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i RESUME L'électrocatalyse des réactions impliquant de petites molécules (CO 2 , H 2 O, O 2 , NO 3 -...) est au coeur de plusieurs problèmes énergétiques et environnementaux cruciaux pour l'avenir.

Cependant, la conception d'électrocatalyseurs sélectifs, efficaces mais aussi économiques et respectueux de l'environnement pour ces réactions reste un défi majeur. L'électrochimie de ces molécules implique des processus de transfert multi-électroniques complexes avec la formation de différentes espèces et produits intermédiaires résultant en une lente cinétique de réaction.

Pour de telles réactions, le développement de nouveaux catalyseurs hybrides tandem efficaces et sélectifs, impliquant différents types de sites actifs catalysant les transformations des intermédiaires de réaction, est nécessaire. Le but principal de cette thèse est d'explorer le potentiel des polyoxométallates (POMs) associés aux nanoparticules métalliques pour catalyser la réduction des nitrates et des nitrites. Pour ces matériaux hybrides, on s'attend à ce que les nanoparticules métalliques et les entités POMs fonctionnent en parallèle et synergie pour catalyser les différentes étapes de réduction des NO X (nitrates, nitrite, etc…).

A travers le monde entier, l'expansion et l'intensification de l'agriculture ont conduit à une utilisation croissante des engrais, ce qui a dégradé la qualité de l'eau des rivières, des lacs et des eaux marines. Le nitrate est le contaminant chimique le plus courant dans les aquifères des eaux souterraines. Dans la nature, le nitrate et ses dérivés nitrites peuvent provoquer l'eutrophisation dans les rivières et empêcher l'élimination du phosphore dans le système de purification de l'eau. 1 Une quantité élevée d'ions nitrate (40 ppm) dans l'eau potable a été identifiée comme une cause de la méthémoglobinémie (syndrôme 'baby-blue'), qui est une maladie sanguine fatale chez les nourrissons de moins de six mois. 2 Le nitrate et le nitrite peuvent aussi provoquer certains cancers, comme par exemple le cancer colorectal et le cancer de la vessie, chez les animaux de laboratoire. 3 Pour ces raisons, le développement de nouveaux catalyseurs efficaces et sélectifs devient une mission urgente. Dans le corps humain, le nitrate peut être transformé en nitrite dans la salive par la microflore par voie orale. Par conséquent, ces deux composés sont souvent discutés conjointement. 4 Un système catalytique prometteur doit être capable à transformer les ions nitrates en diazote gazeux, gaz inoffensif, de manière efficace et pas cher. Les processus biologiques et les processus physico-chimiques comme l'osmose inverse et l'échange d'ions sont les méthodes les plus largement appliquées pour éliminer les ions de nitrate de l'eau potable, certains ii inconvénients évidents sont connus. Par exemple, le système de dénitrification biologique peut être contaminé par les bactéries mortes, tandis que les processus physicochimiques actuels ne peuvent pas réduire le nitrate pour former des composés inoffensifs, mais seulement les concentrer (saumure), ce qui nécessite un traitement ultérieur. 5 Dans ce sens, le processus électrocatalytique apparaît comme la technologie la plus prometteuse. 6 Les difficultés principales de l'électroréduction des ions nitrates et / ou nitrites sont dues à : i) la cinétique de réaction lente qui engendre des surtensions et un courant à appliquer élevé ; ii) le grand nombre d'espèces et de produits intermédiaires possibles : Par conséquent, l'électrocatalyse de la réduction des NOx avec une formation sélective de produit, tel que le diazote (N 2 ) pour la dépollution environnementale de l'eau, sans produire d'autres produits restant polluants et indésirables tels que l'ammoniaque, est un défi.

NO # $ + 4H # O ( +
Dans la littérature, différent types de catalyseur ont déjà publiés. Dans les enzymes naturelles telles que la nitrate réductase, on peut catalyser la réduction du nitrate en nitrite, le complexe molybdopterine (molybdène-soufre) étant le site actif comme présenté en Figure 1. 7 D'autres catalyseurs moléculaires ont également été étudiés comme les complexe de Mo. Cependant, la plupart des études ont été menées avec des catalyseurs monométalliques et bimétalliques. Sur la base des études publiées, le Pt et le Pd massifs ont été très efficaces pour la réduction des nitrites tandis que le Pd est sélectif vis-à-vis de la formation de N 2 . 8 Dans le cas de la réduction des nitrates, le Cu et l'Ag ont été considérés comme les catalyseurs monométalliques les plus efficaces. 9 L'étape cinétiquement déterminante sur ces deux électrodes métalliques est considérée comme étant la réduction des nitrates en nitrites :

NO # $ + 2H # O ( + 2e $ ⇌ NO . $ + 3H . O E 1 = 0,835 V/ENH
iii D'autres améliorations de l'efficacité catalytique nécessitent un niveau de complexité accrue dans la conception du catalyseur. etc. 10 En particulier, la réduction des ions nitrite peut être catalysée par divers POMs tels que [SiW 12 O 40 ] 4-. 11 La catalyse est observée dès que l'on atteint le potentiels de réduction de POM.

Celle-ci est également très dépendante du pH. Trois couples redox successifs en réduction sont observés pour [SiW 12 O 40 ] 4-. Les deux premiers processus (pics I et II) sont indépendants du pH dans une plage de pH de 1 à 5 tandis que le troisième processus (pic III) est dépendant du pH (60 mV / pH). Le courant cathodique est proportionnel à la racine carrée de la vitesse de balayage pour l'ensemble des trois réductions, ce qui indique un processus contrôlé par la diffusion. À pH < 2, une augmentation significative du courant catalytique pour l'ensemble des trois pics cathodiques peut être observée après l'ajout de NaNO 2 dans la solution. L'activité sur le processus I est illustrée sur la Figure 3. Le meilleur courant catalytique est obtenu à pH 1, ensuite le courant catalytique diminue avec l'augmentation du pH. À pH > 3, aucune réponse catalytique n'est observée dans la gamme de + 0,1 V à -0,6 V par rapport à Ag/AgCl, mais un courant catalytique est observé à la troisième vague de réduction (Figure 3). Cependant, seuls des POMs substitués par des ions Cu II , Ni II 25-montrant que 'intensité du courant catalytique augmente avec le nombre d'atomes de Cu dans la structure. 13 Cependant, au stade actuel, l'étude de la réduction des ions nitrates a été menée uniquement en solution. En effet, en raison de la grande solubilité en solution aqueuse, les POMs ne sont pas de bons candidats pour être utilisés comme catalyseur hétérogène. Récemment, Imar et ses collègues ont immobilisé un polyoxométallate substitué par des ions Cu II et des nanoparticule d'argent sur la surface de l'électrode en présence de polymères. Les films préparés ont montré une activité pour la réduction des nitrates. 14 Dans la présente thèse, nous allons essayer de comprendre les facteurs d'influence sur l'efficacité de la catalyse de réduction des nitrates en utilisant différents POMs substitués avec des ions Cu II puis comparer leurs activités catalytiques lorsque ces mêmes dérivés sont associés à des complexes d'alendronate de cuivre (CuAle). La réduction photocatalytique des ions d'argent en présence de POM a été largement étudiée dans notre groupe, la taille et la forme des nanoparticules d'argent peuvent être contrôlée en fonction des conditions de formation (concentration en POMs et Ag(I), température, concentration du donneur sacrificiel d'électron).

Ainsi, les nanoparticules d'Ag@POM seront étudiées pour leur capacité à former un catalyseur hétérogène pour la réduction des nitrates et / ou des nitrites. Dans la dernière partie, les POMs seront immobilisés dans des matrices MOFs (Metal-Organic Frameworks) afin d'améliorer la stabilité des catalyseurs pendant la réaction catalytique. L'association de POMs aux MOFs permet aussi de réaliser un catalyseur hétérogène pour la réduction des NO x . Nous allons étudier si les POMs conservent leurs propriétés électrochimiques et leurs propriétés électrocatalytiques après leur insertion dans les matrices MOFs.

I. Réduction de NO x sur électrode de Cu ou d'Ag en présence ou en absence de polyoxométallates.

D'après les travaux publiés, les électrodes en Cu et en Ag sont des catalyseurs intéressants pour la réduction de nitrate. La quantité de catalyseur métallique peut être considérablement réduite vi en utilisant des nanoparticules au lieu des matériaux massifs. Cependant, les nanoparticules doivent être protégées par un agent de recouvrement afin d'empêcher leurs agglomérations, ce qui entraînerait une diminution de l'efficacité catalytique. A cet égard, les POMs sont des composés très prometteurs, car ils peuvent être utilisés à la fois comme des agents stabilisants (surfactants) pour stabiliser les nanoparticules métalliques et aussi comme des co-catalyseurs pour le processus en tandem puisque les POMs sont également actifs pour la réduction des nitrates et des nitrites. L'association des POMs avec des nanoparticules métalliques catalytiques peut conduire à améliorer les propriétés catalytiques et peut permettre d'ajuster la sélectivité de la réaction.

Dans ce travail, la réduction de nitrate et de nitrite est d'abord étudiée sur électrode de Cu ou électrode d'Ag, avec ou sans la présence de POM à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) et à pH 1 (0,5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ), afin de comprendre le rôle de l'entité de POM dans la réduction électrocatalytique. Dans ce but, le polyanion du type Keggin [SiW 12 O 40 ] 4-est choisi pour sa capacité à catalyser la réduction des ions nitrites. 11 La propriété électrochimique de [SiW 12 O 40 ] 4-a d'abord été étudiée sur électrode de Cu et électrode d'Ag à pH 1 et 5. Les résultats sont comparés avec ceux obtenus sur électrode de carbone vitreux (GC). Trois vagues de réduction sont observées sur électrode GC (Figure 4) à pH 1 et pH 5 qui sont attribuées à la réduction successives d'atomes W VI . Les deux premiers processus (-0,25 V et -0,50 V vs. ECS) sont indépendante du pH alors que troisième processus mesuré à -0,72 V à pH 1 et à -0,95 V à pH 5 varie avec le pH de la solution (60 mV/pH). L'intensité de courant du premier pic de réduction est proportionnelle à la racine carrée de la vitesse de balayage, ce qui indique le courant est limité par la diffusion du POM à l'électrode.

En revanche, seulement deux réductions successives sont observées sur électrode de Dans les deux solutions, l'électrode GC n'est pas active pour la réduction des nitrites. Après l'ajout de [SiW 12 O 40 ] 4-, une augmentation de courant, qui devient catalytique, est observée au potentiel de la première réduction du couple W VI/V dans la solution à pH 1. A pH 5, cette augmentation est observée seulement à la troisième réduction de W VI/V , en accord avec des travaux déjà publiés. 15 Dans la cas de l'emploi d'électrodes de Cu et d'Ag, l'électrode massive seule est déjà active pour la catalyse de la réduction des ions nitrites. Le potentiel de départ est mesuré à -0,26 V à pH 1 sur électrode Cu (Figure 5A). Le courant augmente dans toute la gamme de potentiel mesuré sur électrode Ag mais l'intensité du courant est trop faible pour définir le potentiel de départ pour le début de la catalyse. ont démontré une bonne stabilité en milieu aqueux en raison de la capacité de chélation des entités bisphosphonates. 16 Dans ce chapitre, on a d'abord étudié trois polyoxométallates (CuPOM) contenant des atomes de Cu II :

-Na 16 17 Lors du balayage de potentiel retour, un grand pic de réoxydation anodique est observé vers 0,00 V vs. ECS. Il correspond à la réoxydation des Cu 0 en Cu II . Une réduction réversible de W VI en W V du POMs est également observée à un potentiel plus négatif, bien au-delà de la réduction des atomes de cuivre (Figure 8A). A pH 1 et pH 5, la réduction de W VI n'est pas bien définie ou difficile à détecter, du fait d'un dépôt important du Cu 0 mais également d'un grand nombre d'électrons transférés pour la réduction des atomes de Cu. Lors de la réduction de l'ensemble des atomes de cuivre, les nanoparticules de Cu 0 sont formées in situ. Ces nanoparticules continuent à se déposer à la surface de l'électrode de carbone vitreux durant le balayage en réduction lorsque l'on atteint la première réduction des W. Afin de mieux étudier le premier pic de réduction Cu II /Cu I , le balayage est arrêté après ce premier pic (Figure 8B). La réduction des atomes Cu II . f 0 : fréquence fondamentale de résonance, ρ: densité du cristal (2,684 g/cm 3 ), A: area (0,2 cm 2 ), µ: module de cisaillement de quartz (2,947×10 11 g/cm•s -2 ).

Le dépôt de Cu 0 en présence de CuPOM/CuAle démarre plus tôt qu'en présence du CuPOM seul, ce qui montre que le Cu complexé par ligand Ale sont plus facile à réduire, ce qui semble cohérent par rapport aux mesures électrochimiques (Figure 9). La masse déposée augmente généralement avec le nombre des ions cuivriques Cu II présent dans la structure. Cependant, puisque les espèces de POM adsorbées sur les nanoparticules de Cu, la présence du POM (surfactant) contribue également au changement de la masse. Des interprétations plus quantitatives doivent ainsi être prises avec beaucoup de précaution. (Figure 10). La masse déposée à la surface de l'électrode est estimée en utilisant la Microbalance à Cristal de Quartz (« QCM » en anglais 

IV. Immobilisation de polyoxométallates dans les matrices 'Metal-Organic

Frameworks' (POM @ MOF)

Les polyoxométallates (POMs) possèdent des propriétés catalytiques intéressante pour diverses applications. Cependant, leurs inconvénients sont de faible surface spécifique, de faible stabilité dans des conditions catalytiques et une solubilité élevée dans le milieu aqueux. Ainsi, l'insertion de POMs dans les cavités de « Metal-Organic Frameworks » (MOFs) constitue une stratégie intéressante d'accès aux catalyseurs hétérogènes à base de POM.

