface and no photoactivity was observed, confirming the innocence of the POM as photoactive species (Experimental Section: 6.3.2 -Fig. S18)

Photocurrent measurements

Once the potential was set, we used the same conditions as for the LSV measurements (Acetic Buffer 0.1M, pH 3.7 + [Co(NH 3 ) 5 Cl]Cl 2 1mM, Lamp set at 0.4mW/cm2) to measure the photocurrents. We first compared the pure PS surface with the 1PS:1POM one (Fig. 11). Here the effect of the POM was even more important than with the Ruthenium photosensitizer, with more than a 10-fold increase of the plateau value from -1.9

μA.cm -2 to -23.8 μA.cm -2 .

It is important to remind that the reduced forms of the POM are characterized by broad intervalence charge transfer (IVCT) bands in the visible region. Since reduced POMs can be used as photosensitizers, [20][21] we performed the same experiment using a bandpass filter (450nm, 50nm width) to isolate the photosensitizers absorption band and avoid the excitation of the POM. For both PS and 1PS:1POM a lower photocurrent was measured due to the filter itself but no significant difference was observed in the behaviour of both systems, allowing us to conclude that no IVCT events were involved in our case. (Experimental Section -6.4.2) Once the POM's effect confirmed, we decided to improve it by varying the relative concentration of PS and POM on the surface.

POM concentration optimization

To optimize the PS:POM ratio on the surface, we changed the PS and POM concentration in the soaking solution and got the 1PS:2POM, 1PS:5POM and 0.2PS:1POM surfaces (Fig. 12). First, we could observe that the photocurrent intensity didn't vary linearly with the POM's concentration, since the optimum value was obtained for the 1PS:2POM

surface. In fact with the latter system, we reached a photocurrent value of 50 μA.cm -2 , which corresponds to a 25 fold gain in intensity when compared to the ure PS surface, while the current for 1PS:5POM was only 28.5 μA•cm -2 . In addition, the 0.2PS:1POM behaved similarly to the 1PS:5POM sample, suggesting that we could lower the species concentration in the dipping solution. Overall, the photocurrents that have been recorded are at least one order of magniture higher than those reported for other POM-based systems 22,23 . To rationalize the POM's effect, the quantity of the reactive species on the surface had to be determined.

Reactive species quantification

Photosensitizer quantification

We started by characterizing the amount of grafted PS using UV-Vis spectroscopy, since the photosensitizer in acetonitrile displayed a characteristic charge transfer band at 436nm. By substracting the spectra of the surface recorded before and Time / s after grafting, we were able to calculate the PS surfacic concentration for each sample (Fig. 13). Regardless of the PS and POM loading, the dye concentration was found to be quite constant with an average value of 1.1 10 -8 mol.cm -2 , which is fully consistant with the values reported on other similar reported systems (Fig. 14). 24 Fig. 14 -Histogram of the dye loading values determined by UV-Vis spectroscopy on 13 slides (three points on each ) Average C surf = 1.1 (± 0,1) .10 -8 mol.cm -2

POM quantification

The POM's quantification was slightly more tedious due to the low amount of grafted species and the nature of the supporting material. Since POMs are characterized by a strong ligand to metal charge transfer band in the UV range, the quantification of the POM with UV-Vis wasn't successful because the ITO also displays a strong absorption in the same range. Nevertheless, Wavelength dispersive spectroscopy (WDS), allowed us to quantify the load of tungstene and sulfur, making accessible the relative amount of POM to PS (Table 1 

Kinetic and thermodynamic interpretation

Kinetics

The uniform coverage of the different samples was a crucial information to make reliable comparisons. We then were able to calculate the electron transfer rate from the surface to the electron acceptor, based on the amount of passed charge and the concentration of the PS for each surface (Table 2). The macroscopic electron transfer rate is representative of the amount of reduced IEA per PS and per second and is a more accurate value than the simple comparison of the photocurrent since it takes in account the PS concentration for each sample. Overall, since the PS concentration is remarkably constant between the different surfaces, the tendancy observed with the macroscopic electron transfer rate values is consistent with the photocurrent density values and confirm the previous comparison between the observed photocurrents. It is important to remind that these values are representative of the electron transfer from the surface to the electron acceptor in solution and that only time resolved spectroscopy would allow a better insight of the electronic transfers between the species grafted on the surface.

Thermodynamics

The kinetics of the electron transfers at the surface should be the subject of future studies and might be a tedious matter to tackle. Nevertheless, we have a better insight of the thermodynamics of the systems thanks to the measured redox potentials of the different species and proposed an energy level diagram (Fig. 15). In this case, nearly no enhancement in the photocurrent was observed when compared to the pure PS surface. In addition, we coudn't detect any tungsten when performing WDS on the POM-I sample, proving that the rinsing step of the grafting protocol was leaching the physisorbed POM-I and that an anchoring group in the POM is necessary to get a significant photocurrent enhancement.

Stability tests

To confirm another advantage of a covalent grafting, we performed several photocurrent measurements on the same co-grafted 1PS:2POM surface while changing the electrolyte solution and no change in the photocurrent was observed (Fig. 17). This absence of leaching was attributed to the robustness of the covalent bond.

Moreover, the surface was stable over time and close values were obtained when photocurrents were measured with the same surface but 3 weeks apart (Fig. 18). In this case, the measured photocurrent was 3 times higher than for the pure PS sample. Although an enhancement was observed, the effect of the POM here was less important than with the carboxylic equivalent.

Electrochemistry gave us some insight to rationalize this observation. Indeed, cyclic voltamograms of a pure POM-diazo nano-ITO electrode were recorded and two quasi-reversible well defined reduction preocesses were observed at -1.11 V and -1.57 V vs Ag/AgCl, characteristic of the POM-diazo (Fig. 21). We even could quantify the amount of grafted POM by integrating the first wave and a POM packing density of 1.35 ~ 10 -10 mol.cm -2 was obtained. On the contrary, with the POM-COOH surface, we only observed an ill-defined irreversible wave. This result suggested that the carboxylic bond was less conductive than the direct carbon-ITO bond generated in the case of the POM-diazo, thus inhibiting the electron transfer and making the quantification of the POM-COOH by CV impossible. On the other hand, we suspect this poor electronic communication to be involved in the higher photocurrents observed in the case of the POM-COOH, as it can prevent charge recombination through the POM's anchoring organic arm.

In conclusion, we found that the presence of POM onto a photocathode drastically enhance the generated photocurrent and we were able to optimize the amount of grafted POM in order to maximize this effect. In general, the amount of POM is 10 to 100 times lower than the photosensitizer, with an optimal ratio of 80 PS for 1 POM allowing a 25 fold photocurrent enhancement. We demonstrated the importance of the covalent bond for the durability and robustness of the system, since the physisorbed POM-I leached upon rinsing. Moreover, the nature of the covalent bond seems to be important, as it played an important role in the electronic displayed a reduction potential of respectively -0.5V and +0.1V vs Ag/AgCl. The cyclovoltamograms are reported in the Experimental section (6.3.7.1 and 6.2.8.1).

Afterwards, LSV was performed on both complexes, using a PS and a 1PS:2POM surface, and the measurements are reported in the Experimental section (6.2.7.2 and 6.2.8.2). For both complexes, we decided to work at +0.3V vs Ag/AgCl. We thus could record the photocurrents for both species (Fig. 23). For [Co(dmgBF 2 ) 2 (OH 2 ) 2 ], the photocurrent density value for the PS substrate was 1.3 μA/cm 2 while it was 3 times higher for the PS+2POM substrate with a value of 4 μA/cm 2 . In the case of [Co(CR)Br 2 ]Br, the photocurrent density value for the PS substrate was 3.5 μA.cm -2 while it was 4.5 times higher for the PS+2POM substrate with a value of 16 μA.cm -2 . In comparison, for the same systems but with the [Co(NH 3 ) 5 Cl]Cl 2 as sacrificial acceptor, photocurrent density values were respectively : 2 and 50 μA.cm -2 . Of course this difference was expectable since the irreversible reduction of the [Co(NH 3 ) 5 Cl]Cl 2 is avoiding backprocesses.

Nevertheless, an important effect of the POM was observed in both cases, with a higher enhancement of the current in the case of [Co(CR)Br 2 ]Br. It is important to remind that this is not representative of a more efficient system, especially when 
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taking in account the starting oxidation state of the metal center, since Co(III)/Co(II) reduction has a higher driving force than Co(II)/Co(I), and which could explain the better enhancement in the case of [Co(CR)Br 2 ]Br. Overall, only the photoelectrocatalyst tests will allow us to verify if the catalysis occurs and in such case which system is the more efficient.

Photoelectrocatalytic Tests

Experimental conditions

Photoelectrocatalytic experiments were performed during a visit to the CEA Grenoble with the help of Emmanouil Giannoudis, according to our partner's procedure. To evaluate the contribution of the POM, PS and PS+2POM substrates were compared in different conditions. Each sensitized surface was cut into a 3cm 2 substrate and introduced in a home made cell. After bubbling nitrogen for 30min in each compartment, the cell was tightly sealed. Ag/AgCl was used as a reference electrode and a Pt wire as a counter electrode. Quantification of the hydrogen concentration was performed using a GC (for the headspace) and a Clark type electrode (for the solution). The septum was sealed with glue after each injection to avoid leaks. The lamp shutter was kept closed for the first 5 minutes of each experiment in order to differentiate the photocurrent from the residual current (due to the applied bias). Lamp was calibrated at 65mW/cm 2 . Fig. 24 -3cm 2 nanoITO substrate (left) and a home made cell during a photoelectrocatalytic experiment (right)

[Co(dmgBF 2 ) 2 (OH 2 ) 2 ]

Long-term chronoamperometric experiments were performed at -0.35V and +0.3V

vs Ag/AgCl in pH 3.7 acetate buffer (0.1 M). No photocurrent was observed at -0,35V for both the PS and PS+2POM substrates. At +0.3V, although no photocurrent was observed for the PS substrate, a 0.5μA.cm -2 photogenerated current was observed with the PS+2POM substrate when the lamp shutter was opened after 5 minutes. (Fig. 25) 

[Co(CR)Br 2 ]Br

In the case of the [Co(CR)Br 2 ]Br, only a non successful experiment could be performed as we lacked time. Potential was set at +0.3V vs Ag/AgCl and the photoirradiaton was carried over 6 hours in order to accumulate hydrogen. (Fig. 26) In this case, photogenerated current was observed but no hydrogen was detected in the headspace and only 10nmols were detected in solution. The same value was measured at 2 hours and 6 hours, which led us to conclude that the system was not efficient. Moreover, when the irradiation was stopped, a positive current (and increasing charge) were observed. A charge accumulation at the surface could explain the poor charge transfert to the catalyst (Fig. 27). was detected with the pure PS electrode. These results were surprising since our partner's reported similar work on pure PS photocathodes, which displayed a catalytic activity with [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] as a catalyst. 24 The main differences between both studies were the nature of the supporting electrode, NiO instead of ITO, and the pH of the electrolyte, 4.5 instead of 3.7 in our case. Those parameters might be decisive to observe efficient catalysis. We thus reproduced the reported experiment by using a NiO substrate and by changing the pH of the solution.