Les «Metal-Organic Frameworks» (MOFs) sont des matériaux cristallins poreux dont la structure est définie par des ions métalliques ou des clusters métalliques qui sont connecté à des liants organiques bi-ou multimodaux avec des interactions fortes. 5 La structure microporeuse xx des MOFs fournit des surfaces jusqu'à 5900 m 2 •g -1 et les volumes de pores spécifiques jusqu'à 2 cm 3 •g -1 avec une dimension de pore variable. 19 La caractéristique de MOFs, telle que ses dimensions de pores, leurs formes, leurs dimensions et leurs environnements chimiques, peuvent être finement contrôlées pour des applications spécifiques.

Les composés POMs encapsulés dans le MOFs (POM@MOF) permettent d'augmenter la stabilité du POM et ses surfaces spécifiques et également de réaliser une catalyse sélective en fonction de la taille des pores. 20 Les composés POM@MOF sont fixés à la surface de l'électrode L'intensité de courant est proportionnelle à la vitesse de balayage, indiquant que le POM est bien immobilisé dans la cage de MOF. Il a été démontré que les POMs encapsulés à l'intérieur des cages du MOF peuvent conserver leurs propriétés électrochimiques. 21 xxi Figure 17 : CVs de trois systèmes (A) P 2 W 18 , (B) P 2 W 18 @UiO-67 and (C) P 2 W 18 +UiO-67 (mélange mécanique des deux solides) immobilisés sur l'électrode de PG à différent vitesse de balayage de 0,025 à 1,000 V•s -1 . D) Potentiels de réduction pour chaque système sur électrode de PG à pH 2,5 0,5 which is a fatal disease for infants under six months. 2 Some studies have shown that an extremely high dose of nitrates and/or nitrite could cause several types of cancer. 3 Hence, the development of efficient and clean technology is needed to eliminate nitrate from waters. While biological processes and physicochemical processes are the most widely applied methods to remove nitrate ions from drinking water, 3 some obvious disadvantages are known. The biological denitrification system might be contaminated by the dead bacteria, while the physiochemical processes cannot reduce nitrate to harmless compounds but only concentrate them from water to brine, thus further treatment is required. 4,5,6 Therefore, the development of electrochemical processes which is able to reduce nitrate to anoxic nitrogenated species is a promising approach. Electrochemical processes present also others advantages such as low cost and the possibility to combine with diverse treatment processes.

As mentioned above, the main difficulties of the electroreduction of nitrate and/or nitrite ions are due to: i) the sluggish reaction kinetics which cause high reaction overpotential and current;

ii) the large number of possible intermediate species and products. Therefore, the achievement of a selective product formation, for example toward nitrogen for environmental water depollution without producing other undesired products such as ammonia is a challenge. 7,8 In the literature, different types of catalyst have been studied for nitrate and nitrite reductions.

In natural enzymes, such as nitrate reductase, which can catalyze nitrate to nitrite, the molybdopterin (molybdenum-sulfur) complex being the active site. 9 Other molecular catalysts have been also investigated such as Mo complex. 10 However, most of the studies were carried out with monometallic and bimetallic catalysts. Based on the published studies, Pt and Pd were found to be very efficient for nitrite reduction while Pd is selective towards the formation of N 2 . 11,12 In the case of nitrate reduction, Cu and Ag were considered as the most efficient monometallic catalyst. 8,13 Further improvements of the catalytic efficiency requires an increased level of complexity in the catalyst design.

In this thesis, the work will focus on the development of new catalyst associating polyoxometalates (POMs) and nanoparticles (NPs). POMs are inorganic anionic clusters formed by oxo species of transition metals with one or more bridging oxygen atom. 14 The 20,21 They have shown that the catalytic current intensity increases with the number of Cu atoms in structure.

possibility
However, at current stage, nitrate reduction study was used only for testing the properties of POMs in solution. Due to the high solubility in aqueous solution, POMs are not good candidates to be used as heterogeneous catalyst.

POMs are also well known to interact with the surface of metals. POMs being able to act as stabilizer at nanoparticles' surface and protect them from agglomeration. 22 Recently, Iamr and his co-workers have immobilized Cu-substituted POMs and prepared AgNPs on electrode surface in the presence of polymers. 23 The prepared films were active for nitrate reduction.

In the present thesis, we will try to understand the influencing factors on nitrate catalysis by using different Cu-substituted POMs and compare the activities when POM are associated with copper alendronate complexes. The photocatalytic reduction of silver ions in the presence of POM was widely studied in our group. 24,25 The size and shape of the silver nanoparticles can be controlled depending on the operating conditions. Thus, Ag@POM nanoparticles will be investigated for their ability to form heterogeneous catalyst toward nitrate and/or nitrite reduction. At the last part, the POMs have been immobilized into metal-organic frameworks (MOFs) in order to improve the stability during the reduction reaction. We will investigate if POMs conserve their electrochemical properties and catalytic properties after being inserted into MOFs. Groundwater is the most important source of drinking water, especially in areas lack of surface water. 1 As the quality of groundwater directly affects human health, its contaminations are a serious concern. Nitrate is the most common chemical contaminant in the groundwater, which may cause public health risk and environmental pollution. The nitrate ion (NO 3 -) is one of the most stable species in the nitrogen cycle, but it can be reduced in environment to nitrite ion (NO 2 -) by microbial action. 2 Nitrite ion is less stable than nitrate and it can be easily reduced to other compounds or be oxidized to nitrate. In human body, nitrate can be converted to nitrite in saliva by oral microflora. Hence, these two compounds are often discussed together.

Chapter I Introduction and literature review

Throughout the world, the expansion and intensification of agriculture have led to increasing utilizations of fertilizers, which has degraded the water quality. The most common inorganic nitrogen fertilizers contain nitrate and/or ammonium, which are necessary for plants growth.

When the nitrate supply is higher than the amount needed by the plants, the nitrate excess accumulates into the soil or moves with the ground water. This results into the eutrophication of water and may cause harmful algal blooms, water column anoxia and fish mortality. 3 Vegetables that contain the highest concentration of nitrate are spinach, salad mix, mustard greens and cole slaw. Sodium nitrite is also used as a food preservative and antibacterial agent especially in prepared meats (such as ham and bacon) due to its ability to block the growth of bacteria (clostridium botulinum and listeria monocytogenes). It also contributes to the characteristic color and flavor of the cured meat. 4 Even though healthy human adults can be exposed to large amounts of nitrate in a short term, long-term effects are still uncertain. High concentration >10 mg•L -1 of nitrate in water or 3 mg•L -1 nitrite in drinking water have been identified as a cause of methemoglobinemia (also called 'blue baby syndrome'), 5 which causes fatal blood disorder in infants under six months of age. The symptom of nitrate/nitrite poisoning infants is the blue or lavender skin color, especially around eyes and mouth. The cause of methemoglobinemia is generally that the red blood cells are unable to carry oxygen from the lungs to the other part of the body. Some studies show that consuming nitrate-contaminated drinking water during early pregnancy may increase the risk of birth defects. 6 An extremely high dose of nitrate could cause several types of cancer, for example colorectal, bladder, urothelial, gastric and brain tumor, in laboratory animals.

Consume high dose of nitrite-contaminated water in short-term can cause adrenal hypertrophy in laboratory animals. Growth inhibition is observed in rats after two years of oral administration with 5% sodium nitrate. Another long-term effect of nitrite in various animals is vitamin A deficiency. Nitrite can deplete vitamin A in non-ruminants by destroying it in the gut lumen under acidic condition. 6 Nitrite can also form N-nitroso compounds in stomach and these N-nitroso compounds are carcinogenic in all animal species tested. 6 As a result, legislation generally limits the nitrate level in water and the maximum concentration in the range of 10 -40 ppm is set out in most countries based on the World Health Organization guideline. 6 Water containing more than 40 ppm nitrate is not considered as drinkable. Nitrite level in drinking water is usually below 0.1 ppm. 6 Consequently, the development of efficient and clean technology to eliminate nitrate from water has attracted considerable attention.

General treatments

Nitrate easily dissolves in water and is very difficult to remove. Simple household treatments as filtration, disinfection and boiling are not efficient for nitrate removal. Nowadays, biological processes and/or physicochemical processes are used to remove nitrate ions from drinking water.

Biological denitrification is a type of anaerobic respiration that uses nitrate as an electron acceptor, by microbiological reduction of nitrate into its elemental state nitrogen. 7,8 This proceeds through a stepwise reduction of intermediate species, like nitrite, nitric oxide, nitrous oxide, dinitrogen, etc. In the nature, there are more than twenty species of strictly denitrifying bacteria, hence the preparation of the biofilm is not obvious. However, there some shortcomings of this method. First, without the addition of a carbon source, biological denitrification is difficult. Second, it may lead to contamination by dead bacteria. The absence of contamination should be checked before utilization in drinking water treatment. The last issue is the presence of residual organics.

Reverse osmosis is a filtration method which allows water to pass through microscopic pores in a filter membrane under high pressure. In such a way, only the pure water is able to get through. 9,10 Other contaminants like nitrate and other inorganic chemicals (Ca and Mg) are physically too large and thus unable to pass through the pores of the systems. This method can reject about 83 -92% of the nitrate in drinking water. Problems associated with reverse osmosis membranes include high cost and the fouling, compaction and deterioration with time. These problems are caused by deposition of soluble materials, organic matter, suspended and colloidal particles, pH variations and chlorine exposure, which means that the reverse osmosis process requires pretreatment.

The ion exchange process involves the passage of nitrate-containing water through a Strong

Base Anion (SBA) exchange resins bed on which nitrate ions are exchanged for chloride or bicarbonate ions until the resin exhausted. 11 The exhausted resin is regenerated by using a concentrated solution of sodium chloride or sodium bicarbonate. This method is efficient except for water containing high amount of sulfate ions, due to the competition between sulfate ions and nitrate ions.

Even though ion exchange process and reverse osmosis processes are identified as the Best Available Technologies (BAT) by United Stated Environmental Protection Agency (USEPA)

for nitrate removing technique, 5 these two processes cannot transfer nitrate into harmless compounds but can only concentrate nitrate from water to brine, which require further treatment.

None of these methods is satisfactory for the durable treatment of groundwater. In this thesis, reductions of nitrate and nitrite by electrochemical technique are investigated. With this method, nitrate can be reduced to anoxic nitrogenated species. The others advantages of electrocatalytic denitrification, such as low cost, no requirement of addition of chemicals and the possibility to combined with other treatment processes, make electrochemical techniques attached much attentions. 12 

Electrocatalytic reduction of nitrate and nitrite

Electrochemical process is generally operated in room temperature under atmospheric pressure.

Nitrate and/or nitrite are reduced at the cathode to form other nitrogen-containing compounds (such as nitrogen, ammonia or nitrous oxide). However, metal ions present in the electrolyte can also be reduced at the cathode to form solid deposited surface on the cathode as parasite reaction. 13 At the anode, the main reaction is the oxidation of water to oxygen gas. Only few technologies can reduce nitrate to N 2 based on the published reports. 

NO 3 - NO 2 - NO  N 2 O  N 2
Thermodynamically, several products such as NO (g), N 2 (g) or ammonium ion (NH 4 + ) can be obtained during the reduction of nitrate ions:

NO # $ + 4H # O ( + 3e $ ⇌ NO g + 6H . O E 1 = 0.958 V/NHE (1) 
2NO # $ + 12H # O ( + 10e $ ⇌ . g + 18H . O E 1 = 1.246 V/NHE (2) 
NO # $ + 10H # O ( + 8e $ ⇌ NH = ( + 13H . O E 1 = 0.875 V/NHE (3) 
The desired process is the reduction of NO 3 -to N 2 (reaction 2) but the reaction rate is slow. In the literature, it is commonly accepted that the rate-determining step of nitrate reduction is the formation of nitrite. The redox half-equation of NO 3 -/NO 2 -is written as:

NO # $ + 2H # O ( + 2e $ ⇌ NO . $ + 3H . O E 1 = 0.835 V/NHE (4) 
Once formed, nitrite is one of the most reactive compounds in the nitrogen cycle and nitrite reduction is considerate as the selectivity-determining step. The list of nitrite reduction products and the corresponding equilibrium potentials are given below:

2NO . $ + 8H # O ( + 6e $ ⇌ N . (g) + 12H . O E 1 = 1.520 V/NHE (5) 
NO . $ + 2H # O ( + e $ ⇌ NO(g) + 3H . O E 1 = 1.202 V/NHE (6) 2NO . $ + 6H # O ( + 4e $ ⇌ N . O(g) + 9H . O E 1 = 1.396 V/NHE (7) NO . $ + 6H # O ( + 4e $ ⇌ NH # OH ( + 7H . O E 1 = 0.673 V/NHE (8) 
NO . $ + 8H # O ( + 6e $ ⇌ NH = ( + 10H . O E 1 = 0.897 V/NHE (9) 
Both nitrate and nitrite reductions consume proton. Thus, low pH favors the reaction from the thermodynamics point of view. As mentioned before, the formation of N 2 is going through N 2 O in natural denitrification. The reaction can be written as: 15

N . O + 2H # O ( + 2e $ ⇌ N . (g) + 3H . O E 1 = 1.770 V/NHE ( 10 
)
This step is difficult to achieved because only few catalysts are able to perform the reduction of N 2 O before this intermediate desorbs from the surface and lost to the electrolyte as a product. 14 The high overpotential, the sluggish reaction kinetics and the side products during multielectron transfer reactions are the main problems during nitrate reduction. The catalyst should be not only efficient but also selective to promote the formation of N 2 rather than other toxic products. Hence, the development of efficient catalysts has been widely investigated.

1.2.2 Catalysts for the nitrate and nitrite reduction

Monometallic catalysts

Nitrite reduction has been widely studied on different metal surfaces. In solution, the nitrite is affected by the pH-dependent homogeneous-phase equilibrium, such as the acid-base equilibrium HNO 2 /NO 2 -(pK a = 3.39). 16 Therefore, NO 2 -is predominant in neutral/alkaline pH media, while HNO 2 is dominant at pH < 2. The electrocatalytic responses might then also be expected with the pH. Besides, HNO 2 decomposes slowly into NO and NO 2 in acidic media, which is also a reactive substance on most metal and non-metal electrodes:

2HNO . aq ⇄ NO aq + NO . aq + H . O (11) 
It was also found that nitrite reduction in acidic media is not sensitive to the nature of the anion of the supporting electrolyte. 17 A comparing work of nitrite reduction on transition metals (Ru, Rh, Ir, Pd and Pt) and coinage metals (Cu, Ag and Au) was published by Duca and his co-workers 18 in both acidic media and alkaline media. In acidic media, a direct HNO 2 reduction is observed for all of these electrodes except Ir. The formation of NO obtained from HNO 2 disproportionation in solution and followed by an overall reaction to form N 2 O is observed on all of the active metals:

LMN + LO + 2 # ( + 2 $ ⇄ . + 3 . (12) 
In alkaline media, the activity of transition metals is ranked as Rh ~ Ru > Pt > Ir. Based on Tafel slope analysis, the rate-determining step is assumed to be the conversion of NO 2 -to NO species. No N 2 O is detected in solution, which indicates that NO is strongly adsorbed on metal surface. 18 Duca and his co-workers 18 have proposed a model for the electrocatalytic NO reduction where the presence of NO in solution is necessary for the formation of N 2 O and N 2 , which occurs through a weakly adsorbed NO dimer that can only form when NO is in solution.

This dimer is a necessary precursor for N 2 O formation, while N 2 is formed directly by N 2 O reduction. Among coinage metals, only Cu is active for nitrite reduction in alkaline media and the final product is NH 3 . A high overpotential for nitrite reduction on Ag or Au surface is obtained which occurs simultaneously with hydrogen evolution. 19 Nitrate reduction on Pt surface has already been investigated at the beginning of last century.

In acidic media, the activity of Pt surface is very low toward nitrate reduction. 20 Since the nitrate is reduced at potential close to the hydrogen evolution onset, high coverage of hydrogen inhibits the adsorption of nitrate, which leads to a decrease of catalytic activity. The main product from the nitrate reduction on Pt surface is characterized by Infrared Reflection (IR) measurements.

The presence of adsorbed NO is observed at a fixed potential in nitrate reduction (0.122 V vs. Koper and his co-workers 21 have reported a comparison works toward nitrate reduction on various metal electrodes in acid solution. Among the transition metals, the catalytic activity is ranked as: Rh > Ru > Ir > Pd ≈ Pt. The reaction order on noble metal in acidic media is usually lower than one, which suggests that adsorption step proceeds the rate-determining step. On the coinage metal, Cu is the most active surface for nitrate reduction followed by Ag and Au (Cu > Ag > Au). 21 The DEMS measurement in 0.5 mol•L -1 H 2 SO 4 shows that the product on Cu surface is NO, whereas no N 2 O is produced. 18 On Cu surface, the chemisorption energy (ca.

RHE in 0.5 mol•L -1 H 2 SO 4
100 kJ•mol -1 ) 22 is much lower than the one on Pt surface, thus NO ads is able to desorb from Cu electrode to form NO sol . Thus, the formation of N 2 O is expected because the reaction from NO to N 2 O is a non-catalytic reaction on Cu surface. 23 

NO # $ + 2H # O ( + 2e $ ⇌ NO . $ + 3H . O E 1 = 0.835 V/NHE (4) 
Other metals such as mercury, indium, cadmium and tin have also been studied toward nitrate reduction in acidic media. 15 A high overpotential is found with these metals. Kyriacou and his co-workers 25 have observed a significant negative potential -2.8 V vs. Ag/AgCl with tin which is able to reduce nitrate to dinitrogen in 0.1 mol•L -1 K 2 SO 4 with a high selectivity (92%).

Bimetallic catalysts for nitrate and nitrite reduction

While copper electrode is shown to be able to catalyze nitrate reduction, a high selectivity toward the formation of dinitrogen is still difficult to achieve.

More recently, bimetallic and trimetallic catalysts have attracted more attention for their high activity and selectivity. Vorlop and Tacke have firstly demonstrated the effectiveness of bimetallic catalysts in 1989. [START_REF] Vorlop | Erste Schritte auf dem Weg zur edelmetallkatalysierten nitrat-und nitritentfernung aus trinkwasser[END_REF] They studied bimetallic system composed of a precious metal (Pt or Pd) and a promoter (Cu, Ni, Fe, Sn, In or Ag). In this bimetallic system, the promoter catalyzes nitrate to nitrite reduction and the precious metal is involved in the reduction of nitrite into further products. Pd has better conversion efficiency and selectivity than Pt. As Cu is an active catalyst, despite its instability at potential in alkaline solution (0.1 mol•L -1 KOH), [START_REF] Rozali | Electrochemical stability of Cu, Ni, Co, Pt and Ir metals sheet and their composite electrodes in potassium hydroxide solution[END_REF] bimetallic catalysts composed of Pd and Cu have been widely studied in acidic [START_REF] Wada | Effect of supports on Pd-Cu bimetallic catalysts for nitrate and nitrite reduction in water[END_REF]24 and alkaline 29,24 media. As mentioned before, Pd-Cu bimetallic electrode is a good catalyst for the selective reduction of nitrate to N 2 . The Cu sites take care of the fast reduction of nitrate to NO and N 2 O, whereas Pd is the most selective and best catalyst for the reduction of NO and N 2 O to N 2 . The metal ratio is a key role in the catalytic performance. Okuhara and his co-workers [START_REF] Yoshinaga | Hydrogenation of nitrate in water to nitrogen over Pd-Cu supported on active carbon[END_REF] have investigated the influence of the Pd/Cu radio. As presented in The terrace sites of the Pd have mild hydrogenationability and N 2 would be favorably formed. Other metal, like tin, can also enhance the selectivity to N 2 formation on Pd surface. Generally, mechanism for NO x reduction with bimetallic catalysts is assumed to be the same than with monometallic catalyst. The rate-determining step is still the first electron transfer and the reaction order is lower than one.

Pt have also been studied even though it is not the best catalyst. The most promising combination with Pt is Pt/Sn. [START_REF] Piao | Nitrate reduction on tinmodified rhodium, ruthenium, and iridium electrodes[END_REF][START_REF] Rodríguez | Characterization and catalytic performance of a bimetallic Pt-Sn/HZSM-5 catalyst used in denitratation of drinking water[END_REF] Other combinations such as Cu-Ni 33 , Pt-Ge [START_REF] Dima | Role of germanium in promoting the electrocatalytic reduction of nitrate on platinum: An FTIR and DEMS study[END_REF] and Pt-Bi [START_REF] Figueiredo | Nitrate reduction on Pt (1 1 1) surfaces modified by Bi adatoms[END_REF] also exhibit a catalytic effect but the selectivity towards N 2 remains a challenge.
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Enzymatic and molecular catalyst

The clearest indication for the mechanism towards nitrate reduction reaction comes from the investigation of natural enzymes. Nitrate reductase catalyzes the reduction of nitrate to nitrite in the nitrogen cycle. Most of them have a molybdopterin (molybdenum-sulfur) complex as active site. With the addition of other co-factors such as iron-sulfurs and hemes, the electron transfers can be mediated within the enzyme. An example of nitrate reductase is shown in Fig.

I.2. 36 Other electrochemical studies have modified nitrate reductase on graphite or gold

electrodes. An overview of the catalytic mechanism of selected nitrate reductase is described in references 37 and 38. As the metal centre Mo is considered as the active site for catalysis, other Mo complexes were tested for their ability to reduce nitrate. [START_REF] Majumdar | Necessity of fine tuning in Mo(iv) bis(dithiolene) complexes to warrant nitrate reduction[END_REF] Mo center is capable of forming a bond to an oxygen atom of a nitrate ion and produce nitrite. Metal cyclams (cyclam = 1,4,8,11-tetra-azacyclotetradecane) catalyze also nitrate reduction and have been reported by Taniguchi and his coworkers for the first time. [START_REF] Taniguchi | Electrocatalytic reduction of nitrate and nitrite to hydroxylamine and ammonia using metal cyclams[END_REF] The Co-and Ni-cyclams have been studied on a mercury electrode and the main product is hydroxylamine. Metal phthalocyanine-modified electrode have been studied in alkaline media where the main product is ammonia. [START_REF] Chebotareva | Metallophthalocyanine catalysed electroreduction of nitrate and nitrite ions in alkaline media[END_REF] More recently, polyoxometalates (POMs) have been considered for their catalytic properties towards nitrite and nitrate reduction, due to the possibility to insert transition metals into structure as well as their ability to form nanoparticles. The details will be presented in the next part.

Polyoxometalates

Polyoxometalates (POMs) are inorganic anionic clusters formed by oxo species of transition metals with one or more bridging oxygen atom. POMs normally contain at least three metal atoms, mainly from group V or VI (vanadium, niobium, tantalum, molybdenum and tungsten) in their highest oxidation state with (heteropolyoxometalates) or without (isopolyoxometalates) heteroatoms. [START_REF] Pope | Polyoxometalate chemistry[END_REF] They have been known since the XIX century and the ammonium salt of [PMo 12 O 40 ] 3-is the first compound discovered by Berzelius. [START_REF] Berzelius | Beitrag zur naheren kenntnifs des molybdans[END_REF] Keggin is the first phosphotungstic anion and its structure was elucidated in 1934. [START_REF] Keggin | Structure and formula of 12-phosphotungstic acid[END_REF] Only after the discovery of their applications in various domain such as catalysis and non-linear optics, these compounds have been widely studied.

-15 - For example, the synthesis of nano-wheel {Mo 154 } [START_REF] Müller | Mo 154 (NO) 14 O 420 (OH) 28 (H 2 O) 70 ] (25+-5)-: a water-soluble big wheel with more than 700 atoms and a repative molecular mass of about 24000[END_REF] , nano-sphere {Mo 132 } [START_REF] Müller | Organizational forms of matter: an inorganic super fullerene and keplerate based on molybdenum oxide[END_REF] [START_REF] Sadakane | Electrochemical properties of polyoxometalates as electrocatalysts[END_REF] Incorporation of metal ions in these vacant sites usually preserves the POMs structure but sometime can also lead to isomerization or even loss or gain of tungsten. In any case, the resulting products are usually good candidates for magnetic, electrochemical and catalytic studies.

The functionalized polyoxometates are allowed to tune the redox and acid-base properties and solubility of POMs, in order to enhance their stability and catalysis activities. [START_REF] Proust | Functionalization of polyoxometalates: towards advanced applications in catalysis and materials science[END_REF] For example, Proust and her co-workers [START_REF] Artero | Synthesis and characterization of the first carbene derivative of a polyoxometalate[END_REF] -17 - [START_REF] Kozhevnikov | Sustainable heterogeneous acid catalysis by heteropoly acids[END_REF] Substituting metals and counter cations often affect the stabilities of POMs, the substituted POMs are usually unstable than their unsubstituted parents.

POMs usually have remarkable stability in acidic and neutral aqueous solution, as well as oxidative stabilities. Indeed, POMs are only stable in certain pH range because at high pH, the polyhedral subunits leave the skeletons in the presence of water and the structure decomposes.

Molecular magnetism

Polyoxometalates (POMs) are used as an example in molecular magnetism for studying the magnetic exchange and the electron delocalization. 56 Magnetic POMs have been classified into two groups namely the spin-localized POMs and the spin-delocalized mixed-valence (MV)

POMs.

In spin-localized POMs, the magnetic moments remain localize on the 3d or 4f magnetic metal ions. Various paramagnetic cations can be encapsulated by lacunary POMs at specific sites, creating well-defined magnetic molecular with controlling of the nuclearity and the type of magnetic interactions. Co II -substituted POM has been widely studied on magnetic exchange ion. A high-spin S = 3/2 with an unquenched orbital momentum, hence exhibiting a large spin anisotropy. [START_REF] Palii | Beyond the spin model: exchange coupling in molecular magnets with unquenched orbital angular momentaw andrei[END_REF] The electron acceptor ability of POMs allows to prepare the mixed-valent (MV) POMs. POMs are the only example in coordination chemistry of high-nuclearity MV clusters. The electronic complexity of MV POMs is much higher than that of the spin-localized magnetic clusters. Bireduced [PW 12 O 40 ] 5-is considered as a typical example of diamagnetic MV POM. The diamagnetism of this Keggin-type POMs is due to a multi-route super-exchange mechanism. [START_REF] Borrás-Almenar | Mixed-valence polyoxometalate clusters. I. Delocalization of electronic pairs in dodecanuclear heteropoly blues with Keggin structure[END_REF] A strong stabilization of the singlet is observed with this POM. The study have also been -18 -performed on Wells-Dawson type POMs in which electrons move in two central 6-membered rings. [START_REF] Borrás-Almenar | Mixed-valence polyoxometalate clusters. II. Delocalization of electronic pairs in 18-site heteropoly blues with Wells-Dawson structure[END_REF] The single ground state stabilization is obtained as in the case of Keggin-type POM.

Recently, POMs are used as model systems in molecular magnetism towards the design of single-molecule magnets (SMMs) and as molecular spin-qubits in nanospintronic devices. A detail description is summarized by Clemente-Juan, Coronado and their co-workers. Hence, the maximum of exchanged electrons in solution with 0.13 mol•L -1 propan-2-ol seems to be six electrons in the case of the Dawson-type polyoxometalate (Unpublished work from prof. Laurent Rulmann).
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Electrochemical behaviors of POMs

The redox properties of polyoxometalates are characterized by their ability to accept as well as to release several electrons in distinct redox steps, while keeping their structure intact. The reduction is often accompanied by protonation in acidic media depending on the pK a of the produced polyoxometalates. A pH increase shifts the redox potentials to more negative values and often splits the two-electron waves to two one-electron pH-independent waves. The electrochemical behavior of each POM exhibits a different feature due to their different redox potentials, pK a and stabilities.