Test on NiO substrate

We first conducted the experiment exactly as reported, using a nanostructured NiO surface grafted with the PS, at pH 4.5 (Fig. 28). In this case, a 10 μA.cm -2 photocurrent density was observed when the lamp shutter was opened, leading to a charge of 237mC after 3 hours of experiment. 7nmol H 2 were detected in the headspace and 5nmol in solution. We thus verified that we were able to reproduce our collaborator experiment and that the results obtained in the case of the ITO were not due to an experimental error. We then reproduced the same experiment but by changing the pH to 3.7 (Fig. 29). 
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In this case, a photocurrent density of 3.5 μA.cm -2 was observed upon irradiation, and 115mC were injected over the 3 hours experiment. In this case, 6nmol and 11nmol of H 2 were detected respectively in the headspace and in solution. The system here was more efficient, although the photocurrent was less important, which is expectable as we were working in more acidic conditions.

In conclusion, the nature of the material is the main parameter between our conditions and our partner ones. By lack of time, we couldn't prepare a 1PS:2POM nanoNiO surface to check if the photocurrent enhancement due to the POM could be reproduced in catalytic conditions. Next experiments should focus on a similar system but using nanoNiO as supporting material instead.

Conclusion

We herein demonstrated the effect of POMs on photocathodes current generation, and by optimizing the relative amount of photosensitizer and POM we were able to reach a 25 fold enhancement factor in the presence of a sacrificial electron acceptor. Moreover, we proved the relevance of a covalently grafted POM as it allowed a fine control of the grafted species and increased the durability of our system. We also saw that the nature of the covalent bond is important, and that a less conductive system, induced by the carboxylic acid anchoring function, might help reducing the charge recombination. We also started working on hydrogen evolution reactions with a relative success. While photocurrent enhancement was observed in the presence of the POM, our system was not efficient enough. Our goal now is to improve the system by changing the supporting semiconductor, and futur experiment should involve NiO instead of ITO, as it could ease the electron injection and lead to a more active system. Finally, a more sophisticated architecture will be studied in the next chapter of this thesis, where the photosensitizer and the POM are directly bonded. Our goal here would be to achieve an even more efficient charge separation by using a rigid directional structure.

Finally, we have to remember that the presented schematics are not representative of the relative size of both moities. The POM is indeed considerably bulkier than the [Mn(bpy)(CO) 3 Br], implying a great difference in the diffusion rates at the electrode.

We were suspecting this parameter to be our main problem when trying to transpose our cyclic voltammograms observations to the bulk electrolysis results and we are thus expecting easier interpretation of the voltammograms with a covalently bonded system.

We will herein present the synthesis of this catalyst, then present the electrochemical study performed on this system in catalytic conditions. Although the bulk electrolysis results were non reproducible, as in chapter II, we here will detail the cyclovoltammograms and how we optimized the different conditions.

Synthesis of the POM-catalyst conjugate

General procedure

The synthetic route, consisting of five main steps, is presented in Fig. 4.

While 2-2'bipyridine and 5-bromo-2,2'-bipyridine 3 are commercially available, the 20 times price difference between both led us to synthesize our own starting material with a palladium catalyzed Negishi coupling between commercially available compounds 1 and 2, followed by a Sonogashira coupling in a second step, allowing to introduce a ethynyltrimethylsilane function, leading to 4. The latter is then easily deprotected using KF in methanol giving a true alkyne derivative 5. Afterwards, a second Sonogashira coupling allowed the grafting of the latter on the K W Sn [I] hybrid platform. Finally, 7 was obtained by the complexation of [Mn(CO) 5 Br] with the ligand

6, named K W Sn [bpy].
(Fig. 10) while [Mn(bpy)(CO) 3 Br] is harder to reduce, with processes occuring at -1.2

V and -1.5 V vs Ag/AgCl. This is due to the extented conjugation induced by the alkyne group in the case of the MnTIPS derivative, making the reduction easier in this case. Note that this could be a positive point in our case since one of our goals was to minimize the overpotential, yet decreasing the reduction potential may also deactivate the catalyst. We then proceeded as usual by bubbling CO 2 in the medium. As expected, without the addition of a proton source, almost no difference was observed. The same study was performed with K W Sn [I] under Ar and in the presence of CO 2 (Fig. 11). First, while we can observe two reversible processes characteristic of the POM at -0.9V and -1.4V vs Ag/AgCl under argon, we loose the reversibility of the second process under CO 2 . Second, as reported in Chapter II, upon the addition of CO 2 we also observes a catalytic wave starting below -2 V probably due to the acidification of the solvent upon the addition of CO 2 . This should be taken into account when evaluating the current increase due to the POM.

Water as a proton source

As we wanted to compare our system also to the reported [Mn(bpy)(CO) 3 Br] catalyst, we first performed CV with 5% H 2 O, but no significant catalytic wave could be observed. We thus had to optimise the water concentration for this particular system and we thus we performed multiple CVs while incrementally inceasing the amount of water. Here are showed the most significant voltammograms at 5, 8, 10 and 12% of water (Fig. 12). After increasing progressively the amount of water, we could achieve a maximum catalytic current of -200μA at -1.9V vs Ag/AgCl with the addition of 10% of H 2 O. In fact, adding more water did not improve the catalytic current. Note that, as mentionned in chapter II, it is important to minimize the amount of added water since it can lead to the precipitation of the POM and also favor the hydrogen evolution reaction over the CO 2 reduction.

Since 10% of water is an important amount compared to the 5% we used in our previous work, we also performed the same study with the Multicomponent System in order to check if there was some obvious synergy (Fig. 13). Here again, we observed a maximum cathodic current of -390 μA at 10% of H 2 O.

Although, this time, the catalyst was less active at 12% of added water. This might be due to the begginning of the precipitation of the POM, as the solution became slightly turbid.

We decided to work at 10% of water, and with this new set of conditions in place, we proceeded with the study of the covalent POM-cat system.

POM-cat CV study

The new catalyst was first studied in the presence and absence of CO 2 in order to evaluate the possible role of the POM as a proton reduction catalyst. (Fig. 14) Under argon, a catalytic phenomenum is observed at -2V vs Ag/AgCl, probably due to the POM acting as a proton reduction catalyst, but it is only upon the addition of CO 2 that we could observe an important increase at potentials in the range of our catalyst activity, between -1.5V and -2V vs Ag/AgCl, probably again due to hydrogen evolution reaction favored by the acidification of the medium (probably the acetonitrile wasn't dry enough). This will probably lead to a considerable amount of produced hydrogen when electrolysis will be performed. We then added 10% of water to the system, before bubbling argon again in order to check the catalytic wave (Fig. 15). Here, an increase of the cathodic current is observed but is it is tedious to know if it is due to a catalytic phenomena or a simple current increase observed when POMs are in presence of H 2 O and CO 2 . We then compared those results with the previous systems, MnTIPS and the Multicomponent system (Fig. 16). The catalytic waves of MnTIPS and the multimolecular system looked similar, except that in the latter system, the cathodic current is enhanced by the presence of the POM. In fact, we observe a current of approvimatively -200μA at E=-1.90V vs Ag/agCl for MnTIPS, while it reaches -390μA when the POM is added. For the covalent system POM-cat, the shape of the waves profile is considerably modified.

This could be due to a change in the catalytic mechanism, or as mentionned before just the proton reduction by the POM. In this case, we observed a -234 μA current at -1.9V vs Ag/AgCl. Based on the currents value, the multimolecular system seemed to be the most effective system.

Also, the diffusion coefficient difference between the MnTIPS and the POM-cat can greatly influence the current since the MnTIPS can be more disponible at the electrode, and comparing the cyclovoltammograms based on current values is a simplification. Nevertheless, only electrolysis can give the required informations to conclude.

Electrolysis with water

For this set of conditions, electrolysis was performed at -1.5V vs Ag/AgCl in MeCN containing 10% of water. During the experiment, upon reduction, the POM started precipitating rendering the results almost unexploitable. Yet we will briefly discuss the results obtained with the covalent system. In this case we could detect CO, with a faradaic yield of 64%, formate with a faradaic yield of 3% and even traces of formaldehyde. Due to the high amount of precipitate, we coud not attribute those species formation to our catalyst, or to a degraded solid form of the latter, but the relatively important amount of formed CO suggested the POM-cat system might be active in solution. We then decided to change our conditions by choosing another proton source and decided to use trifluoroethanol (TFE) since it is acidic enough to provide the required electrons while limiting the added water that might cause the precipitation of the POM.

New conditions, TFE as a proton source

Since precipitation was observed, we decided to change our conditions and use TFE as a proton source. This implied a new study that will be briefly presented in the following section. We first started by optimizing the amount of added TFE, before proceeding as usual by studying a possible synergy using CV, then we performed bulk electrolysis.

TFE optimal concentration

Our first limitation when adding a proton source was the solubility of the POM, we decided to first optimize the TFE concentration, not in order to get the higher current as done before, but a concentration that would allow to observe a catalytic wave without any precipitation. For that we started with the multi molecular system: We added consequently an incremental amount of TFE and observed a catalytic current after the first addition. For a TFE concentration of 0.48 M, we could see that the current did not increase above -240 μA at -1.5 V vs Ag/AgCl. No precipitate was observed in this case, we decided to set to the TFE concentration at this value and test it with the covalent system. 

POM-cat with TFE

As we observed during our first try with H 2 O, precipitation can be exacerbated when performing electrolysis and since our goal is to observe a synergetic effect with the POM, we decided to take no risk and use the lower concentration of TFE, 0.48M, although a higher one might be possible without precipitation. We also checked that the current increase wasn't due to the proton reduction by bubbling Argon into the solution (Fig. 17). Here only a slight change shift in the catalytic wave is observed. Although, the overall shape difference of the latter might be due either to a CO 2 catalytic process, the hydrogen evolution reaction, or just the effect of CO 2 on POMs voltammograms.

It is then hard to conclude from the sole comparison of the CV experiments. Under argon, the hydrogen evolution reaction starts at -1.8V vs Ag/AgCl, a potential value that we should avoid in order to minimize the hydrogen formation. We then verified the activity of MnTIPS in the new conditions. Here (Fig. 18) the complex is indeed active, although current values are lower than the one obtained with 10% of water (200 μA). Yet, while the catalytic wave started after the second reduction in the presence of water, here the catalyst seems to be active upon the second reduction at -1.35 V vs Ag/AgCl, while proton reduction occurs at lower potential, probably starting after -1.5 V vs Ag/AgCl. It would be interesting to perform the catalytic test at -1.35 V vs Ag/AgCl, in order to improve the overpotential while investigating a possible interaction with the POM.

[Mn(bpy-TIPS)(CO) 3 Br] and K W Sn [I] in TFE

Finally, K W Sn [I] was studied in the same conditions (Fig. 19). Here, no current increase was observed upon the addition of CO 2 The catalytic reduction of protons started at a more positive potential in this case, compared to the water based system (-1.6 V and -1.9 V Vs Ag/AgCl respectively). This was expected since the TFE is more acidic than water. Consequently, it is crutial to set the potential less negative than -1.6 V vs Ag/AgCl when performing electrolysis, in order to maximise the faradaic yields.

Conclusion

By changing the proton source, our goal was to avoid the precipitation of the POM.

Thus we fixed the TFE concentration at 0.48 M, a concentration where no precipitate was observed for the different systems. We also performed a cyclovoltammetric study in order to have more insight into a possible synergy and find the appropriate set potential for electrolysis (Fig. 20). While the catalyst alone gave a -50 μA cathodic current at -1.5 V vs Ag/AgCl, current values were more important when the POM was present. For the covalent system and the multimolecular system, currents value reached -80 μA and -120 μA at -1.5V vs Ag/AgCl respectively, demonstrating a similar trend to the water based systems.

We decided to fix the potential for the bulk electrolysis at -1.35V vs Ag/AgCl, the onset value of the catalytic wave. Although these conditions will decrease the TON compared to a more negative potential, our goal here is to avoid hydrogen production. Moreover, at this potential, we can observe an important current value in the case of the multimolecular system, compared to the two other systems. This might exacerbate the effect of the POM and allow us a better insight on a possible synergetic interaction.

Electrolysis with TFE

Electrolysis was performed for two hours, at -1.35V in frit based cell, using a glassy carbon electrode as working electrode, Ag/AgCl as reference and a platinium wire as counter electrode. Results are reported in the Experimental section (6.3.2.). We started by studying the TIPS complex. We did several times the same experiment and obtained significantly different values. The faradaic yield values dispersion was broad, going from 10% to 56% for CO and 1.6% to 69% for H 2 . We tested the multimolecular system in order to check if we could gain in stability, but again the results were non consistent. The POM-cat covalent conjugate was tested only once, as its synthesis is quite demanding. In this case, we observed a higher yield than in the multimolecular case, but no significant improvement over the MnTIPS complex. These results are surprizing considering the systems behaviour during CV. However, as we learnt in Chapter II, correlations between CV and bulk electrolysis for our system can be difficult. In addition, all these experiments were realized in a frit cell before getting the new membrane cell. Here again we found ourselves blocked by the engineering part of the cell, but because of lack of time, we coudn't test the complex in the new cell and this should be done in the future.

Finally, we synthesized the rhenium covalent equivalent in order to compare both complexes.

Conclusion and perspectives

Overall, according to cyclovoltammetry, the multimolecular system seemed to be the most effective system with water and TFE as a proton source. While the system seemed to be active upon the addition of water, the precipitation of the POM led us to use TFE instead. The cyclovoltammograms were hard to interpret due to the multicomponent nature of the system and the competition between CO 2 reduction and hydrogen evolution reaction. In addition, comparing only the TIPS and POM-cat cyclovoltammograms can be misleading due to the difference between their diffusion coefficients, favouring a higher disponibility of the TIPS at the electrode.

Nevertheless, several bulk electrolysis were conducted and we encountered the same reproducibility issues than in Chapter II. This led us to focus on the multimolecular types of systems while trying to improve the cell design. Concerning the low yields obtained with the covalent system, we related it to the long and rigid nature of the organic arm and proposed the synthesis of a shorter analog in order to improve the interaction between the POM and the catalyst, by synthesizing a bipyridine with a SnCl 3 anchoring function in the 5th position, for direct incorporation to the POM. If this new analog is catalytically active, this could also diminish the catalysis overpotential since the alkyne function led to more positive reduction potentials in our case. Nevertheless, a longer organic arm might be useful for photoelectrocatalytic application, since it would be more suited for photoinduced charge separation.

POM and Photosensitizer covalently bonded

We discussed in the previous chapter the importance of electron transfer and charge recombination, but since we were working on a bulk material with co-grafted species, it was hard to rationalize due to the complexity of the system and the lack of the proper spectroscopic equipment. The advantages of molecular chemistry in this case is that, as working on discrete molecules, it allows a far better insight in the electron transfer dynamics. This subject is one of our team's research projects, as different generation of PS-POM had been developped prior to my PhD, and will be briefly presented before proceeding to the systems developed during this project.

POM-Ir(III) conjugates

During his PhD thesis, Benjamin Matt started working on the Ruthenium(II) polypyridyl complex association with Keggin and Dawson type POMs, allowing a fine tuning of the driving force of the electronic transfer. Here I will detail the second generation that had been more studied by our team, mainly due to the poor photophysical properties of the Ru(II) complex. The second generation, based on a neutral, alkyne modified, Ir(III) complex 1, allowed an easy application of the Sonogashira coupling to different iodo-aryl functionnalized POMs (Fig. 21). 3 Here we wanted to display the importance of a covalent approach, associated with the high versatility and control that can be achieved with POMs, and how multicomponent systems could be engineered for applications such as artificial photosynthesis. These results were supported with electro and photochemical studies along with computational tools describing the different excited states and their dynamics. These analytical tools will be more developped in the next section, since we also applied them to the last generation of bodipy based POM-PS conjugates.

Bodipy as photosensitizers

Although efficient, the low stability of the Iridium(III) photosensitizer in presence of strong acids led our team to rethink the system, since applications in artificial photosynthesis and proton reduction requires a quite acidic medium. Consequently another photosensitizer had to be selected. The new candidate, in addition to its robustness and efficient photochemical properties had to be noble metal free and easy to functionnalize, since those systems are intended to be grafted onto semiconductors. In this context, the derivatives of 4-bora-3a,4a-diaza-s-indacene, commonly called bodipy, were selected. 8

General presentation

First reports of the BODIPY fluorophores dates from the late 60's, when Treibs and Kreuzer reported the serendipitous synthesis of two fluorescent compound (4 and 5), while they were trying to obtain an acylated pyrrole (2) using the boron trifluoride diethyl etherate as a Lewis acid catalyst. The latter was rather coordinated by the condensation product (3) of the acylated pyrrole (2), leading to what would become one of the most studied photosensitizers known to date (Fig. 24). It is in this context that our team decided to associate this full organic and highly versatil dye to our POMs, giving birth to a new class of hybrid POM-PS conjugates.

Presentation of the team achievements

Based on the previous work with the Ir(III) photosensitizer, several POM-bodipy conjugates were synthesized, again with a variation of the anchoring function and the nature of the POM. Here 16 , three precursors were used, two tungstene based hybrid POMs, an organosilyl and an organotin derivative, but also a molybdenum based POM bearing an organotin anchoring group (Fig. 26).

resulted in an increase of the current intensity, as one-electron waves merged into two-electron ones. By controlling the quantity added, the first reduction potential of the POMs could be tuned within a potential window of -0.99 V to -0.29 V vs. SCE and -0.48 to +0.51 V vs. SCE for K W Sn [BOD] and K Mo Sn [I], respectively, and values are reported in Table .3. Note that due to slow disproportionation reaction upon the addition of acid, the K Mo Sn [BOD 2 ] cyclovoltammograms were difficult to analyze, and we selected the parent iodo aryl analogue in order to facilitate the electrochemical study, since the electronically decoupled nature of such hybrids have been proven and discussed in the previous section. With this new set of redox potentials, we could now proceed to the photophysical study.

Electronic Absorption

As described in the previous section, the electronic absorption spectra were recorded, in CH 3 CN, for the POM-bodipy hybrids and also the BOD 2 -TMS as reference (Fig. 31).

TFA (eq. / POM) Similarly to the previous study, the absorption profiles are mainly representative of the bodipy with typical bodipy-centred S 0 -S 1 absorption with a maximum at 523 nm, since the POMs don't absorb in the visible range. When looking at the emission spectra, while the BOD 2 -TMS and the hybrids display the same profile, the fluorescence intensity slightly decreased in the case of K W Sn [BOD 2 ] when compared to the BOD 2 -TMS spectrum, while the K Mo Sn [BOD 2 ] being 75% less intense, suggesting a more efficient charge transfer from the bodipy to the latter. Now when we added 500eq of TFA, while the BOD 2 -TMS spectra remained unchained, we noticed an important quenching in the case of K W Sn [BOD 2 ] and K Mo Sn [BOD 2 ], by respectively 40% and 85 %. This is indicative of a better electron transfer from the bodipy to the POMs, probably induced by the potential shift due to the addition of protons, but in order to access to the electron transfer rates, transient absorption spectroscopy had to be performed. and a nanosecond flash photolysis system had to be employed in order to observe it. Here the lifetime of the charge-separation state was 16ns.

K W Sn [BOD 2 ] K Mo Sn [I] E 1/2,1 E 1/2,2 E 1/2,
These results corroborate the previous study on the organosilyl derivative. While the electron transfer from the excited bodipy to the POM was very fast with K W Si [BOD 2 ] (50 ps), the higher negative charge of the organotin derivative makes the electron transfer less favourable in this case of K Mo Sn [BOD 2 ]. This difference was attributed to the lower driving force (ΔG CS = -0.89 eV and-1.02 eV respectively for K Mo Sn [BOD 2 ] and K W Si [BOD 2 ]). We then decided to perform the same study in the presence of an acid source, in order to obtain a better energy level alignment, and consequently a higher driving force, between the POMs and the bodipy.