-21 -

Photocatalytic properties of POMs 2.3.1 Photocatalytic oxidation of organic pollutant

The irradiation with UV-near visible light makes POMs powerful oxidizing agents, which are capable to 'destroy' a great variety of organic compounds. Under UV illumination, POMs pass into its excited state, POM * . The excited POM anions often possess better performance than their ground states and they are able to oxidize the organic substrates (organic pollutants). A more detail mechanism of reduction of Ag + by the Dawson-type POM α-[P 2 W 18 O 62 ] 6-was reported by Ruhlmann and his co-workers. [START_REF] Costa-Coquelard | Photocatalytic reduction of Ag 2 SO 4 by the Dawson anion α-[P 2 W 18 O 62 ] 6and tetracobalt sandwich complexes[END_REF] Under illumination of UV light, a direct photochemical excitation of POM is observed in the presence of propan-2-ol, which may be written as:

α -. hi j. k$ + ( # ) . mn α -. hi j.

(k(h)$ + ( # ) . . + (

In fact, Ag + reduction occurs immediately at the onset of the irradiation without introduction time, which suggests that the Ag + reduction begins from the first reduced forms of POM.

However, the reduction of Ag + by reduced POM is not thermodynamically favored, considering that the potential of the (Ag + /Ag 0 ) is -1.75 V vs. NHE (with only one Ag(0)). This potential has been deduced from radiolysis experiments. [START_REF] Tausch-Treml | Reactivity of silver atoms in aqueous solution II. a pulse radiolysis study[END_REF] Two explanations were suggested:

 The complexation between Ag + and POM may lead to a change in the redox potentials.

In fact, the electric field created by the charges is in favor of the electron transfer from the reduced POM to Ag + . Moreover, the possibility of the reduction of Ag + in the complex by an excited reduced POM cannot be excluded, all the more, a compound in the excited state is always better reductant than when it is in the ground state.

 An initiation step is possible with a complexation of Ag + and alcohol radicals produced upon the photoreduction of the POM. The mechanism can be written as:

( # ) . . + ( → [( # ) . . ] ( [( # ) . . ] ( + ( → . ( + ( # ) . + (
The association and coalescence reactions of Ag + ions and silver clusters lead to the formation of silver nanoparticles with the increase of the nuclearity.

1 + ( → . The nanoparticles formed during this process can be imaged by using cryogenic Transmission

Electron Microscopy (cryo-TEM) as published by Weinstock and his co-workers. [START_REF] Wang | Self-assembly and structure of directly imaged inorganic-anion monolayers on a gold nanoparticle[END_REF] The picture shows clearly a monolayer of POMs at surface of Au nanoparticles, which can protect nanoparticles from agglomeration. intermediates. [START_REF] Troupis | Photocatalytic reduction of metals using polyoxometalates: recovery of metals or synthesis of metal nanoparticles[END_REF] It needs to mention that no characterization of formed copper nanoparticles is presented in their work. However, in the presence of Pd II , the nanoparticles of palladium is easier to be obtained due to the greater redox potential compare to Cu II /Cu I reduction (E 0 (Pd II /Pd 0 ) = +0.987 V and E 0 (Cu II /Cu I ) = +0.153 V vs. NHE). [START_REF] Troupis | Selective photocatalytic reduction-recovery of palladium using polyoxometallates[END_REF] 

Electrocatalytic oxidation by POMs

The oxidation catalytic reactions in the presence of POMs are often observed with transition metal-substituted heteropolyanions. The transition metals accept oxygen from oxygen donors and formed oxometal species M=O which are able to oxidize various compounds.

 NAD(P)H oxidation: [START_REF] Sadakane | Electrochemical properties of polyoxometalates as electrocatalysts[END_REF] 

Heterogeneous catalysis

For heterogeneous catalysis with POMs, emphasis is given to the fixation of the POM catalysts on solid surface, to achieve good recovery and recyclability besides high activity. Several Other supports such as gold and mercury electrode were also studied. [START_REF] Rong | Spontaneous adsorption of heteropolytungstates and heteropolymolybdates on the surfaces of solid electrodes and the electrocatalytic activity of the adsorbed anions[END_REF] The adsorbed  Entrap POMs in polymer: POMs can be entrapped to a polymer-coated surface by electrostatic incorporation or be immobilized simultaneously with the electropolymerization step. Polymer matrixes like poly(aniline) [START_REF] Keita | Electrocatalysis by polyoxometalate I polymer systems: reduction of nitrite and nitric oxide[END_REF] , poly(thiophene) [START_REF] Xi | Electrocatalytic reduction of nitrite using Dawson-type tungstodiphosphate anions in aqueous solutions, adsorbed on a glassy carbon electrode and doped in polypyrrole film[END_REF] , poly(acetylene) [START_REF] Zagórska | Modification of polyacetylene and polyalkylthiophene by doping with heteropolyanions[END_REF] and poly(1-naphthol) [START_REF] Pham | In situ multiple internal reflection Fourier transform infrared spectroscopic (MIRFTIRS) study of the electrochemical immobilization of heteropolyanions in poly(1-naphthol) coated electrodes[END_REF] were studied. In many cases, POMs incorporated in polymer films exhibit similar electrochemical and electrocatalytic properties to POMs dissolved in solution.

 Electrodeposition POMs on electrode surface: POMs can be electrodeposited on electrode surface under a constant potential: Keita and Nadjo reported firstly the electrodeposition of [SiW 12 O 40 ] 4-on electrode in 1985. [START_REF] Keïta | Activation of electrode surfaces Application to the letrocatalysis of the hydrogen evolution reaction[END_REF] After their seminal work, a large number of papers have been published about this method. [START_REF] Pope | Polyoxometalate chemistry[END_REF][START_REF] Savadogo | The hydrogen evolution reaction in basic medium on iron electrodeposited with heteropolyacids[END_REF][START_REF] Wang | A new electrodeposition approach for preparing polyoxometalates-based electrochromic smart windows[END_REF] Other methods including the encapsulation by MOFs [START_REF] Yang | Facile synthesis of POM@MOF embedded in SBA-15 as a steady catalyst for the hydroxylation of benzene[END_REF][START_REF] Du | Recent advances in porous polyoxometalate-based metal-organic framework materials[END_REF] (metal organic frameworks) and the combination with various C/Si-based materials [START_REF] Dufaud | Inorganic hybrid materials with encapsulated polyoxometalates[END_REF] have been also investigated.

Electroreduction of NO x by polyoxometalates (POMs)

Electrocatalytic reduction of nitrate ions remains a big challenge since it is a multi-electronic process involving many intermediate species. POMs are multi-electron reservoirs thus a very promising candidate for nitrate reduction, especially transition-metal substituted POMs. Nitrite and nitric oxide are the most important intermediates during the electroreduction reactions, therefore their catalysis by POMs was also broadly studied.

Nitrite reduction

Electrocatalytic activity of POMs towards the reduction of NO 2 -/HNO 2 and NO was studied by

Toth and his coworkers. [START_REF] Toth | Electrocatalytic reduction of nitrite and nitric oxide to ammonia with ironsubstituted polyoxotungstates[END_REF] Since then, nitrite reduction is used as a classical test of the electrocatalytic properties of POMs.

In 1995, Dong and his co-workers [START_REF] Dong | Study of the electrocatalytic reduction of nitrite with silicotungstic heteropolyanion[END_REF] In a further work, they showed that the Fe III -substituted Keggin POM and Fe III -substituted

Dawson POM have similar electrocatalytic properties. [START_REF] Dong | Electrochemical and electrocatalytic properties Dawson-type tungstophosphate anion of iron ( III ) -substituted[END_REF] McCormac and co-workers [START_REF] Mccormac | Role of pH and the transition metal for the electrocatalytic reduction of nitrite with transition metal substituted Dawson type heteropolyanions[END_REF] have studied a series of transition-metal substituted (Ni II , Co II , Mn III , Mn II , Cu II and Fe III ) Dawsontype POMs for their catalytic properties towards nitrite reduction (see Table I Keita and co-workers [START_REF] Keita | Cyclic voltammetric evidence of facilitation of the reduction of nitrite by the presence of molybdenum in Fe-or Cu-substituted heteropolytungstates[END_REF] Liu and his co-workers [START_REF] Liu | Smart polyoxometalate-based nitrogen monoxide sensors[END_REF] In this study, AgNPs were prepared by mixing with poly(ethylenimine) (PEI) and heating for 15 minutes. It is curious that even though AgNPs can be directly prepared with adapted POM in room temperature under illumination of UV. However, there is no published work examined the formed Ag@POM nanoparticles properties toward NO x catalysis according to our knowledge.

In summary, polyoxometalate chemistry offers the possibility to prepare a large variety of compounds with tuned redox and catalytic properties. Non-substituted POMs, such as the POMs have also the ability to adsorb on the surface of metals. Therefore, tandem catalysis, with improved efficiencies might be expected by associating POMs with catalytically active metallic nanoparticles. In this thesis, we have associated POMs and nanoparticles by different approaches. Under cathodic polarization, Cu@POM nanoparticles can be electrodeposited on a substrate resulting in significant activity toward the NO x reduction. Another approach consists in the formation of Ag@POM by photocatalytic reduction of silver salt in the presence of a -36 -sacrificial donor. In this thesis, the preparation of these M@POM compounds and their characterization by various techniques will be described and their ability for nitrate and nitrite reductions will be explored.

Chapter II Reduction of NO x on Cu or Ag bulk electrode in the presence of polyoxometalates 1 Introduction

Nitrate reduction at various metal electrodes has been widely studied in both acid and alkaline solutions. In these studies, nitrate reduction generally occurs at the same potential of hydrogen evolution. On coinage metal, Duca and co-workers 1 showed that the electrocatalytic activity for nitrate reduction in acidic medium decreases in the order Cu ˃ Ag ˃ Au. On these metals, kinetics suggests that the reduction of nitrate into nitrite is the rate-determining step of the reaction, while the final product depend on the mechanism of the nitrite reduction. 2 If using Ag or Au electrode, only a small reduction current during nitrate reduction is observed. The reduction starts at 0.75 V vs. RHE on Au electrode and at 0.15 V vs. RHE on Ag electrode while nitrate can be reduced on Cu electrode in 0.1 mol•L -1 HClO 4 at 0 V vs. RHE with a higher catalytic current than on other two metals. 1 The amount of metal catalyst can be significantly reduced by using nanoparticles instead of bulk materials. However, the nanoparticles need to be protected by a capping agent to prevent their agglomeration which would resulting a decrease of the catalytic efficiency. In this respect, POMs are very promising compounds, since they can be used both as protecting ligand to stabilizer metal nanoparticles and also as co-catalyst for tandem processes since POMs are also active for the nitrate and nitrite reduction. Thus, the association of POMs with catalytic metallic nanoparticles may lead to enhance the catalytic properties and may allow to tune the reaction selectivity. It is well known that POMs are able to spontaneously adsorb on various electrode surfaces such as Au, Hg, Ag and carbon. 3,4,5 Among various kinds of POMs, Keggin-type POMs modified surface were the most widely investigated. Nadjo and his co-workers 4 and Cu bulk electrode has not been addressed. However, in most studies, the electrochemical response of the POM in the voltammetric current potential curves is not strongly affected after being adsorbed on electrode surface such as Au, Pt or GC. 6 One of the aims of this thesis is to understand the influence of the presence of POM entities during the nitrate and nitrite reduction on Cu and Ag metal and to determine under which conditions a synergy between POM and metal can exist during these reactions.

In (Inset) variation of cathodic peak current intensity as a function of the scan rate.

On GC bulk electrode

Cyclic voltammgrams are displayed in Fig II .1. The range of potential is limited from 0.20 V to the end of the W VI reduction waves. Three reduction peaks are observed in both pH 1 solution and pH 5 solution. The first cathodic peak currents have been shown proportional to the square root of the scan rate, indicating a diffusion-controlled process. 7,10 The first two peaks are reversible and independent of pH, while the third redox wave varies with the pH of the solution (-0.73 V at pH 1 and -0.95 V at pH 5), with a shift around 60 mV/pH unit. These results are coherent with the work of Dong. 7 The three redox processes can be described as:
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On Cu bulk electrode

The range of CV was limited anodically to -0.10 V vs. SCE (above which Cu oxidation occurs)

and to the H 2 evolution potential on Cu (at -0.65 V vs. SCE at pH 1 and -0.90 V at pH 5). (Inset) variation of cathodic peak current intensity as a function of the scan rate.

At pH 1, two quasi-reversible reduction peaks are observed at -0.22 V and -0.47 V vs. SCE (wave I and II), attributed to the redox processes of W centers (W VI /W V couples) as shown in 

On Ag bulk electrode

The redox properties of the POM were also investigated on Ag electrode in range between -0.10 V and -0.65 V at pH 1 and between -0.10 V and -0. The catalytic onset potential (measured at ν = 2 mV•s -1 ) is arbitrarily defined at the potential where the nitrite reduction ΔI = I 0 -I NOx = 0.5 µA (corresponding to 7.15 µA/cm 2 with electrode surface A = 0.07 cm 2 ), in the presence of 1 mmol•L -1 NO x (mainly HNO 2 ). I 0 is defined as I electrode (when no POM is present in the system) (see Fig. ). This current value ΔI = 0.5 µA allows to compare the catalytic performances of the different systems since it is low enough to determine the onset potential at which the catalytic reduction occurs without significant influence of the NO x mass transport and high enough in comparison to the background current. Note that the onset potential of the reduction might depend on the NO x concentration affecting the mass transport and the reaction order of NO x was not determined. In the following, the onset potential will be determined at a concentration of 1 mmol•L -1 NO x . The current intensity increases with the concentration of HNO 2 .