Transient absorption spectroscopy on addition of [H + ]

We could demonstrate by electrochemistry the influence of protons on both K W Sn [BOD 2 ] and K Mo Sn [BOD 2 ], shifting their first reduction potential by respectively 700 mV and 1V. We now decided to evaluate these effects on the photophysical properties of the hybrids, thanks to our partner in Newcastle University, by performing transient absorption spectroscopy uppon addition of protons (Fig. 33). rate (180ps, 10 times faster with 30eq of TFA) was observed, which was consistent with the relative change in the emission yield. Charge recombination was also affected, as the global fit of the ns TA requires two decay components (τ 2 = 32 ns, 66% and τ 3 = 885 ns, 34%) indicating slower charge recombination processes than in the absence of TFA. In addition, for 500 equivalents of TFA, the lifetime increased to 1300 ns. There was no difference in the spectral shape of the two transients, τ 2 and τ 3 , for K Mo Sn [BOD 2 ], suggesting that there are two competing decay processes for the oxidised chromophore, BOD + . The relative amplitudes are sensitive to [H + ],

rising from 34% to 62% on increasing the equivalents of TFA from 30 to 500 ( 

Systems comparison

The lifetime of the K W Sn [BOD 2 ] excited state decreased upon the addition of TFA, while we could observe the growth of the oxidised form of the bodipy. Furthermore, the relative lifetimes and amplitudes of the excited state were consistent with the gradual quenching of the bodipy fluorescence. Thus, at 500 equivalents of TFA, the fluorescence was quenched by 40%, which corroborate the relative amplitude of the charge separated state, although, increasing TFA from 30 to 500 equivalents had a modest effect on the charge separation. The effect of the acid on K Mo Sn [BOD 2 ] was quite different. In fact, the addition of acid in this case drastically increased the rate of charge separation. This led us to think that, although charge separation can occur in the absence of TFA, the low driving force (ΔG cs = ca. -0.8 eV) didn't permit an efficient transfer. But in the presence of TFA, the driving force was nearly doubled, and the increase in the charge separation rate was consistent with the increased quenching of the bodipy fluorescence. In this case, the rate of charge recombination was also affected by the addition of 30 equivalents of TFA as the lifetime of the charge-separated state doubled from 16 ns to 32 ns, while a longer-lived component appeared from 885ns to 1300ns, when the TFA amount was increased from 30 to 500 equivalents. (Table .4) This increase in lifetime could be due to a stabilisation of the charge separated state by the increasing amount of TFA and also the lower driving force for charge recombination (ΔG cr = ca. -0.5 to -0.7 eV), which corresponds to Marcus normal region for electron transfer. Finally no additional signal arising from the triplet excited state was observed, in opposition with

K W Sn [BOD 2 ].
Concerning the very long-lived charge separated state (from 885 ns to 1300 ns), this could be due to a difference of protonation state of the reduced POM or the presence of bimolecular processes, since the recombination would be limited by the diffusion of the species in solution.

In both cases, the photoinduced electron transfer is enhanced by the presence of TFA, which could be consistent with sequential PT/ET from the bodipy to the POM.

However, it is unlikely that the POMs would be fully protonated (especially at 30 eq of TFA) since the oxidized form of the POMs weakly interacts with protons in organic media. In addition, a sequential PT/ET would require a much higher driving force than the ones displayed in our systems (1.5 eV), which led us to propose a concerted mechanism. Hence we assume that at a certain POM-proton distance, as the TFA approaches in the vicinity of the POM, the driving force between both excited states could become optimal to switch on the photoinduced electron transfer. In the case of K Mo Sn [BOD 2 ], the addition of TFA accelerates the charge separation from 180 ps to 90 ps, while the electron transfer in considerably slower (2 ns) in the case of K W Sn [BOD 2 ], due to the lower driving force. In the second case, since the protonation step is considerably faster than the electron transfer, the devices. Overall, based on the previous achievements of our team, we have demonstrated how the POM's versatility could be applied to build elaborated functionnal architectures. Here as our goal is artificial photosynthetic systems, it was possible to finely tune and engineer the electronic transfers in acidic media thanks to the covalent approach, which allows a high control over the system while bringing stability.

Our goal now is to incorporate such hybrid conjugates on photocathodes. Current work is focusing on substituting the fluorines on the boron by carboxylic acids groups that would allow the grafting of such systems in the context of chapter III. A first compound was synthesized with success and should be tested in the future, either by using directly the POM as a catalyst for HER or associated with a catalyst. electrochemical setup in order to achieve reproducible results. In a second step, we anchored the catalyst to the POM in order to have more control on the system but no significant improvements were observed and again we had to confront the limitations of our setup. Due to the demanding synthetic procedure in this case, optimizing the covalent POM/catalyst conjugate wasn't trivial and a shorter distance between the catalyst and the POM should be considered for future experiments.

Here again, like for the Multicomponent system, CV interpretation was tedious. The use of water as proton source was also a limitation due to our POMs solubility and TFE had to be used instead. In the future, a way to circumvent these limitations would be to dropcast the POM/catalyst system on a gas diffusion layer and use it directly as an electrode in an aqueous medium. Finally, the association of POMs to proton reduction catalysts should also be investigated, as they can operate at less negative potentials and thus ease a possible transfer from the POM to the catalyst.

From an engineering point of view, we concluded that a multicomponent approach would be more convenient since it allows to modify the POM and the catalyst easily in order to rapidly screen a wide variety of systems while the covalent approach has proven to be time consuming. In the future focus should be made on optimizing the electrochemical setup and the POM/catalyst selection.

Concerning the light harvesting part of our system, both the multicomponent approach and the covalent one have shown interesting results. By co-grafting the POM and a photosensitizer we were able to increase the photocurrent by 25 folds after optimizing the PS/POM ratio, in presence of an irreversible electron acceptor.

We studied also the relevance of the co-grafting approach and proved the robustness of a covalently anchored system. We also studied the nature of the anchoring function and its effect on the current enhancement and concluded that a carboxylic acid group was more efficient than a direct carbon to surface bond, probably due to the less conductive nature of the COOH function which may limit charge recombination. Finally, first experiments in the presence of a hydrogen evolution catalyst were conducted and we started optimizing the catalysts choice and the nature of the supporting semi-conductor. While the current enhancement effect was less effective than in the presence of an IEA, we could report a significant photocurrent improvement in the presence of the POM, in average between 3 and 4 times when compared to the same system without the POM. First catalytic tests were conducted but disappointly we coudn't detect a significant amount of hydrogen. Future experiments should focus on the nature of the semiconductor.

The covalent approach was in the continuity of the first reported bodipy/POM association and during this project we studied the effect of protons on such systems, since protons are necessary for hydrogen evolution reaction and also CO 2 reduction. We demonstrated a significant improvement in the charge separation rate upon the addition of a proton source and attributed this effect to the modification of the redox potentials of the POM upon protonation, thus modifying the driving force towards more feasible electron transfer. We started developing a modified version of the bodipy/POM conjugate bearing COOH anchoring groups in order to integrate such systems onto semiconducting surfaces and build photocathodes. Overall, we demonstrated the possible use of POMs in artificial photosynthetic systems, and concluded that we should pursue the covalent route for the PS/POM association, while the multicomponent system POM/catalyst should be prioritized in order to have more flexibility on the modification, optimization and application of our systems. Polyoxometalates remarkable electron and proton reservoir properties allied with their robustness and high versatility made them an excellent candidate to build highly engineered photocathodes. 

EXPERIMENTAL SECTION

Electrochemical and photoelectrochemical measurements method

Linear sweep voltammograms and chronoamperometric measurements were carried out under dark, light or chopped-light irradiation in a specific electrochemical cell (Fig. S17), using the nano-ITO-sensitized film as the working electrode, Ag/AgCl as the reference electrode, and a Pt wire as the counter-electrode. Irradiation was carried out with a 300 W ozone-free Xe lamp (Newport) operated at 280 W and mounted with a water-filled Spectra-Physics 6123NS liquid filter for elimination of IR (λ > 800 nm) irradiation and a Oriel 51272 UV cut-off filter (λ < 400 nm). The power density was calibrated at ≈ 1 sun (0.4 mW cm -2 at 450 nm) using a Newport PM1918- -0,2 -0,1 0 0,1 0,2 0,3 0,4 0,5 0,6

Current Density / µA.cm (m), 1019 (s), 932 (w), 843 (s), 782 (s), 738 (s), 698 (m), 472 (w), 396 (s). 1 

Linear Sweap Voltammetry

Synthesis of [Mn(TIPS-BPY)(CO) 3 Br]

Reaction is carried out under Argon, in dryed glassware and protected from light. In 30mL of CH3CN (cryodegazed twice), TIPS-BPY (280mg; 8,3.10 -4 mol) and

[Mn(CO) 5 Br] (228,6mg; 8,3.10 -4 ) are stirred during 48h at RT. The solvent is then evaporated, leading to an orange solid. Reaction is quantitative (η=100%).

IR (KBr): ν (cm 

Fig. 10 -

 10 Fig.10 -The three different regimes of Marcus Theory, normal region (left), activationless region (center), and inverted region (right)[START_REF] Elgrishi | A Practical Beginner's Guide to Cyclic Voltammetry[END_REF] 

Fig. 10 -

 10 Fig.10 -Cyclic voltammogram of [Mn(bpy)(CO) 3 Br] at 1mM (left) and 0.1mM (right) in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), Argon (blue) vs CO 2 (red). Conditions: 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

  Fig.13 -Cyclic voltammogram of (TBA) 2 [Mo 6 O 19 ] at 1mM in CH 3 CN/H 2 O 95:5 (0.1 M

Fig. 15 -

 15 Fig.15 -Left: Cyclic voltammogram of (TBA) 3 [PMo 12 O 40 ] (blue) vs [Mn(bpy)(CO)3Br] (red) vs [Mn(bpy)(CO)3Br]+ (TBA) 3 [PMo 12 O 40 ] (green) Right: [Mn(bpy)(CO)3Br]+ (TBA) 3 [PMo 12 O 40 ] Argon (blue) vs CO2 (red) Conditions: CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 16 -

 16 Fig.16 -Left: Cyclic voltammogram of (TBA) 2 [Mo 6 O 19 ] (blue) vs [Mn(bpy)(CO) 3 Br] (red) vs [Mn(bpy)(CO) 3 Br]+ (TBA) 2 [Mo 6 O 19 ] (green) Right: [Mn(bpy)(CO) 3 Br]+ (TBA) 2 [Mo 6 O 19 ] Argon (blue) vs CO2 (red) Conditions: CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 17 -

 17 Fig.17 -Cyclic voltammogram of (TBA) 2 [Mo 6 O 19 ] (blue) vs [Mn(bpy)(CO) 3 Br] (red) vs [Mn(bpy)(CO) 3 Br]+ (TBA) 2 [Mo 6 O 19 ] (green) at 0.1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ) Conditions: 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 18 -

 18 Fig.18 -Left: Cyclic voltammogram of [Mn(bpy)(CO) 3 Br] (red) vs [Mn(bpy)(CO) 3 Br] + 0.2/0.4/0.6/0.8/1/2 equivalents (TBA) 2 [Mo 6 O 19 ] under CO 2 at 1mM CH 3 CN/H 2 O 95:5 (0.1M

Fig. 19 -

 19 Fig.19 -Left: Cyclic voltammogram of [Mn(bpy)(CO) 3 Br] (red) vs [Mn(bpy)(CO) 3 Br] + 1/2/4/6/8/10 equivalents (TBA) 4 [SiW 12 O 40 ] at 0.1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ). Conditions: 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt Right: Cathodic current value increase at -1.7V vs Ag/AgCl as function of the (TBA) 4 [SiW 12 O 40 ] equivalents

Fig. 20 -

 20 Fig.20 -Left: Cyclic voltammogram of 1mM [Mn(bpy)(CO) 3 Br] + 2 equivalents (TBA) 2 [Mo 6 O 19 ] in presence of argon (blue) and CO 2 (red). Right: Cyclic voltammogram of 0.1mM [Mn(bpy)(CO) 3 Br] + 10 equivalents of (TBA) 4 [SiW 12 O 40 ] in presence of argon (blue) and CO 2 (red). Conditions: CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 24 -

 24 Fig.24 -Current comparison during an 8 hours electrolysis for [Mn(bpy)(CO) 3 Br] (red) and [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ] (green) at -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

Fig. 25 -

 25 Fig.25 -Current reproducibility of [Mn(bpy)(CO) 3 Br] (red, orange) and [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ] (dark green, green) 8 hours electrolysis results at -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

Fig. 26 -

 26 Fig.26 -Cyclic voltammogram of [Re(bpy)(CO) 3 Br] at 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ) under Argon (blue) vs CO 2 (red). Conditions:, WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 27 -

 27 Fig.27 -Left : Cyclic voltammogram of [Re(bpy)(CO)3Br]+ (TBA) 2 [Mo 6 O 19 ] Argon (light blue) vs CO 2 (green) Right : [Re(bpy)(CO)3Br] (red) vs [Re(bpy)(CO)3Br]+ (TBA) 2 [Mo 6 O 19 ] (green) under CO 2 Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: GCE, Ref: Ag/AgCl, CE: Pt

Fig. 28 -

 28 Fig.28 -Homemade membrane cell

Fig. 29 -

 29 Fig.29 -Recorded currents along with 4 hour electrolysis at -1.5V vs Ag/AgCl In the presence of [Re(bpy)(CO) 3 Br] (red), (TBA) 2 [Mo 6 O 19 ] (blue) and [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ] (green). Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: GCE, Ref: Ag/AgCl, CE: Pt

  it made the results hard to interpret. Overall, either by speeding the catalysis ((TBA) 3 [PMo 12O 40 ] system), changing the selectivity ((TBA) 2 [Mo 6O 19 ]+ [Re(bpy)(CO) 3 Br] system) or stabilizing the catalyst ((TBA) 2 [Mo 6O 19 ] + both Mn and Re [M(bpy)(CO) 3 Br] catalysts), our selected POMs showed interesting results, even for the (TBA) 3[PMo 12 
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 8 Fig. 8 -Cathodic photocurrents recorded in [Co(NH 3 ) 5 Cl]Cl 2 1 mM in pH 3.75 acetic buffer (0.1 M) at 0.3 V/Ag/AgCl applied potential on a nanoITO electrode soaken in a 0.1mM solution of [Ru(bpy) 2 (4,4'-(CH 2 PO 3 H 2 ) 2 -bpy)]Cl 2 (red) and the same type of surface dip coated with Rb 4 [PM 11 O 39 {SnC 6 H 4 I}] (blue)

Fig. 10 -

 10 Fig.10 -Linear Sweep Voltammogram (100 mV.s-1) recorded in the dark (red), under light (green) and under chopped light (blue) on the pure PS nanoITO substrate (left) and on the 1PS :1POM PS/POM-COOH nanoITO substrate in [Co(NH 3 ) 5 Cl]Cl 2 1 mM in pH 3.75 acetic buffer (0.1 M)

Fig. 11 -

 11 Fig. 11 -Cathodic photocurrents recorded at 0.3 V/Ag/AgCl applied potential for the 1PS:1POM surface (blue) compared to those recorded on the pure PS surface (red).

Fig. 12 -

 12 Fig. 12 -Cathodic photocurrents recorded on a 1PS:1POM (blue),1PS:2POM (green), 1PS:5POM (orange) and 0.2PS:1POM (grey) PS/POM-COOH nanoITO electrode in [Co(NH 3 ) 5 Cl]Cl 2 1 mM in pH 3.75 acetic buffer (0.1 M) at 0.3 V/Ag/AgCl applied potential, compared to those obtained on the pure PS electrode (red)

Fig. 13 -

 13 Fig. 13 -UV-visible absorption spectra of a) the dye in solution( 2.5 10-5 M in ACN), b) the bare nano-ITO slide (blue) and the nano-ITO slide after dye loading (red) and c) substraction spectrum from b), d) Pictures of the nano-ITO film before (left) and after (right) grafting.

Fig. 16 -

 16 Fig.16 -Cathodic photocurrents recorded in [Co(NH 3 ) 5 Cl]Cl 2 1 mM in pH 3.75 acetic buffer (0.1 M) at 0.3 V/Ag/AgCl applied potential on a PS/POM-I surface (orange), compared to the photocurrents obtained on a on a 1PS:1POM PS/POM-COOH nanoITO electrode (blue) and to those obtained on the pure PS electrode (red).

Figure. 17 -

 17 Figure.17 -Compared photocurrents of 1PS:1POM POM-COOH electrode after changing

Fig. 18 -

 18 Fig.18 -Compared photocurrents of a freshly prepared 1PS:2POM POM-COOH electrode

Fig. 20 -

 20 Fig.20 -Cathodic photocurrents recorded on a PS/POM-diazo nano-ITO (green) compared to the photocurrents obtained on a on a 1PS:1POM PS/POM-COOH nanoITO electrode (blue) and to thoseobtained on the pure PS (red).
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 21 Fig.21 -Cyclic voltammogram of the POM-diazo nano-ITO electrode (green) vs blank nano-ITO (blue) (left) and the modified 1PS:2POM nano-ITO electrode (blue) vs Blank nano-ITO (blue) (right) in CH 3 CN (0.1 M TBAPF 6 ), potentials given versus Ag/AgCl electrode, scan rate 100mVs -1

  Potential vs Ag/AgCl (KCl sat) / V

Fig. 23 -

 23 Fig. 23 -Cathodic photocurrents recorded on PS (red) and PS:2POM (blue) nanoITO modified electrode (0.5cm 2 ) in [Co II (dmgBF 2 ) 2 (OH 2 ) 2 ] (left) and [Co III (CR)Br 2 ]Br (right) (1mM) solution in pH 3.7 acetate buffer (0.1 M) at +0.3 V vs Ag/AgCl applied potential

Fig. 25 -

 25 Fig. 25 -Current density recorded on PS (red) and PS:2POM (blue) nanoITO modified electrode (0.5cm 2 ) in [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] (1mM) solution in pH 3.7 acetate buffer (0.1 M) at +0.3 V vs Ag/AgCl applied potential

Fig. 26 -

 26 Fig. 26 -Cathodic current density (left) and charge density (right) recorded on PS+2POM nano-ITO electrode (electrode area: 3cm 2 ) in [Co(CR)Br 2 ]Br (1mM) solution in pH 3.7 acetate buffer (0.1 M) at +0.3 V vs Ag/AgCl applied potential

Fig. 27 -

 27 Fig.27 -Cathodic current of [Co(CR)Br 2 ]Br (1mM) recorded on PS nano-ITO electrode (electrode area: 3cm 2 ) in [Co(CR)Br 2 ]Br (1mM) solution in pH 3.7 acetate buffer (0.1 M) at +0.3 V vs Ag/AgCl applied potential

Fig. 28 -

 28 Fig. 28 -Cathodic current density (left) and charge density (right) recorded on pure PS nano-NiO electrode (electrode area: 3cm 2 ) in [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] (1mM) solution in pH 4.5 acetate buffer (0.1 M) at a -0.4 V vs Ag/AgCl applied potential

Fig. 29 -

 29 Fig.29 -Cathodic current density (left) and charge density (right) recorded on pure PS nano-ITO electrode (electrode area: 3cm 2 ) in [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] (1mM) solution in pH 3.7 acetate buffer (0.1 M) at -0.4 V vs Ag/AgCl applied potential
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 10 Fig.10 -Cyclovolammograms of MnTIPS in CH 3 CN (0.1M TBAPF 6 ), in the presence or Argon (blue) and CO 2 (red). Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 11 -

 11 Fig.11 -Cyclovolammograms of K W Sn [I] in CH 3 CN (0.1M TBAPF 6 ), in the presence or Argon (blue) and CO 2 (red). Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.
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 12 Fig.12 -Cyclovoltammograms of MnTIPS upon the incremental addition of 5% (yellow), 8% (orange), 10% (red) and 12% (green) of water in CH 3 CN (0.1M TBAPF 6 ). Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 13 -

 13 Fig.13 -Cyclovoltammograms of the multimolecular system upon the incremental addition of 8% (orange), 10% (red) and 12% (green) of water in CH 3 CN (0.1M TBAPF 6 ), Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 14 -

 14 Fig.14 -Cyclovoltammograms of POM-cat in the presence or Argon (blue) and CO 2 (red). Conditions: 1mM in CH 3 CN (0.1M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 15 -

 15 Fig.15 -Cyclovoltammograms of POM-cat in the presence or Argon (red) and CO 2 (red) Conditions: 1mM in CH 3 CN/H 2 O 90:10 (0.1M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 16 -

 16 Fig.16 -Cyclovotammograms of POM-cat (red), MnTIPS (orange) and the Multicomponent system (green). Conditions: 1mM in CH 3 CN/H 2 O 90:10 (0.1M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 16 -

 16 Fig.16 -Cyclovoltammograms of the multimolecular system without TFE (blue) and upon the incremental addition of 0.28M (green), 0.48M (orange), 0.76M (black) and 0.90M (red) of TFE in CH 3 CN (0.1 M TBAPF 6 ), Conditions: 1mM, 100 mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 17 -

 17 Fig.17 -Cyclovoltammograms of POM-cat in presence of Argon (blue) or CO 2 (red), with 0.48M of TFE in CH 3 CN (0.1M TBAPF 6 ), Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 19 -

 19 Fig.19 -Cyclovoltammograms of K W Sn [I] in presence of Ar (blue) or CO 2 (red), with 0.48M of TFE in CH 3 CN (0.1M TBAPF 6 ), Conditions: 1mM, 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 20 -

 20 Fig.20 -Comparison of the POM-cat (green), the multimolecular system (red), and MnTIPS (orange) cyclovoltammograms under CO 2 , with 0.48 M of TFE in CH 3 CN (0.1 M TBAPF 6 ), Conditions: 1 mM, 100 mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt.