On GC bulk electrode

-50 - On Ag electrode, a small reduction current of HNO 2 is observed in the potential range between -0.20 V and -0.60 V, similar to the results obtained by Duca and co-worker's work. 1 However, the increase of current is too small to determine the onset potential.

On Cu bulk electrode

Interestingly in the presence of [SiW 12 O 40 ] 4-, the HNO 2 reduction current is significantly increased. Two HNO 2 reduction waves at -0.25 V and -0.45 V vs. SCE can be clearly observed

-52 -at the potential of the POM's redox waves. The catalytic onset potential is around -0.18 V for ΔI = 0.5 µA. However, the nitrite reduction current is further enhanced at the W VI/V reduction wave involving proton transfer (the third wave). The following mechanism was suggested by Dong and his coworkers: 7 hh y| y =1 ‡$ + . $ + ( ⇌ h. y| =1 =$ + "()"

The condition ΔI = 0.5 µA can be only reached at the third reduction wave around -0.94 V.
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On Cu bulk electrode

On Ag bulk electrode

Contrary to the results obtained in pH 1 medium, nitrite can only be reduced in the potential range where hydrogen evolution takes place on Ag surface at pH 5. The catalytic onset potential is defined at -0.83 V (see Fig.

II.12A).

In the presence of POM in solution, a slightly higher reduction current is observed. This is not surprising since our results suggested that the reduction of [SiW 12 O 40 ] 4-is demonstrated difficult to reduce on Ag bulk electrode at pH 5. It has to note that the increase of current is too small for determining the onset potential of nitrite reduction in the presence of POM (see Fig. Metal surfaces are generally more active towards nitrite reduction and copper bulk electrode is more active than silver bulk electrode in both solutions. In pH 1 solution, the catalytic onset -56 -potentials on Cu or Ag electrode advanced to nearly the same potential after adding POM showing a significant effect of POM towards nitrite reduction.

II.12B).

Comparison of catalytic onset potentials of nitrite (HNO

Nitrite ions are more difficult to be reduced in pH 5 solution than in pH 1 solution even in the absence of POMs. It might be related to the fact that most of catalytic reductions consume H + during reaction. At pH 5, silver has no considerable activity towards nitrite reduction before hydrogen evolution, while Cu keeps its reactivity. After adding POM, a small advance of potential is observed on Cu electrode. At pH 5, a higher catalytic current is observed on metal surfaces after the second W VI/V reduction wave. The current intensity is two times higher on Cu electrode than on Ag electrode, which is better than GC in the presence of POM. On Cu electrode, the catalytic reduction of NO 3 -begins around -0.63 V, about 0.37 V more negative than that for nitrite reduction, in agreement with other published work. 13 However, Dima and co-workers reported an onset of the reduction at -0.10 V vs. SCE in 0.5 mol•L -1 H 2 SO 4 with a higher NO 3 -concentration (0.1 mol•L -1 , at 20 mV•s -1 ). 14 The difference in the onset potential can be attributed to the different concentrations of NO 3 -ions in the solution and nitrate reduction is also known to be sensitive to the state of Cu surface. The first step of reduction of NO 3 -in acidic media on Cu electrode is considerate as: 15

# $ + 2 ( + 2 $ → . $ + .
After adding [SiW 12 O 40 ] 4-, the nitrate reduction catalytic wave is significantly shifted toward more positive potential with a higher intensity of current. Between -0.52 V to -0. -60 -On Ag electrode, the nitrate reduction activity is relatively low, a small increase of current being observed after -0.60 V (2 mV•s -1 ), superimposed with H 2 evolution. The onset finding is -0.30 V later than that observed by Dima and co-workers in 0.5 mol•L -1 H 2 SO 4 + 0.1 mol•L -1 NaNO 3 at 20 mV•s -1 . 14 With the presence of [SiW 12 O 40 ] 4-, the catalysis advanced to -0.57 V and with a more significant current measured. 

On Ag bulk electrode

On Cu bulk electrode

On Cu electrode at pH 5, the nitrate reduction starts at -0.74 V. The mechanism can be described as:

# $ + . + 2 $ → . $ + 2 $ -61 -
In the presence of [SiW 12 O 40 ] 4-, the reduction starts earlier at -0.70 V, a significant catalytic current increase is observed in the presence of POM. For this system, the Tafel analysis could not be performed because this reduction is superimposed with hydrogen reduction. 

On Ag bulk electrode

As in the case of the Cu electrode, the nitrate reduction concomitant to the hydrogen evolution on Ag surface. After adding [SiW 12 O 40 ] 4-, W VI/V reductions are well-defined but no catalytic effect is observed. Thus, there is no tandem catalysis between the POM and the silver electrode for the nitrate reduction at pH 5. The catalytic onset potentials of NO Cu bulk electrode shows also the best activity in pH 5 solution, the catalytic current being five times higher than on Ag electrode.

Conclusion

In this chapter, the occurrence of a tandem catalysis between POM and silver or copper bulk In contrast, [SiW 12 O 40 ] 4-on GC electrode cannot catalyze the nitrate reduction, but the presence of POM in solution results in an increased activity of the Cu and Ag bulk electrodes. This is attributed to the occurrence of a tandem catalysis between the POM and the copper electrode which takes place at pH 1 and pH 5. However, the synergy in the catalysis between POM and silver electrode, could be evidenced only in pH 1. For all the systems investigated in this chapter, nitrate was found to be reduced at more negative potential than nitrite.

As POM has a positive effect on the NO x reduction on GC, Cu and Ag electrodes in both pH 1 and pH 5 solutions, the preparation, characterization and catalytic properties of different types of POMs associated to Cu/Ag nanoparticles will be presented in the following chapters in order to understand the main factors influencing the efficiency of these catalysts for NO x reduction.

Chapter III Electrochemical and electrocatalytic properties of Cu-substituted polyoxometalate/alendronate 1 Introduction

In addition to the catalytic activity of metallic Cu electrode for the reduction of NO x , it was found that Cu-substituted POMs possess also significant activity.

Non-substituted POMs such as [SiW 12 O 40 ] 4-are known to be active for nitrite reduction in acidic media as described in chapter II. In contrast, only few transition-metal-ion-substituted POM S possess an activity for nitrate reduction. Most of them are Cu-or Ni-substituted POMs, 1,2 except for a few of Fe-substituted POMs. Ammam and his co-workers 3 have reported NO 3 reduction by a Ni-and Fe-substituted sandwich-type POM [Ni II 2 (Fe III ) 2 (P 2 W 15 O 56 ) 2 ] 14-in pH 3 (0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ) and pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) solutions. The onset of the reduction takes place at the last reduction wave of the POMs (-0.85 V vs. SCE at pH 3 and -0.94 V vs. SCE at pH 5). 3 18-, which is the first example of a nitrate reduction on sandwichtype complex. 4 They concluded that the catalytic efficiency increases with the number of active metal centers in structure. 4 American Chemical Society).

Synthesis

The three POMs units Na precursor, all the 3d centers are hexacoordinated and the fourth, apical Cu II center is pentacoordinated because of the strong Jahn-Teller effect. Two amino acid are connected to POM and they are protonated in consonance with the pK a value of primary amino groups. 9 In SiW 9 CuAle, the 3d metal cations fill the vacancies of the SiW 

Magnetic properties

In the recent years, POMs are considered as good models for magnetic investigations. 5 Compared to other coordination compounds, POMs present some advantages: the preservation of integrity structure in the solid state, in solutions and on surfaces; the ability to accept various electrons while keeping their structure intact and the possibility of receiving magnetic ions or groups of magnetic ions, leading to the formation of magnetic molecules and large magnetic clusters. 5 The magnetism of SiW 9 CuAle and SbW 9 CuAle were studied by Eric Rivière, Institut de Chimie Moléculaire et des Matériaux d'Orsay, University of Paris-sud. The magnetic measurements were performed on powder sample at room temperature. 8 Both ferromagnetic and anti-ferromagnetic magnetic interactions are found in -71 -

Cyclic voltammetry

Electrochemical measurement was carried out at room temperature under argon atmosphere. A three-electrode system was used with a glassy carbon (GC, Tokai Japan) electrode as the working electrode. A platinum wire was used as auxiliary electrode and the reference electrode was the saturated calomel electrode (SCE), which was electrically connected to the solution by a junction bridge filled with electrolyte. All reagents were used as purchased without further purification. The buffer solution was prepared from the following solutions of pH 1 (0.5 mol•L - 1 Na 2 SO 4 + H 2 SO 4 ) and pH 5 (

1 mol•L -1 CH 3 COOLi + CH 3 COOH).
In pH 1 solution, the high concentration of H + in the solution is profitable to the NO x reduction which consumes protons. However, lacunary species of POMs are unstable in strongly acidic media. During the electrodeposition of Cu 0 on electrode surface, the POMs entities might be released in the solution or remains adsorbed on the electrode surface. The lacunary species are relatively stable in the solution at pH 5 and detectable by cyclic voltammetry.

For all compounds, the oxidation and reduction of the Cu species can be observed in the CVs. Hydrogen evolution is observed after -0.50 V, just after the second W VI/V reduction wave. Cu 0 : Cu II + e -→ Cu I at -0.14 V followed by Cu I + e -→ Cu 0 at -0.18 V. The observation of these two waves suggests that the Cu I POM species might be stable in pH 5 aqueous solution. It should be mentioned that the presence of acetate in the buffer solution might play a role in the observation of these two waves since acetate ion can stabilize the Cu I complex. 12 After the second reduction (wave II), Cu 0 is formed on the electrode surface. Therefore, the oxidation peak (*) at -0.02 V vs. SCE corresponds to the oxidation of Cu 0 . The last reversible wave (waves III) is attributed to the redox process of the W centers (W VI /W V couple) at pH 5. Wave III is followed immediately by the proton reduction. In order to study better the first wave Cu II to Cu I , the potential scan was stopped just after this wave I as shown in The CVs of other compounds are presented in appendix (Figs. S1 -S7).

The redox potentials of CuPOMs and CuPOMs/Ale compounds in pH 1 and in pH 5 solutions are listed in Table III In pH 1 solution, the Cu II POM reduction occurs at slightly higher potential that the one of CuSO 4 , which might be tentatively attributed to the formation of an intermediate Cu I POM species. It can be also noted that, Cu II is reduced at more positive potential at pH 1 than at pH 5 with an anodic shift between 0 and 30 mV compared to the potential of the Cu II/I couple. The shift can be caused by the change of the buffer solution causing different junction potentials.

Another possible explanation is the influence of the pK a of the aqua Cu(II) center (Cu II -OH 2 )

which can be easily deprotonated, giving the hydroxo forms Cu(II) centers (Cu II -OH) when the pH increases which may affect slightly the redox potential. 13 At pH 1, the first redox wave of W (W VI /W V couple) is observed at nearly the same potential for SiW 9 CuAle/SiW 9 Cu 4 or P 2 W 15 CuAle/P 2 W 15 Cu 4 . In the case of SbW 9 CuAle, the W VI /W V reversible waves are not observable, while one reduction wave is observed at -0.44 V for Sb 2 W 18 Cu 3 .

In pH 5 solution, all compounds show similar redox behaviors with two successive reduction waves associated to the reduction of Cu II to Cu I and Cu I to Cu 0 . On the reverse potential scan, a large oxidation wave is observed, which corresponds to the re-oxidation of deposited Cu 0 . For the first couple, Cu II /Cu I , the cathodic peak current is proportional to the square root of the scan rate, which indicates that the electrochemical processes are diffusion-controlled. The first redox wave of W (W VI /W V couple) in P 2 W 15 CuAle is observed at nearly the same potential as In both solutions, W-centers in CuPOM/Ale are generally ill-defined or not detectable, due to the high sum of Cu ions led to more electron transferred. Hence, the reduction of W centers tends to be engulfed into the former Cu reduction.

Controlled-potential coulometry

Controlled-potential coulometry measurements were performed at a potential just below the peak potential of the second reduction process of Cu (Cu I/0 couple, wave II) and after wave I (couple Cu II/I ) in order to evaluate the number of electron transferred per Cu II species.

The illustration of a controlled-potential coulometric analysis is shown in The charge can also be calculated based on Faraday's law, which can be written as:

= " • ( ) •
n': number of the electrons transferred, n' = 2n in which n is the sum of Cu ions in the structure (2 being the number of exchanged electrons per Cu atom), m: mass of the substance (g), M: molar mass of the substance (g/mol), F: Faraday constant (96485 C/mol).

The calculated charge and the measured charges of each substance are summarized in Table III.3.

For an example, in the presence of 0.1 mmol•L -1 P 2 W 15 CuAle, 18.7 electrons per molecule are exchanged, which proves the reduction of all the ten Cu II centers to Cu 0 (102e -per Cu II ). The presence of electrodeposited Cu 0 is also confirmed by the black deposit visible on the electrode surface. Similar results are observed for other compounds, indicating that all the Cu II centers were reduced to Cu 0 . The formation of the Cu 0 nanoparticles on the working electrode could be evidenced by AFM and EQCM, the results are presented in sections 2.5 and 2.6.

At the present stage, the characterization of the Cu 0 nanoparticles by other techniques, such as in-situ Transmission Electron Microscopy (in-situ TEM) and X-ray Photoelectron Spectroscopy (XPS), are also envisaged. Controlled potential coulometry at the potential just below the peak potential of the second reduction process of Cu (after wave I and below wave II). The initial concentration is identical for each sample is 0.1 mmol•L -1 and the buffer solution is pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH.