Fig. 21 -3 4 Fig. 22 -

 21422 Fig.21 -Synthetic approach for K W Sn [Ir]. Conditions: Pd(PPh 3 ) 2 Cl 2 , CuI, NEt 3 3

Fig. 25 -

 25 Fig.25 -Molecular structure and main organic reactions applied to bodipys. The basic absorption and fluorescence bands of bodipys and some key structural modifications to achieve pronounced spectral shifts toward both edges of the visible are also included.11 

Fig. 31 -

 31 Fig.31 -UV/Vis absorption and normalized emission spectra (dashed line, divided by the emission maximum of BOD 2 -TMS) of K W Sn [BOD 2 ] (blue), K Mo Sn [BOD 2 ] (red) and the bodipy reference compound BOD 2 -TMS (black).
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 3234 Transient absorption spectroscopy First, transient absorption spectroscopy was performed on K W Sn [BOD 2 ] and K Mo Sn [BOD 2 ] without the addition of an acid source. (Fig.32) the formation of a second transient centred at 406nm with an isobestic point at 420nm. This second transient was attributed to signature of the oxidized form of the bodipy. Moreover, in the same timescale, the growth of a board absorption extending from 600 past 900nm was observed, characteristic of the reduced POM, proving the formation of a charge-separated state, [BOD 2 + -POM -]. In addition, this second transient did not decay during the 10ns window of the ultrafast laser system
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 S1S3S5S9 Fig.S1 -Cyclic voltammogram of (TBA) 3 [PMo 12 O 40 ] Argon (blue) vs CO 2 (red) Conditions: CH 3 CN (0.1 M TBAPF 6 ), 100mV/s, WE: GCE, Ref: Ag/AgCl, CE: Pt

FigFig

  Fig.S13 -Current after 1 hours electrolysis at -1.5V vs Ag/AgCl in the presence of (TBA) 3 [PMo 12 O 40 ]. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 , CO 2 saturated), WE: Hg, Ref: Ag/AgCl, CE: Pt

R 1 M

 1 power-meter coupled to a Newport 919-020-12 photodiode. Light shutter was controled by a Uniblitz VCM-D1 Shutter Driver. The photoelectrochemical performances of the photocathodes were evaluated under back-side light illumination using an AMETEK Solartron analytical Modulab potentiostat. The electrolyte was a 0.acetate buffer solution buffered at pH 3.75. The working electrode was clamped against a 9mm diameter hole of the electrochemical cell, with an intercalary O-ring seal to ensure tightness at the junction, giving an exposed section of 0.5cm 2 . A stream of N 2 was bubbled in the electrolyte for at least 30 min prior to the measurement, under stirring. Linear sweep voltammograms were recorded at a scan rate of 10 mV s -1 , sweeping from anodic to cathodic potentials, from +0.6 to -0.6V vs Ag/AgCl. Cyclic voltammetry was carried out in ACN (0.1M n-Bu 4 PF 6 ) using an Autolab PGSTAT 100 between 0V and -1.8V vs Ag/AgCl at a 100mV/s scan rate. Under such conditions, the Fc + /Fc redox couple is measured at +0.47 V vs Ag/AgCl.

Fig.S17 - 3

 3 Fig.S17 -3 electrodes electrochemical Cell used for LSV and photocurrent measurements
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 6241 Fig.S19 -Compared photocurrents of the pure PS electrode with (orange) and without (red)

Fig. S20 -

 S20 Fig.S20 -Compared photocurrents of PS:2POM electrode with (light blue) and without (dark

Fig

  Fig.S23 -Cyclic Voltammograms of [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] (1mM) in pH 3.75 acetate buffer (0.1 M), WE : bare nanoITO (0.5cm 2 ). Scan speed : 10mV/s (left), 100mV/s (right)

Fig. S28 -Fig

 S28 Fig.S28 -Cyclic Voltammograms of [Co(CR)Br 2 ]Br (1mM) in w pH 3.7 acetate buffer (0.1 M), WE : bare nanoITO. Scan speed : 10mV/s (left), 100mV/s (right)

Fig. S30 -

 S30 Fig.S30 -Linear sweep voltammograms (100 mV/s) of [Co(CR)Br 2 ]Br (1mM) recorded in pH 3.7 acetate buffer (0.1 M), in the dark (red), under light (green), and under chopped light (blue) on the PS nanoITO substrate (left) and the PS+2POM equivalent (right) ) [same scale]

Fig. S35 -

 S35 Fig.S35 -NMR spectrum of TIPS-bpy with a focus on the aromatic region. CD 3 CN, 300MHz

  

  

  2.2.1.4.3. CV study, [Mn(bpy)(CO) 3 Br] + (TBA) 3 [PMo 12 O 40 ] (1mM)

  Br] first, then in association with our three selected POMs. The results are reported in the following table (Table.3).

	Cell Cell 1 Cell 1 Cell 2 Cell 2 We performed bulk electrolysis in the previously set conditions for one to two hours Working Electrode Catalyst Concentration Cell Compartment Faradaic Yield GCE 0.1mM Open CO: 3% H 2 : 12% GCE 1mM Open CO: 42% H 2 : 10% Hg 1mM Open CO: 95% H 2 : 0% TON = 10 (2h) Hg 1mM Closed CO: 96% H 2 : 0% TON = 26 (2h) 2.2.2.1.2. Electrolysis at -1.5V vs Ag/AgCl Faradaic yield towards CO Faradaic yield towards H 2 Other Products Charge (C) [Mn(bpy)(CO) 3 Br] Yield :96% TON = 26 0% -13,4 (1.5h) (TBA) 2 [Mo 6 O 19 ]+ [Mn(bpy)(CO) 3 Br] Yield : 58% TON = 8 3% -16 (2h) (TBA) 3 [PMo 12 O 40 ] + [Mn(bpy)(CO) 3 Br] Yield: 80% TON (1h) = 26 10% -14,13 (1h) (TBA) 4 [SiW 12 O 40 ]+ Yield : 82% 0% Formate : 2% 14,9 with [Mn(bpy)(CO) 3 System [Mn(bpy)(CO) 3 Br] TON =25 (2h)

Table.2 -Optimizing the electrolysis setup. Conditions: -1.5V vs Ag/AgCl, CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), Ref: Ag/AgCl, CE: Pt

In conclusion, we fixed the electrolysis conditions to Cell 2 with closed compartments: 2.5mL of a 1mM solution of [Mn(bpy)(CO)

3 

Br] + POM (CH 3 CN 0.1M TBAPF 6 + 5% H 2 O) in the cathodic compartment and 1.5mL of solvent in the anodic one. After purging the cell with CO 2 for 30min electrolysis was conducted during 2h. CO and H 2 were quantified by GC, formate by IC and formaldehyde by a Nash test and a colorimetric dosage as described in the Experimental section (6.1.2.3.). We then tested the different POMs first at -1.5V vs Ag/AgCl, as the catalytic current on the cyclovoltammograms was important at this value.

Table . 3

 . -Electrolysis results at -1.5V vs Ag/AgCl for our different systems. Conditions: 1mM in CH

3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

At -1.5V, the association of (TBA) 3 [PMo 12

O 40 

] to the catalyst seemed to speed the reaction. Note that for (TBA) 3 [PMo 12

O 40 

] the electrolysis duration was only 1 hour due to the degradation of the catalyst. We obtained a TON=26 for CO in one hour compared to the same result in 2 hours with the catalyst only. In this case, we had a 80% yield for CO and 10% for H 2 . This should not be seen as a mechanistic change inducing a different selectivity but probably the POM acting also as a catalyst for protons reduction. Considering the same POM serie, it is known that molybdenum based POMs have more accessible reduction potentials than the tungsten ones.
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(TBA) 4 [SiW 12

O 40 

] behaved differently as expected. First, there was no hydrogen detected. In fact, in our conditions, (TBA) 4 [SiW 12

O 40 

] first reduction occurs at -0.7V vs Ag/AgCl whereas, in comparison, (TBA) 3

[PMo 12 

  1.5V vs Ag/AgCl for (TBA) 2 [Mo 6O 19 ], at -1.2V vs Ag/AgCl this system showed the most interesting results. Our goal when performing electrolysis at -1.2V vs Ag/AgCl was to observe a possible effect of the POM in conditions were the catalyst shoudn't be We can see that the stabilization of the [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6O 19 ] system took more time than that of [Mn(bpy)(CO) 3 Br] alone. This is understandable since there is more electroactive species to reduce in the [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6O 19 ] case, as evidenced in the blue curve for the POM alone on Fig.12, thus slowing the overall reaction. Once stabilized, the current value for both systems was similar until the [Mn(bpy)(CO) 3 Br] current started decreasing after 40min of electrolysis time whereas the [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6O 19 ] system was still active at the end of the experiment, leading to a slightly higher TON. Also, the catalyst alone started degrading after one hour of electrolysis while it seemed to be still active after two hours in the presence of the POM.

	We concluded from this set of experiments that establishing correlations between cyclic voltammograms and bulk electrolysis isn't trivial and rely on a variety of parameters. Effects were observed with both (TBA) 3 [PMo 12 O 40 ] and (TBA) 4 [SiW 12 O 40 ] at -1.5V while (TBA) 2 [Mo 6 O 19 ] didn't modify or improve the catalysis despite our interpretation of the cyclic voltammograms. Yet the working electrode was different (GC electrode on one side and Hg on the other). We thus decided decided to focus on the Faradaic Yield CO Faradaic Yielc H2 TON CO 1h TON CO 2h Charge (C) 1h Charge (C) 2h [Mn(bpy)(CO) 3 Br] 92% 0 22 30 12.62 16.91 (TBA) 2 [Mo 6 O 19 ] 0% 10% --3.26 4.78 [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ] 72% 4% 20 34 15.83 25.88 Table.5 -Electrolysis results at -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt -15 -10 -5 0 20 40 60 80 100 120 140 Current / mA Time / min System Faradaic Yield CO Faradaic Yield H 2 TON CO 2h TON CO 4h TON CO 8h Charge (C) 2h Charge (C) 4h Charge (C) 8h [Mn(bpy)(CO) 3 Br] 87% 10% 18 19 19 10.86 13.81 28.02 (TBA) 2 [Mo 6 O 19 ] (TBA) System 0 [Mn(bpy)(CO) 3 Br]+ 58% 10% 16 26 31 17.05 28.02 38.47

active. Consequently the 120% yield of CO for the [Mn(bpy)(CO)

3 

Br] only experiment was more likely due to the release of the CO ligands from the catalyst than the result of a proper catalysis. Although we carefully protected each experiment from light, [Mn(bpy)(CO)

3 

Br] derivatives are known to be photoactivated CO-releasing molecules and this possibility should be considered.
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We could have checked this assumption by performing an electrolysis under argon atmosphere to see if the catalyst degradation would release CO. Furthermore, since the catalyst is bearing 3 CO ligands, it is uncertain to speak about catalysis below a TON=4, this was surprisingly the case for the (TBA) 2 [Mo 6

O 19 

] experiment. In this case, a marked carbon 13 experiment could give us more insight. In the case of the two other POMs, no particular effect was observed, except confirming the traces of formate for the (TBA) 4 [SiW 12

O 40 

] system. 2 [Mo 6

O 19 

] system with a more detailed analysis of the cyclic voltammograms with our new set of conditions, including the change of the working electrode.