Number of Cu(II) atoms

Calculated Q (C) Measured Q (C)

Atomic-Force Microscopy (AFM)

The morphology of deposited Cu 0 films are characterized by tapping mode AFM. The deposition is carried out from an acetate solution (pH 5) in absence of oxygen with different deposition times on ITO electrode. . III.4). The formation of electrodeposited Cu nanoparticles seems to be easier in the presence of alendronate (Ale) than with POM alone. Finally, it should be noted that for all investigated compounds, the Cu deposition process monitored by cyclic voltammetry and EQCM continues during the positive going scan and ends at a potential value slightly higher than the one of the onset during the cathodic scan (see E end a : For most of the compounds, the potential at which EQCM frequency starts to increase during the anodic scan, corresponds to the onset of the Cu 0 oxidation current, except for CuSO 4 and SiW 9 Cu 4 for which the onset of Cu 0 occurs simultaneously to an increase of the mass deposited on the electrode. Since the phenomena at the origin of this discrepancy are still unknown, E end was determined using the onset potential of the Cu 0 oxidation current for these compounds.

The mass change (Δm) on electrode surface is calculated by the Sauerbrey's equation: Cyclic voltammograms were collected between -0.90 V (before H + reduction) to 0.50 V (after the oxidation de NO 2 -to NO 3 -) on GC surface in a solution of pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), and between -0.65 V to 0.50 V in pH 1 (0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ). Thus, the reduction current observed above the hydrogen evolution potential can be attributed to the compounds studied or the nitrate and nitrite reduction processes.

For the sake of comparison, the onset potential of the catalytic reduction is defined at the potential where I = I POM -I NOx -= 0.5 µA for 1 mmol•L -1 NO x presented in the solution (correspond to the parameter = ~•-˜™š›oe °= 10). The electrocatalytic efficiencies are also compared by using kinetic current density J kinetic in μA•cm -2 (J kinetic = [(I (POM+NOx) -I (POM) ) / A],

where A = 0.07 cm 2 ) with a different values of parameter γ.

-82 -

Electrochemical reduction of nitrite 3.1.1 In pH 1 solution

Nitrite is protonated below pH 3.39, 14 therefore the main species in aqueous solution is HNO 2 but as already discussed in Chapters I and II, it decomposes slowly in solution according to the reaction: 15 2 . ⇄ + . + . In the presence of CuSO 4 in pH 1 solution, a nitrite reduction current is observed especially below -0.14 V (waves I and II). An additional reduction wave is observed at -0.35 V (wave a)

followed by the hydrogen evolution. In the literature, the wave a is attributed to the reduction of NO on Cu nanoparticles. 16 In the presence of P 2 W 15 Cu 4 , SiW 9 Cu 4 or Sb 2 W 18 Cu 3 , an activity towards nitrite reduction is observed from the beginning of the Cu II reduction around 0 V. This activity might be attributes to the Cu I catalyze nitrite ions in solution. Even if the Cu I state is not stable enough to give a clear signature in the CV, it might be reactive enough to react with HNO 2 and/or NO. When the potential decreases, the HNO 2 reduction current reaches a maximum and decreases after the formation of Cu 0 nanoparticles at -0.20 V. Interestingly, the HNO 2 reduction at wave I and wave II is followed by another wave (wave a) with higher current at the potential of the W VI /W V couple.

The nitrite reduction current increases by a factor three and two for The catalytic onset potential of each compound and their kinetic currents calculated at -0.55 V (to avoid the hydrogen evolution) are presented in Table III Similar to at pH 1, the nitrate is reduced with 0.1 mmol•L -1 CuSO 4 in pH 5 solution is observed when a high overpotential of -0.87 V is applied to the electrode. - The catalytic current of NO As for Sb 2 W 18 Cu 3 , no activity towards nitrate reduction is observed with SbW 9 CuAle with γ up to 200, which is in agreement with the hypothesis that SbW 9 can block the active Cu 0 surface (see. Appendix, Fig. S8).

In pH 5 solution

-100 - 

) in μA•cm -2 calculated at -0.85 V in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s -1 .
In conclusion, among these three CuPOM/Ale, SbW 9 CuAle possesses the best kinetic current density for the reduction of 1 mmol•L -1 NaNO 2 (γ = 10) in solution, due to the high sum of Cu ions present in the structure. For nitrate reduction, P 2 W 15 CuAle is considerate as the best catalyst in both pH 1 and pH 5 solution and its overpotential is smaller than that for P 2 W 15 Cu 4 with a higher kinetic current density.

Influence of pH during nitrite reduction

As shown in part 4, all the CuPOM and CuPOM/Ale are good catalysts towards nitrite reduction, while P 2 W 15 CuAle is the best in the solution containing 1 mmol•L -1 NaNO 2 (equivalent to γ = 10) at pH 1 and at pH 5. In this part, the investigation of a better pH condition for nitrite reduction by using P 2 W 15 CuAle at pH 1, 2, 3 and 5 is presented. At pH 1, 2 and 3, the overall shape of the Cu redox peaks is only slightly affected by the pH value. The reduction of Cu II/I and Cu I/0 are found to occur around -0.07 V and -0.10 V, while the reduction of W VI/V is affected by the pH (-0.20 V to -0.40 V for pH 1, -0.21 V to -0.48 V for pH 2 and -0.25 V to -0.60 V for pH 3). In contrast, the Cu II/I , Cu I/0 and W VI/V reduction currents are smaller in pH 5 than in more acidic mediums and the peaks positions shift to more negative potentials. This indicates that the reduction of P 2 W 15 CuAle is strongly affected by the nature of acetate ions and the pH of the solution. After adding NaNO 2 in solution, the best activity is obtained in pH 2 solution both for the wave I and wave III (red line in Fig. III.23). A composite cathodic wave around -0.39 V comes from the wave III and wave a in acidic solution (pH 1, 2 and 3).

Sensing property for nitrate reduction

In most of published work, NO x reduction is only used as a classical test of electrocatalytic properties of polyoxometalates. 18,19 Here, the range of detection will be established with the aim to explore the applicability to electrochemical sensors. In our experimental condition, 

Conclusion

In this chapter, six Cu-substituted compounds have been examined by different techniques and their catalytic properties towards nitrite and nitrate reduction were studied in two different buffer solutions.

The electrochemical properties were studied in pH 1 (0. This improvement of the activity might be tentatively attributed to i) a better activity of the Cu I species in the presence of alendronate and ii) to the formation of in situ Cu 0 nanoparticles by electroreduction at more anodic potential due to the presence of alendronate.

The catalytic properties were strongly influenced by the pH of the solution, the pH 2 being the best for nitrite reduction for P 2 W 15 CuAle. The ability of these catalysts to be used in a nitrate reduction sensor was also examined in the case of P 2 W 15 CuAle, which was found to be the most efficient catalyst. A linear dependence of the current on the nitrate concentration was obtained in the range of 0 to 20 mmol•L -1 in pH 1 solution while the linear concentration range 0 to 10 mmol•L -1 was narrower in pH 5 solution.

This work is still in progress, and further studies include the characterization of the CuPOM and CuPOM/Ale deposited electrode by using X-ray photoelectron spectroscopy (XPS). In addition, the formation of the reaction intermediates and products should be identified and their amount should be quantified by associating electrochemical method with other technique such as Differential Electrochemical Mass Spectroscopy (DEMS), Gas Chromatography (GC) and Fourier-Transformed Infrared Spectroscopy (FT-IR).

In this chapter, [SiW 12 O 40 ] 4-type polyoxometalate is chosen for preparing AgNPs due to their ability to reduce and stabilize nanoparticles, as well as their catalytic properties towards nitrite reduction.

2 Synthesis of Ag nanoparticles ) before (-), after (-) 50 minutes of illumination and after reoxydation in air (-). B) Measured absorbance bands at 400 nm and 700 nm as a function of illumination time. 

Effect of the POM concentration on the silver nanoparticle formation

Stability of the silver nanoparticles

Preparation of the Ag@POM modified GC electrode

To investigate the electrocatalytic properties of the Ag@SiW 12 O 40 nanoparticles, they have to be deposited on a glassy carbon (GC) surface which will serve as current collector. 

Influence of Nafion on the electrochemical properties

•L -1 CH 3 COOLi + CH 3 COOH solution, v = 20 mV•s -1 .
To conclude, the presence of AgNPs in the system can advance the catalytic reduction in pH 1 solution and it make the system active towards nitrate reduction at pH 5. 

Conclusion

In  The type of POMs might be varied in order to explore its influence on the Ag@POM NPs properties such as their size.

 The quantity of Nafion added on the catalyst layer in order to immobilize the catalyst might be optimized to improve the catalytic efficiency. Low amount of Nafion might not be sufficient to prevent the detachment of the silver nanoparticles, while excess of Nafion might hinder the access of the NO x to the catalytic sites.

 The Ag@POM nanoparticles might be encapsulated within an electropolymerized polypyrrole (PPy) or polythiophene thin in order to improve the stability of the catalyst film;

 By associating porphyrin with the formed Ag@POM nanoparticles, the photosensitization of the Ag@POM catalyst might lead to interesting photoelectrocatalytic properties.

Chapter V Immobilization of polyoxometalates in the metal organic framework (POM@MOF)

1 Introduction

POMs have interesting catalytic properties in various applications. However, their disadvantages are low specific surface area, low stability under catalytic conditions and high solubility in aqueous solution. Hence, a stable catalyst which combines the catalytic activity of POMs and advantages of heterogeneous catalysts, which are easier recovery and recycling, attracts a lot of interests. Inserting POMs into the cavities of metal organic frameworks (MOFs) 1 constitutes a strategy to access to POM-based heterogeneous catalysts. 2 Metal-Organic Frameworks (MOFs) are crystalline porous materials of which the structure is defined by metal ions or metallic clusters that are connected to bi-or multimodal organic linkers with strong interactions. 3 The microporous structure of MOFs provides the surface areas up to 5900 m 2 •g -1 and specific pore volumes up to 2 cm 3 •g -1 with various pore dimensions and topologies. 4 The presence of strong metal-ligand interactions confers the permanent porosity to the MOFs. It is possible to remove the solvent molecules, which is required in order to liberate the inner space of the material, without destroying the structure. 3 The feature of MOFs, such as their pore sizes, shapes, dimensionalities and chemical environment can be finely controlled for proposes of the specific applications. 5 Hence, the use of MOFs as a support of POM is considered as an interesting strategy to develop their applications in catalysis.

Several advantages can be obtained by inserting POM into the cavities of MOF: i) improve of the specific surface area of POM; ii) uniform dispersion of POM units in a MOF skeleton; iii) introduce magnetic POM into MOF can lead to the application as molecular quantum spintronic devices; iv) allow the selective catalysis as a function of size and easy recycling after catalytic reactions; v) easily recycling after catalytic reactions. 3,5,6 POM@MOF materials can be prepared by different methods:

 MOFs are directly impregnated into POMs solution. However, this method is difficult due to the distinction between POMs and MOFs in size, charge, 3 System of Fe 6 W 18 encapsulated in MIL-101(Cr) or in UiO-67 

Structure

Fe 6 W 18 @Gelatin: Fe 6 W 18 POMs are limited in a gelatin network consisted of coils and triple helices. The orange color of Fe 6 W 18 @Gelatin solid demonstrated the presence of the Fe 6 W 18

POMs. POMs are isolated by the long polymer chains of gelatin due to the electrostatic interactions. 

Electrochemical properties

The electrochemical property of Fe 6 W 18 POM is firstly studied in a pH 2. The solid samples Fe 6 W 18 @MIL-101, Fe 6 W 18 @UiO-67 and Fe 6 W 18 @Gelatin were immobilized on a PG electrode surface, the measurement is carried out in a pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution. It has to note that no electrochemical signal was detected for Fe 6 W 18 @Gelatin, probably due to the insulating character of gelatin.

Electrocatalytic properties toward nitrite reduction

A preliminary study of electrocatalysis of nitrite by immobilizing Fe 6 W 18 @MIL-101(Cr) or 

Conclusion

In this chapter, we have studied the electrochemical properties of POM encapsulated in the cavities of MOF. In the first system, insertion of different type of POMs into UiO-67 MOF, cyclic voltammetry studies have confirmed the direct formation of PW 11 Zr during the synthetic process and demonstrated that the saturated POMs are encapsulated inside the cages preserve their electrochemical properties. In the second part, we have shown that the Fe-substituted POM retain its electrochemical signals for Fe III/II redox couple and W VI/V redox couple after loading in the structure of two MOF. However, no electrocatalytic signal is detected for POM@Gelatin due to the insulating character of gelatin. We have also shown that Fe-substituted POM encapsulated in MOF is active for nitrite reduction, reveals a compelling direction to form POM-based heterogeneous catalysis toward NO x reduction.

General Conclusion

The objective of the present thesis was to investigate the electrocatalytic performances of hybrid materials associating polyoxometalates (POMs) with Cu or Ag nanoparticles for the nitrate and nitrite reductions, and try to find out the factors which influence the catalytic reduction. CuPOMs. An efficient catalysis toward nitrite reduction was observed for all the samples and the catalytic performance of CuPOMs species were found to be better than a simple Cu salt (CuSO 4 ) or Cu electrode alone. Two catalytic waves were observed during the electrocatalytic reduction of nitrite ions, the first one was found at the potential of Cu II reduction and the second one was at the W VI reduction. In the case of nitrate, only one catalytic reduction wave was observed after the formation of Cu 0 nanoparticles and after the reduction of W VI , which indicates the nitrate catalysis is due to the collaboration between the Cu nanoparticles and POM units. Interestingly, no catalytic performance was observed in the presence of Sb 2 W 18 Cu 3 , even though the Cu nanoparticles were still formed during the reduction. This absence of catalytic current was attributed to the blocking of the Cu surface by the adsorbed POM. Hence, the choice of POM is very important for nitrate reduction.

After grafting copper alendronate CuAle complex to the presented CuPOMs, the catalytic properties were ameliorated in both pH 1 and pH 5 solutions. A decrease of the overpotential and an increase of catalytic current were observed showing CuAle complex acted as a cofactor during the catalysis. This improvement might be attributes to the better stabilization of Cu I species in the presence of Ale ligand and also to the earlier formation of the Cu nanoparticles. 

Figure 1 :

 1 Figure 1 : Réductase de nitrate NarGHI en tant que le complexe molybdoenzyme de fer-soufre (CISM). A) Les trois sous-unités de NarGHI sont incorporées dans la membrane cytoplasmique avec les sousunités NarGHI orientées vers le compartiment cytoplasmique. B) Le transport d'électrons de NarGHI pour la réduction des nitrates. (Réimprimé à partir de la référence 7 avec l'autorisation d'Elsevier).

Figure 2 :

 2 Figure 2 : Représentation de différentes structures de polyoxométallates (POMs).

Figure 3 :

 3 Figure 3 : CVs de 1 mmol•L -1 [SiW 12 O 40 ] 4-avec l'électrode en carbone vitreux dans des solutions de pH variable avec 2 mmol•L -1 NaNO 2 , vitesse de balayage : 10 mV•s -1 . (Reproduit à partir de la référence 11 avec l'autorisation d'Elsevier).

  Cu et électrode d'Ag du fait que les surfaces métalliques sont plus actives pour le dégagement de dihydrogène H 2 (Figure 4). A pH 1, [SiW 12 O 40 ] 4-se réduit à des potentiels légèrement positifs sur électrodes de Cu et d'Ag par rapport à l'électrode de carbone vitreux. A pH 5, [SiW 12 O 40 ] 4- se réduit plus difficilement sur électrode d'Ag avec un décalage plus négatif de 30 mV pour le processus I et de 50 mV. Ces modifications des potentiels redox reflètent une forte interaction entre les POMs et la surface métallique affectant ainsi les propriétés électrochimiques. L'intensité de courant est proportionnelle à la vitesse de balayage indiquant que le POM [SiW 12 O 40 ] 4-est bien adsorbé à la surface d'électrodes métalliques. vii

Figure 4 :

 4 Figure 4 : CVs de [SiW 12 O 40 ] 4-sur électrode de GC, de Cu ou d'Ag à pH 1 (0,5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ), v = 2 mV•s -1 .

  Après l'addition de [SiW 12 O 40 ] 4-, l'intensité de courant catalytique augmente de façon significative. Le départ de la catalyse de la réduction des nitrites est avancé aux potentiels similaires pour les deux électrodes de Cu et d'Ag (-0,18 V et -0,19 V). Une synergie entre le Cu et le POM est observée dans la plage de potentiel entre -0,40 V et -0,57 V vs. ECS à pH 1 (Figure 5B et 5C). Des observations similaires sont obtenues à pH 5.

Figure 5 :

 5 Figure 5 : Electroréduction de HNO 2 sur l'électrode de Cu en absence de K + 4 [SiW 12 O 40 ] 4-(A) ou en présence de 0.1 mmol•L -1 K + 4 [SiW 12 O 40 ] 4-(B). (C) comparaison de (A) et (B).

Figure 6 :

 6 Figure 6 : Réduction de 1 mmol•L -1 NaNO 3 en présence de 0,1 mmol•L -1 [SiW 12 O 40 ] 4-sur les électrodes de GC, Cu ou Ag, v = 2 mV•s -1 .

  Ces composés sont été synthétisés dans le groupe de Prof. Pierre Mialane et le DR. Anne Dolbecq, Institut Lavoisier, UMR 8180, Université de Versailles Saint-Quentin-en-Yveline.Les structures de ces composés sont présentées sur le Figure7.

Figure 7 :

 7 Figure 7 : Représentation des différentes structures de CuPOMs et de CuPOM/CuAle.

  en Cu I , est réversible et le courant de pic mesuré est proportionnelle à la racine carrée de la vitesse de balayage. Ces résultats indiquent que le courant est limité par la diffusion du POM vers la surface de l'électrode. Les ions Cu dans les composés CuPOM/Ale devraient se réduire à des potentiels plus positifs que les ions Cu dans CuPOM, indique les Cu complexé par ligand Ale (plus facile à réduire). Ceci n'a pas été observé lors de notre étude où il est difficile de distinguer la réduction des CuAle et CuPOM, qui se réduisent au même potentiel. Le seul changement étant les potentiels de réduction (plus facile à réduire pour CuPOM/CuAle que pour CuPOM).

Figure 8 :

 8 Figure 8 : A) CV de P 2 W 15 CuAle à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), ν = 2 mV•s -1 . B) CVs du processus I (couple Cu II/ Cu I ) en variant de la vitesse de balayage de 10 à 100 mV•s -1 .

Figure 10 :

 10 Figure 10 : Réduction des ions nitrite par P 2 W 15 Cu 4 à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), ν = 2 mV•s -1 .

Figure 11 :

 11 Figure 11 : Réduction de nitrate par P 2 W 15 Cu 4 à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), ν = 2 mV•s -1 .

Figure 12 :

 12 Figure 12 : Photoréduction des ions Ag + avec polyoxométallates en présence de (CH 3 ) 2 CHOH.

Figure 13 :

 13 Figure 13 : A) CVs de la solution de nanoparticules Ag@SiW 12 O 40 . B) CV de [SiW 12 O 40 ] 4-en solution pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), ν = 20 mV•s -1 .
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Figure 14 :

 14 Figure 14 : Réduction de nitrite par Ag@SiW 12 O 40 déposé à la surface d'électrode ou par [SiW 12 O 40 ] 4- dans la solution à pH 5 ((1 mol•L -1 CH 3 COOLi + CH 3 COOH) et à pH 1 (0,5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ), ν = 20 mV•s -1 .

Figure 15 :

 15 Figure 15 : Réduction de nitrate par Ag@SiW 12 O 40 déposé à la surface d'électrode à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) et à pH 1 (0,5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ), ν = 20 mV•s -1 .

Figure 16 :

 16 Figure 16 : Réduction de nitrate pour trois différents systèmes (Ag, Ag+[SiW 12 O 40 ] 4-ou GC/Ag@SiW 12 O 40 /Nafion) à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH), ν = 20 mV•s -1 .

  cubique à face centrée (Ø = 27,1 Å). Ce MOF présente deux types de cages : une supertétraédrique (Ø ~ 11,5 Å) et une super-octaédrique (Ø ~ 18Å), accessibles par des fenêtres triangulaires microporeuses (Ø ~ 8 Å). P 2 W 18 et PW 12 possèdent des propriétés électrocatalytiques identiques en solution ou après encapsulation dans le MOF (Figure 17). Dans le cas de PW 11 , seulement trois processus de réduction successifs sont observés au lieu de quatre mesurés en solution (sans le MOF). Cette différence est attribuée à la complexation de PW 11 avec le complexe de Zr IV du MOF UiO-67.

  Fig. I.1, the hydrogenation step occurs during the NO 2 -reduction. Pd sites with different coordinative unsaturation at the Pd particles surfaces show different selectivities for hydrogenation. The edge and corner sites of Pd possess high abilities for hydrogenation and consequently increase the formation of NH 3 .

Figure I. 1 :

 1 Figure I.1: Model elaborated from XRD patterns of Pd and Pd-Cu particles a) 5 wt% Pd, b) 5 wt% Pd -0.6 wt% Cu, c) 5 wt% Pd -3 wt%. (Reprinted from the reference 30 with the permission from Elsevier).

Figure I. 2 :

 2 Figure I.2: Nitrate reductase NarGHI as an archetypal complex iron-sulfur molybdoenzyme (CISM). A) The three subunits of NarGHI are embedded in the cytoplasmic membrane with the NarGHI subunits oriented towards the cytoplasmic compartment. B) The NarGHI electron transport for nitrate reduction. (Reprinted from reference 36 with the permission from Elsevier).

40

 40 

Figure I. 3 :

 3 Figure I.3: Mechanism of nitrate reduction by Mo complex (Reprinted from reference 40 with the permission from Springer).

2. 1

 1 Structure of polyoxometalates Various structures of POMs have been studied, among which the Lindqvist, Anderson, Keggin and Dawson types (Fig. I.4, left) are the most well known.

Figure I. 4 :

 4 Figure I.4: Representation of different structures of polyoxometalates (POMs).

  have reported the first carbene derivative polyoxometalate [(cis-RuL Me 2 )(PW 9 O 34 ) 2 (cis-WO 2 )] 13-(L Me = 1,3-dimethyllimidazoli-dine-2-ylidene) represented in Fig. I.5A. Mialane and his co-workers 52 have reported a spherical Keggin-type structure [((Ni II (H 2 O)) 2 (µ 1.1 -N 3 )(A-α-PW 10 O 37 )) 6-, which is the first structurally characterized azido POM (Fig. I.5B). The magnetic studies reveal that the Ni II centers are ferromagnetic coupling in a Ni II µ-1,1-azido complex. Photochromic POM compounds can be obtained by covalently grafting a photochromic group such as amino group. The complexes Na 6 (N(C 2 H 5 ) 2 H 2 ) 2 [(Mo 3 O 8 ) 4 (O 3 PC(C 3 H 6 NH 3 )(O)PO 3 ) 4 ] . 25H 2 O and Na 7 (N(C 4 H 9 ) 4 )[(Mo 3 O 8 ) 4 -(O 3 PC(C 3 H 6 NH 3 )(O)PO 3 ) 4 ] . 43H 2 O as well as their association with spiropyran have been investigated (Fig I.5C). 53 More details in functionalization of POMs were presented in references 54-56.

Figure I. 5 :

 5 Figure I.5: Structures of A) Na 4 K 9 [(PW 9 O 34 ) 2 (cis-WO 2 )(cis-RuL Me 2 )]•23H 2 O reprinted from reference 51, Copyright (2017) American Chemical Society. B) [(Ni II (H 2 O)) 2 (µ 1.1 -N 3 )(A-α-PW 10 O 37 )] 6-reprinted from reference 52 with the permission from John Wiley and Sons. C) Structure of [(Mo 3 O 8 ) 4 (O 3 PC(C 3 H 6 NH 3 )(O)PO 3 ) 4 ] 8-unit and the representation of the closed and open forms of the spiropyran countercation SP + . These representations are reprinted from reference 53 with the permission from Royal Society of Chemistry.

  56 
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 23 Photochemical behaviors of POMs In spectroscopy, POMs are characterized by O-M charge transfer bands in the UV-near visible area. The photoexcitation of POMs in this wavelength range induces the electron transfer from their highest occupied molecular orbital (HOMO) to their lowest unoccupied molecular orbital (LUMO). 60 The absorption spectra of several different types of POMs are shown in Fig. I.6.

Figure I. 6 :

 6 Figure I.6: Examples of UV-visible spectra of certain POMs. (Reprinted from reference 61 with permission fromRoyal Society of Chemistry).

Figure I. 7 :

 7 Figure I.7: A) Cyclic voltammogram of 2.5×10 -5 mol•L -1 α-K 6 [P 2 W 18 O 62 ] in the solution of 0.5 mol•L -1 Na 2 SO 4 at pH 5.5, present six reversible monoelectronics reductions waves. A') UV-visible spectra of 2.5×10 -5 mol•L -1 α-K 6 [P 2 W 18 O 62 ] in the solution of 0.5 mol•L -1 Na 2 SO 4 at pH 5.5 (-) without electrolysis; (-) electrolysis at -0.40 V vs. SCE; (-) electrolysis at -0.90 V vs. SCE; (-) electrolysis at -1.12 V vs. SCE; (-) electrolysis at -1.30 V vs. SCE. B) UV-visible spectra during the photocatalysis of a solution contains 2.5×10 -5 mol•L -1 α-K 6 [P 2 W 18 O 62 ] and 0.13 mol•L -1 propan-2-ol. B') illustration of photocatalysis of POM under UV illumination in the presence of propan-2-ol.

Figure I. 8 :

 8 Figure I.8: Schematic representation of electrochemical behavior of heteropolyanions (HPA), the roman numerals show the number of electrons added to the oxidized anion 0: (HPA) n-(Reproduced from reference 49.Copyright (2017) American chemical society).

Figure I. 9 :

 9 Figure I.9: Photocatalytic circle of degradation of organic pollutants.

and

  Pd metal nanoparticles by reacting the corresponding metal-salt (Ag I NO 3 , HAu III Cl 4 , K 2 Pt IV Cl 6 and Pd II Cl 2 ) with H 3 [PW 12 O 40 ] in the presence of propan-2-ol or 2,4-dichlorophenol. The formation of metal nanoparticles can be followed by UV-visible spectroscopy. Color change of the solution is generally observed during the reduction. Fig. I.10 shows an example of NP@POM formation in solution.

Figure I. 10

 10 Figure I.10: (Upper) photos of different nanoparticles solutions obtained upon mixing of a reduced [SiW 12 O 40 ] 5- (c = 3.510 -4 mol•L -1 ) with the corresponding metal ions solution Ag I NO 3 , H 2 Pt IV Cl 6 , Pd II Cl 2 (c = 10 -4 mol•L -1 ) and HAu III Cl 4 (final concentration 10 -3 mol•L -1 ), pH 5,  = 20°C (Reprinted from reference 64 with the permission from John Wiley and Sons).

24 -Figure I. 11 :

 2411 Figure I.11: Mechanism of the photoreduction of silver ions in the presence of POM.

Figure I. 12 :

 12 Figure I.12: Scale model of [AlW 11 O 39 ] 9-and K + counter cations on the surface of a 14-nm Au nanoparticle. The left diagram illustrates the crystallographic and hydrated sizes of K + relative to a scale model of [AlW 11 O 39 ] 9- (Reprinted from reference 67. Copyright (2017) American Chemical Society).

2. 4

 4 Electrocatalysis by POM Polyoxometalates (POMs) have also been studied for their ability as donors or acceptors of several electrons without structural change. The possibility to insert different transition-metal cations into structure makes POMs interesting for various catalytic reactions. Several examples of electrocatalytic reactions are given below.

  methods have been used to fix active soluble POMs:  Adsorption POMs on electrode surface: this is the easiest way to fix POMs on electrode by soaking electrode in an acidic aqueous POMs solution. Rong and Anson 80 reported a series of both Keggin-type, Dawson-type and transition-metal substituted POMs can adsorb spontaneously on glassy carbon and edge pyrolytic graphite (PG) electrode.