At this potential, protons reduction by the POM is favoured and it impacted the overall yield for the [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6

O 19 

] system. Despite the higher yield obtained with [Mn(bpy)(CO) 3 Br], we actually observed similar TONs in presence of the POM, although the catalyst alone system was faster the first hour. A look at the measured currents for the different systems gave us more insight to understand those results (Fig.

22

). Fig.22 -Current comparison after 2 hours electrolysis at -1.7V vs Ag/AgCl in the presence of [Mn(bpy)(CO) 3 Br] (red), (TBA) 2 [Mo 6 O 19 ] (blue) and [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ]. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

2.2.2.2.2. Eight hours electrolysis at -1.7V vs Ag/AgCl To exacerbate the POM's stabilizing effect on the stability of the catalyst, we decided to run the same experiment but for 8 hours this time. (Table.6)

Table .

 . 

6 -8 hours electrolysis results at -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

  .23 -CO production comparison during an 8 hours electrolysis for [Mn(bpy)(CO) 3 Br] (red) and [Mn(bpy)(CO) 3 Br]+(TBA) 2 [Mo 6 O 19 ] (green) at -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O

95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

  2.2.2.2.3. 8 hours electrolysis at different potentials Indeed we conducted the same study at -1.2V vs Ag/AgCl where the catalyst shoudn't be active, and -1.5V vs Ag/AgCl as published by Deronzier et al. The results are reported in the following table (Table.6).

	Potential	-1.2	-1.2	-1.5	-1.5	-1.5	-1.5	-1.7	-1.7	-1.7	-1.7
	Faradaic	99%	38%	71%	28%	64%	51%	92%	71%	80%	36%
	Yield CO										
	Faradaic	<1%	<1%	<1%	5%	<1%	13%	0%	4%	6%	5%
	Yield H 2										
	TON 4h	3	3	13	18	24	27	19	28	26	20
	TON 8h	3	3	13	20	-	-	19	31	26	20
	Charge 4h	2.8	4.8	9.7	24.6	15.1	22.8	13.81	28.21	18.3	29.12
	Charge 8h	7.0	8.5	15.2	32.6	-	-	19.6	38.5	24.2	37.1

Table.6 -8 hours electrolysis results at -1.2V, -1.5V and -1.7V vs Ag/AgCl. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: Hg, Ref: Ag/AgCl, CE: Pt

  Table.9).

	System	Passed Charge (C) Faradaic Yield CO	Faradaic Yield	Faradaic Yield H 2
				HCOO -	
	[Re(bpy)(CO) 3 Br]	6.7	60	-	0.2%
	[Re(bpy)(CO) 3 Br] +	7.2	2.5	12.5%	0.7%
	(TBA) 2 [Mo 6 O 19 ]				

Table . 9

 . -4 hours electrolysis results at -1.5V vs Ag/AgCl after cell optimization. Conditions: 1mM in CH 3 CN/H 2 O 95:5 (0.1 M TBAPF 6 ), WE: GCE, Ref: Ag/AgCl, CE: Pt

  CH 2 PO 3 H 2 ) 2 -bpy)]Cl 2 (red) and the same type of surface dip coated with Rb 4 [PM 11 O 39 {SnC 6 H 4 I}] (blue)

				N
			N	N
				Ru
	N Fig. 7 -Cathodic photocurrents recorded in [Co(NH 3 ) 5 Cl]Cl 2 1 mM in pH 3.75 acetic buffer N N (0.1 M) at 0.3 V/Ag/AgCl applied potential on a planar ITO electrode soaken in a 0.1mM
	solution of [Ru(bpy) 2 (4,4'-(	HO	P O
			OH	O
			HO	P
				OH
	First, the photocathodes were prepared using a planar ITO substrate dipped during
	24h in a 0.1mM [Ru(bpy) 2 (4,4'-(CH 2 PO 3 H 2 ) 2 -bpy)]Cl 2 solution in MeOH as described
	by our collaborators. 19 After cleaning, the resulting surface was dipped for 1 hour in
	a 1mM Rb 4 [PM 11 O 39 {SnC 6 H 4 I}] aqueous solution for one hour. Then photocurrents
	were measured and we compared the results for surfaces with and without POM, in
	the presence of 1mM [Co(NH 3 ) 5 Cl]Cl 2 (Fig.7).

. 6 -Phosphonate modified Ruthenium trisbipyridil photosensitizer, [Ru(bpy) 2 (4,4'-(CH 2 PO 3 H 2 ) 2 -bpy)]Cl 2

3.2.1.1. Photocurrent measurements

Table 1 .

 1 ). WDS analysis of different PS/POM loading substrates

		S atomic	Standard	W atomic	Standard	PS/POM
		%	deviation	%	deviation	ratio
	1PS:1POM	0.51	0.05	0.04	0.06	141
	1PS:2POM	0.47	0.05	0.06	0.05	81
	1PS:5POM	0.63	0.05	0.40	0.06	16
	0.2PS:1POM	0.49	0.06	0.35	0.06	14

Table 2 .

 2 Cathodic photocurrent density and macroscopic electron transfer kinetics related to the PS concentration

		Photocurrent	Cathodic photocurrent density	Macroscopic electron transfer
		density	per nmol of grafted	kinetic
			photosensitizer a	
	PS	2	0.19 mA.nmol -1	0.002 nmol(e -).nmol(PS) -1 . s -1
	1PS:1POM	25	2.00 mA.nmol -1	0.021 nmol(e -).nmol(PS) -1 . s -1
	1PS:2POM	50	4.31 mA.nmol -1	0.045 nmol(e -).nmol(PS) -1 . s -1
	1PS:5POM	30	2.68 mA.nmol -1	0.028 nmol(e -).nmol(PS) -1 . s -1

Table . 3

 . -Apparent first redox potentials (V vs. SCE) of K W Sn [BOD 2 ] and K Mo Sn [I] (reference compound of K Mo Sn [BOD 2 ]) 1 mM in MeCN upon the addition of TFA.

Table 4 .

 4 Table.4). Transient lifetimes for K Mo Sn [BOD] in MeCN with additions of TFA. τ 1 corresponds to the excited state, τ 2-3 correspond to the charge-separated states.

	Equiv. TFA	τ 1 (ns)	τ 2 (ns)	%	τ 3 (ns)	%	τ 4 (µs)	%
	0	2200	16					
	30	184	32	66	885	34		
	60	139	31	59	922	41		
	100	100	32	48	980	52		
	200	84	32	63	1023	28	190	9
	500	91	28	38	1300	62		
		4.3.2.3.6.					

3 [PMo 12 O 40 ]

  

	6.1.	Chapter II
	6.1.1. Cyclic Voltammetry
	6.1.1.1.	Method
	Cyclovoltamograms for the were recorded with a Princeton Applied Research
	Potentiostat (Model 263A). The studies were performed with a classical three-
	electrode cell. A Glassy Carbon Electrode (3mm) was used as working electrode.
	The counter electrode was a platinum wire, and a Ag/AgCl (KCl sat) electrode was
	used as a reference. Acetonitrile containing TBAPF 6 , (0.1M) was used as electrolytic
	solution. All studied solutions were purged by strongly bubbling inert gas or CO 2 for
	15 min prior measurements.
	6.1.1.1.	(TBA)

6.2.7.2. Linear Sweap Voltammetry Fig

  .S27 -Linear sweep voltammogram (100 mV/s) of [Co(dmgBF 2 ) 2 (OH 2 ) 2 ] (1mM) recorded in pH 3.7 acetate buffer (0.1 M), in the dark (red), under light (green), and under chopped light (blue) on the PS nano-ITO substrate (left) and the PS+2POM equivalent (right)

6.2.8. [Co(CR)Br 2 ]Br

6.2.8.1. Cyclic Voltammetry

  H NMR: δ=0.41 (s, 9H, TMS, J H-H =2.06Hz), 7.47 (td, 1H, bpy), 8.10 (dd, 1H, bpy, J H-H =2.30Hz, 8.46Hz), 8.48 (dd, 2H, bpy, J H-H =8.50Hz), 8.83 (d, 1H, bpy, J H-H =4.34Hz), 8.88 (d, 1H, bpy, J H-H =2.05Hz )Fig.S31 -NMR spectrum of 4 with a focus on the aromatic region. CD 3 CN, 300MHz and KF (2eq) are stirred overnight in 70mL of MeOH at RT. The solvent is evaporated, and the solid dissolved in Et2O. The suspension is filtrated on cellulose membrane. The filtrate is evaporated leading to a beige powder. The reaction is Reaction is carried out under argon and protected from light. All glassware is dried in an oven and flamed before use. 10mL of CH 3 CN are degazed by argon bubbling in a schlenck flask during 15min. In a second schlenck flash, 6 (229mg, 5.7 10 -5 mol) and [Mn(CO) 5 Br] (14mg, 5.1 10 -5 mol) are introduced. The acetonitrile is cannulated on the solids, and the mixture is stirred at RT for 48h, then the solvent is evaporated. A brown/orange solid is obtained. The crude product is then dissolved in 3.4mL of CH 3 CN, and precipitated in 20mL of THF. After centrifuging, the supernatant is precipitated in 20mL of Et 2 O. The suspention is centrifuged the orange solid is dryed in a vacuum bell overnight. m=152mg (M=4239.99 g.mol -1 , n=3.6 10 -5 mol, η=63%). Note: The rhenium equivalent catalyst was synthesized following the same procedure, with [Re(CO) 5 Br] instead of [Mn(CO) 5 Br]. IR (KBr): ν (cm -1 ) 2962 (m), 2873 (m), 2025 (w), 1933 (w), 1483 (m), 1381 (m), 1069 (s), 963 (s), 886 (s), 813 (s), 381 (w).1 H NMR: δ=7.63 (td, 1H, bpy, J H-H =6.30 Hz ), 7.79 (dd, 4H, aryl, J H-H =7.40Hz ), 8.14 (t, 1H, bpy, J H-H =7.80), 8.25 (dd, 1H, bpy, J H- H =2.30Hz, 8.46Hz), 8.37 (d, 2H, bpy, J H-H =7.6Hz), 9.25 (d, 1H, bpy, J H-H =5.47Hz), 9.36 (d, 1H, bpy, J H-H =1.24Hz ) Fig.S34 -NMR spectrum of 7 with a focus on the aromatic region. CD 3 CN, 300MHz

	6.3.1.3.	Synthesis of 5
	4 quantitative (η=100%)

IR (KBr): ν (cm -1 ) 3188 (s), 3048 (w), 3001 (w), 2963 (m), 2360 (m), 2096 (m), 1586 (m), 1542 (s), 1559 (w), 1542 (w), 1457 (s), 1434 (m), 1366 (m), 1256 (S), 1147 (w), 1064 (s),

  -1 ) 3075 (w), 3046 (w), 2945 (s), 2891 (m), 2865 (s), 2025 (s), 1927 (s), 1598 (s), 1468 (s), 1438 (m), 1254 (w), 1235 (w), 1070 (w), 996 (w), 857 (s), 686 (s). H NMR: δ=1.22 (m, 21H, iPr), 7.65 (t, 1H, bpy, J H-H =6.42Hz), 8.14 (td, 2H, bpy, J H- H =1.35Hz, 7.61Hz), 8.33 (dd, 1H, bpy, J H-H =7.62, 11.86Hz), 9.22 (d, 1H, bpy, J H- H =1.60Hz), 9.25 (d, 1H, bpy, J H-H =5.30Hz) Fig.S36 -NMR spectrum of MnTIPS with a focus on the aromatic region. CD 3 CN, 300MHz
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(w), 1319 (m), 1277 (s), 1181 (s), 1150 (m), 1112 (w), 1089 (s), 1040 (s), 1017 (w),
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Synthesis of K W Sn [bpy] (6)

Concerning the synthesis of compound K W Sn [bpy], different reaction conditions were tested. First, it is important to mention that the reaction must be quantitative towards the POM functionalization, otherwise it would be difficult to separate the resulting ligand from the precursor K W Sn [I]. To reach this goal, we have to adat the cross-coupling conditions, usually by optimizing the catalytic charge and the organic moitie concentration. We thus need to purify the crude after synthesis and consequently the yields are calculated after purification, process where most of the product is lost.

Since the Cu and Pd are prone to form nanoparticles in the presence of the POM and may be tedious to remove, our first goal was to lower the catalytic charge. We first used 6% [Pd(PPh 3 ) 2 Cl 2 ] and 10% CuI for 1 hour at 80°C with 40% yield however the purification step was tedious, and the resulting powder was slightly yellow colored, while we expected a white powder. We then decided to reduce the catalytic charge to respectively 4.2% and 8% Pd/Cu. We also followed the reaction by NMR and stopped it right after completion, in this case after 30min. In fact, minimizing the reaction duration is important since the nanoparticles form over time. To reduce the catalytic charge and since we were limited by the microwave oven size, we decided to increase the bipyridine and POM concentration, while maintaining the same catalyst ratio, going from concentrations of 12.6 mM for K W Sn [I] and 25mM for 5 to respectively 18.9 mM and 37.9 mM. In this case, the yield was higher than expected, although we observed some remaining K W Sn [I], even after one hour reaction time. Finally, a satisfactory yield, 42%, could be achieved by increasing the bipyridine's relative concentration to the POM, going from 2 to 2.5 equivalents, resulting in a white powder.

after the addition of 30 (red), 60 (orange), 100 (green), 200 (purple) and 500 (blue) equiv. of trifluoroacetic acid (TFA) ; working electrode, glassy carbon; reference electrode, SCE.

Like in the previous systems, K W Sn [BOD 2 ] and K Mo Sn [BOD 2 ] reduction potentials were similar to the reference compounds K W Sn [I], K Mo Sn [I] and BOD-TMS. In the case of K W Sn [BOD 2 ], we could observe three quasi-reversible monoelectronic processes. By comparing those cyclovoltammograms to the reference species (K W Sn [I] and BOD 2 -TMS), we attributed the first and the third phenomena to the reduction of the POM while the second one corresponds to the reduction of the bodipy unit. For

K Mo

Sn [BOD 2 ], the features are slightly more complex due to the richer redox behaviour of the polyoxomolybdate comparatively with the tungstate analogue.

Here, four reduction processes were observed, the first three are monoelectronic reductions of the POM (one quasi reversible followed by two non-reversible processes), followed by a quasi-reversible process at -1.21 V vs SCE attributed to the overlapping reduction of the bodipy and the three-electron reduced POM.

Overall, despite a non-reversible oxidation in the case of the dyad (starting at +1V vs SCE) that we didn't observe with BOD 2 -TMS, the interpretation of the cyclovoltammograms was straightforward at negative potentials. The different potentials are reported in the following table. (Table .2)

Table .2 -Half-wave potential (vs SCE, in V) and peak-to-peak separation (mV) of the redox processes for the reported hybrids and reference compounds in acetonitrile containing 0.1 M TBAPF 6 . In the case of an irreversible process, the potential is not given.

Upon the addition of different equivalents of TFA, we observed, as expected, a positive shift in the redox potentials. Moreover, the addition of protons in both cases 

General Conclusion

The photosynthetic process can be roughly summarized in three main steps: light harvesting, charge transport/accumulation and finally catalysis. During this project, we focused on the second step by investigating the role of polyoxometalates as electron relays and how they could be integrated in artificial photosynthetic systems.

Such systems require two main components, a photoanode and a photocathode.

Our focus has been made on reduction processes and thus the elaboration of photocathodes. Since the POMs are supposed to act as a mediator between the catalyst and a light antenna, we first studied their interaction with different catalysts and photosensitizers separately. To do so, both POM/catalyst and POM/photosensitizer systems were studied with a similar approach: we first started by investigating easy to build multicomponent systems and in a second step developed more complex covalent architectures.

Concerning the POM/catalyst association, we selected bypiridine based CO 2 reduction electrocatalysts and investigated a possible synergetic interaction with five different POMs. We mainly relied on cyclic voltammetry to rapidly evaluate the most promising associations, and three different POMs were selected. Afterwards we proceeded with bulk electrolysis experiments and despite our efforts to rationalize the cyclic voltammograms, we found that bulk electrolysis results were hard to correlate with the CV's results. Nevertheless, we could observe an effect of the three different POMs that we selected, even (TBA) ). We have chosen to focus on the catalysts stabilization, with mitigated results. Due to our electrochemical cell engineering limitations, our product quantification results lacked reproducibility while the current behaviour was reproducible. We could conclude that (TBA) 2 [Mo 6 O 19 ] could stabilize the catalyst. By lack of time we coudn't fully optimize our

Quantification

For the Manganese based systems, H 2 measurements were performed by gas chromatography on a Shimadzu GC-2014 equipped with a Quadrex column for gas separation, a thermal conductivity detector (TCD) for analyte quantification, and using N2 as a carrier gas. CO was measured using a Shimadzu GC-2010 Plus gas chromatography, fitted with a Restek Shin Carbon column, helium as the carrier gas, a methanizer and a flame ionisation detector (FID).

For the Rhenium based systems, a gas chromatograph (SRI 8610C) equipped with a packed Molecular Sieve 5 Å column for permanent gases separation and a packed

Haysep-D column for light hydrocarbons separation was used. Argon was used as carrier gas. A flame ionization detector (FID) coupled to a methanizer was used to quantify CO, methane and hydrocarbons while a thermal conductivity detector (TCD) was used to quantify H 2 Formic acid was analyzed by ionic exchange chromatography (883 Basic IC, Metrohm).

Formaldehyde concentrations were determined using the Nash colorimetric test, using a Shimadzu UV-1800 instrument.

6.2.

Chapter III

Synthetic procedure

The push-pull organic dye (PS) was synthesized according to a previously reported. 1 The synthesis of (n-Bu 

Synthesis of K W Sn [bpy] (6)

Reaction is carried out under argon. All glassware is dryed. NEt 3 is freshly distillated.

(TBA) 3 K W Sn Ar-I (300mg, 7.6 10 -5 mol), 5 (27.3mg, 1.5 10 -4 mol), CuI (1.2mg, 6.3 10 - 6 mol) and [Pd(PPh 3 ) 2 Cl 2 ] (2.1mg, 3 10 -6 mol) are introduced in a dry schlenck flask.

Dry DMF (4mL) and NEt 3 (150μL, ca. 20eq) are cryodegazed twice in a schlenck flask, then cannulated on the solids. The mixture is stirred during 1h at 80°C under microwave (60W). After cooling to room temperature, a large excess of TBABr is added to the mixture while stirring, then the mixture is precipitated in 20mL of Et 2 O.

After centrifuging, the supernatant is removed and the solid is dissolved/suspended in 60mL of DCM + 300mg of TBABr. The suspension is extracted with 2x60mL of H 2 O, and the organic phase is filtrated on cellulose membrane. The mixture is filtered on a membrane filtration apparatus is prepared with 60mL of EtOH in the vacuum flask. A white precipitated is formed when the filtrate mixed with ethanol.

The white suspension is then filtrated on cellulose membrane. A white powder is obtained m=130mg (M=4021.1 g.mol -1 , n=3.2 10 -5 mol, η=42%) IR (KBr): ν (cm -1 ) 2962 (m), 2874 (m), 2358 (w), 1635 (m), 1483 (m), 1383 (m), 1069 (s), 963 (s), 886 (s), 815 (s), 382 (w). 1 

Synthesis of K W Sn [BOD]

A mixture of K W Sn [I] (200mg, 0.05 mmol, 1 equiv), 4,4-Difluoro-8-(4'-ethynylphenyl)-1,3,5,7-tetramethyl-2,6-diethyl-4-bora-3a,4a-diaza-s-indacene (41 mg, 0.1 mmol, 2 equiv), CuI (0.72 mg, 3.7×10 -3 mmol, 0.1 equiv) and [Pd(PPh 3 ) 2 Cl 2 ] (1.4 mg, 2×10 -3 mmol, 0.04 equiv) in 4 mL of dry DMF was prepared in a Schlenk tube under argon atmosphere. After careful degassing with argon for 10 minutes, freshly distilled TEA (60 mg, 0.6 mmol, 12 equiv) was added. The mixture was stirred at 70°C for 1 h, under microwave irradiation. The resulting dark red solution was precipitated with diethyl ether. The precipitate was filtered and dissolved with TBABr (300mg) in dichloromethane (40mL) then the mixture was stirred for 20min. The resulting solution was extracted three times with water (3x40mL). The resulting organic phase was then filtered on a cellulose membrane and precipitated using EtOH (40mL).

After centrifugation, the supernatant was removed and the resulting solid washed with Et 2 O yielding a bright pink powder (145 mg, Yield: 68%).