  POMs increase the negative charge on the surface thus influencing the heterogeneous electron-transfer rate. A three-dimensional multilayer catalyst containing [SiW 12 O 40 ] 4- and poly(4-vinyl-pyridine) (PVP) was prepared by Layer-by-Layer method. The properties can be modulated by varying the soaking time. Other examples of POMs/polycations films are reported and based on their electrocatalytic studies, POMs conserve their catalytic properties after being fixed on electrode surface.[START_REF] Rong | Unusually strong adsorption of highly charged heteropolytungstate anions on mercury electrode surfaces[END_REF] 

  investigated, in more details, a Keggin-type POM [SiW 12 O 40 ] 4-which is active for nitrite reduction on glassy carbon electrode. Three redox peaks are observed while the first two waves (waves I and II) are independent of pH in a pH range of 1 to 5 and the third (wave III) shifts with pH (60 mV/pH). The cathodic current is proportional to the square root of the scan rate, indicating a diffusion-controlled process. At pH < 2, a significant current increase for all the three cathodic peaks can be observed after adding NaNO 2 -29 -into solution. The activity on the wave I is shown in Fig. I.13. left panel. The best current is obtained at pH 1 and then the catalytic current decreases at higher pH. At pH > 3, no catalytic response is observed in the range of +0.1 V to -0.4 V vs. Ag/AgCl, but a remarkable catalytic current occurs only at the third wave (see Fig. I.13 right panel).

Figure I. 13 :

 13 Figure I.13: Cyclic voltammograms of 1 mmol•L -1 [SiW 12 O 40 ] 4-at a glassy carbon electrode in solutions of varying pH with 2 mmol•L -1 NaNO 2 , scan rate: 10 mV•s -1 . (Reproduced from reference 93 with the permission from Elsevier).

  have shown the influence of Mo atom in two series of Fe-or Cusubstituted Dawson type POMs, which are α 2 -P 2 W 12 Mo x O 61 M and α 2 -P 2 W 13 Mo x O 61 M (where x is from 2 to 5 and M is the substituted metal cations), for nitrite reduction. Whatever the pH, the presence of Mo was beneficial for the reduction current intensity as well as the overpotential of the catalytic wave. This observation is in line with the fact that Mo is known as the active site in nitrite reductase. The studies mentioned above involved homogeneous catalysis by POMs in solution. Some other studies have tried to fix POMs at a solid surface to design a heterogeneous catalyst. For instance, a multilayer film of PDDA/[P 2 W 18 O 62 ] 6-(PDDA = poly(diallymethylammonium chloride) is deposited on PVA/ITO (PVA = poly(vinyl alcohol)) through electrospining method (Fig. I.14). For long enough deposition time, PDDA/[P 2 W 18 O 62 ] 6-selectively adsorbed on PVA nanofibers. [P 2 W 18 O 62 ] 6-preserves its redox properties and the intensities of the current increase with the number of deposited layers. After adding NaNO 2 , an increase of current is also observed from the first redox wave in pH 1 solution showing the electrocatalytical reduction of HNO 2 .[START_REF] Shan | ITO electrode modified by self-assembling multilayer film of polyoxometallate on poly(vinyl alcohol) nanofibers and its electrocatalytic behavior[END_REF] 

Figure I. 14 :

 14 Figure I.14: SEM images of (PDDA/[P 2 W 18 O 62 ] 6-) deposited on the ITO electrode modified with PVA nanofibers with a electrospun time of 25 minutes (A, C) and 10 minutes (B, D). (Reprinted from reference 96 with the permission from Elsevier).

  have immobilized POMs on an electrode surface embedded in a polyelectrolyte matrix to build an electrochemical sensor for NO detection. The reduction current is proportional to the NO concentration in a range from 1 nmol•L -1 to 10 µmol•L -1 , which can be used as a low cost and water-based environment-friendly NO sensor.3.2 Nitrate reduction Many POMs are active for nitrite reduction, but only few transition-metal substituted POMs have demonstrated possess an activity for nitrate reduction in the homogeneous phase or after deposition on a support surface. In 2001, electrocatalytic reduction of nitrate was achieved in the presence of POMs by Keita and coworkers. 98 [Cu II P 2 W 15 Mo 2 ] 8-Dawson-type POM was shown to be active for nitrate reduction just after the copper (II) reduction wave in pH 3 solution (Fig. I.15). A comparison study with [P 2 W 15 Mo 2 O 61 ] 10-and [P 2 W 15 Mo 3 O 62 ] 6-clarified the influence of the presence of copper ion. The electrocatalysis of nitrate reduction starts after the electrodeposited copper and in a potential domain that Mo VI and W VI are reduced. Hence, the final products might be different from those reduced on Cu bulk electrode. A Ni II -substituted POM [Ni II P 2 W 15 Mo 2 ] 8-is also active for nitrate reduction, which mimic the catalytic effect of metal ion cyclams and related complexes.

Figure I. 15 :

 15 Figure I.15: Left) Cyclic voltammogram of the three first waves of 510 -4 mol•L -1 [α 2 -P 2 W 15 Mo 2 Cu] 8-in 0.2 mol•L -1 Na 2 SO 4 + H 2 SO 4 (pH = 3), scan rate: 2 mV•s -1 . (Right) after adding of increasing amounts of nitrate with the excess parameter = ~•#$ °/ ••' °. (Reprinted from reference 98 with the permission from Elsevier).

Figure I. 16 :

 16 Figure I.16: Structures of A) [Fe III 6 (OH) 3 (A-α-GeW 9 O 34 (OH) 3 ) 2 ] 11-reprinted from reference 102, Copyright (2017) American Chemical Society. B) [{Sn II (H 2 O)(CH 3 ) 2 (H 2 O)} 24 {Sn II (CH 3 ) 2 } 12 (A-PW 9 O 34 ) 12 ] 36-reprinted from reference 103 with the permission from John Wiley and Sons.

Figure I. 17 :

 17 Figure I.17: Structures of Na 16 [Cu II 14 (OH) 4 (H 2 O) 16 (SiW 8 O 31 ) 4 ]•20.5H 2 O and K 10 Na 14 [Cu II 10(H2O)2(N3)4-GeW9O34]2(GeW8O31)2] •30H2O reprinted from reference 104, Copyright (2017) American Chemical Society.

Figure I. 19 :

 19 Figure I.19: Nitrite (red line, c=5 mmol•L -1 ) and nitrate (blue line, c=5 mmol•L -1 ) electrocatalytic reduction on Ni 4 TP-(A) and Cu 20 TP-based LBL films-modified electrodes. Working electrode: glassy carbon, number of assembly: 16, pH 4.5 0.1 mol•L -1 Na 2 SO 4 + 20 mmol•L -1 CH 3 COOH, scan rate: 10 mV.s -1 . (Reproduced from reference 106. Copyright (2017) American Chemical Society).

  have shown that [SiW 12 O 40 ] 4-adsorbs spontaneously on Au surface at pH 4 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 in only 600 seconds with 10 -4 mol•L -1 [SiW 12 O 40 ] 4-in solution. At potentials below -0.40 V vs. SCE (first W VI reduction wave), the POM is reduced and desorbs from Au surface based on Electrochemical Quartz Crystal Microbalance (EQCM). Gewirth and his co-workers 5 have reported a strong interaction between [SiW 12 O 40 ] 4-and Ag surface, the formation of the adsorbed Ag-SiW 12 O 40 4-passivating the surface with negative potential cycling between -0.80 V and -0.50 V vs. Ag/AgCl. To the best of our knowledge, the interaction between [SiW 12 O 40 ] 4-

Figure II. 1 :

 1 Figure II.1: Top: 1A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution on GC electrode, v = 2 mV•s -1 . 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV s -1 . (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 2A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution on GC electrode, v = 2 mV•s -1 . 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV•s -1 .(Inset) variation of cathodic peak current intensity as a function of the scan rate.

Figure II. 2 :

 2 Figure II.2: Top: 1A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution on Cu electrode, v = 2 mV•s -1 . 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV•s -1 . (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 2A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution on Cu electrode, v = 2 mV•s -1 . 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV•s -1 .(Inset) variation of cathodic peak current intensity as a function of the scan rate.

Fig. II

  Fig. II.2A. In contrast at pH 5, the first wave is difficult to define due to the significant redox peak of ion acetate on Cu electrode (see Fig. II.3) which conceals the first reduction wave of W VI . However, this wave is detectable at higher scan rate (100 mV•s -1 ). The second reduction wave is observed at -0.52 V (wave II, see Fig. II.2B). The cathodic current increases linearly with the scan rate suggesting that the POM detected is absorbed on electrode surface. This observation explains the reason that [SiW 12 O 40 ] 4-reduced at more positive potential on Cu bulk electrode than on GC electrode at pH 1.

Figure II. 3 :

 3 Figure II.3: CV of Cu bulk electrode in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, v = 20 mV•s -1 . Black line: the measurement is carried out at potential range of 0.10 V to -1.05 V. Red line: the measurement is carried out at potential range of -0.20 V to -0.9 V to avoid the reduction of ions acetate in solution on Cu electrode as well as the oxidation of the Cu.

90 V at pH 5 .

 905 In pH 1 solution, two quasi-reversible reduction peaks are observed at -0.23 V and -0.48 V corresponding to the reductions of W VI/V couple (see Fig. II.1A). It should be mentioned that the redox waves of the [SiW 12 O 40 ] 4-occurs nearly at the same potential on Ag and on Cu electrodes at pH 1. In contrast, at pH 5, the two reduction peaks were found at slightly lower potentials: -0.30 V and -0.56 V on Ag electrode versus ≈ -0.28 V and -0.52 V on Cu electrode (see Fig. II.2A). Since the cathodic peak current is proportional to the scan rate, the POM is assumed to be adsorbed on the Ag electrode in this potential range.-47 -

Figure II. 4 :

 4 Figure II.4: Top: 1A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution on Ag electrode, v = 2 mV•s -1 . 1B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV•s -1 . (Inset) variation of cathodic peak current intensity as a function of the scan rate. Bottom: 2A) CV of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution on Ag electrode, v = 2 mV•s -1 . 2B) Variation of scan rates from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV•s -1 .(Inset) variation of cathodic peak current intensity as a function of the scan rate.

  II.5A) or I 0 = I electrode+POM when Keggin POM [SiW 12 O 40 ] 4-is present (see Fig. II.5B

Figure II. 5 :

 5 Figure II.5: Illustrations of measurement of catalytic onset potential in two situations: A) without POM in solution and B) in the presence of H 4 [SiW 12 O 40 ] POM in solution.

Figure II. 6 :

 6 Figure II.6: Electrochemical reduction of HNO 2 in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC electrode in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , v = 2 mV•s -1 .

Figure II. 7 : 11 2 1 [

 7111 Figure II.7: A) Electrochemical reduction of HNO 2 on Cu electrode. B) Electrochemical reduction of HNO 2 in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Cu electrode. C) Comparison of HNO 2 reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , v = 2 mV•s -1 .

3. 2

 2 Reduction of NO 2 -in pH 5 medium with or without [SiW 12 O 40 ] 4- 3.2.1 On GC electrode

Figure II. 9 :

 9 Figure II.9: A) Electrochemical reduction of NO 2 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC electrode. B) Magnification of A to highlight the onset of the catalysis. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV•s -1 .
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 1012445 Figure II.10: A) Electrochemical reduction of NO 2 -on Cu electrode. B) Electrochemical reduction of NO 2 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Cu electrode. C) Comparison of NO 2 -reduction with or without [SiW 12 O 40 ] 4-in solution. D) Magnification of C between -6 to 2 µA. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV.s -1 .

Figure II. 11 :

 11 Figure II.11: Tafel plot for 30 mmol•L -1 NO 2 -reduction on Cu bulk electrode in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV.s -1 .

Figure II. 12

 12 Figure II.12: A) Electrochemical reduction of NO 2 -on Ag electrode. B) Electrochemical reduction of NO 2 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Ag electrode. C) Comparison of NO 2 -reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV•s -1 .

Figure II. 13 :

 13 Figure II.13: Reduction of 1 mmol•L -1 NaNO 2 in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC, Cu and Ag electrodes, v = 2 mV•s -1 .

4

  Reduction of NO 3 -in the presence of POM on Cu or Ag bulk electrode 4.1 Reduction of NO 3 -in pH 1 medium with or without [SiW 12 O 40 ] 4- 4.1.1 On GC electrode

Figure II. 14 :

 14 Figure II.14: Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC electrode. Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , v = 2 mV•s -1 .

4. 1 . 2

 12 Figure II.15: A) Electrochemical reduction of NO 3 -on Cu electrode. B) Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Cu electrode. C) Comparison of NO 3 -reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , v = 2 mV•s -1 .

  42 V, Tafel plot confirmed a better activity with [SiW 12 O 40 ] 4-in solution, with a slope of 105 mV/decade. This reveals that the interaction of the [SiW 12 O 40 ] 4-with the Cu surface is helpful to the catalytic -59 -activity for 30 mmol•L -1 NO 2 -solution in this potential range since a lower overpotential has to be applied to obtain the same NO 2 -reduction current value measured in the absence of POM.

Figure II. 16 :

 16 Figure II.16: Tafel plot for 30 mmol•L -1 NO 3 -reduction on Cu bulk electrode in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution, v = 2 mV•s -1 .

Figure

  Figure II.17: A) Electrochemical reduction of NO 3 -on Ag electrode. B) Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Ag electrode. C) Comparison of NO 3 -reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , v = 2 mV•s -1 .
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 2 Figure II.18: Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC electrode. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV•s -1 .

Figure II. 19

 19 Figure II.19: A) Electrochemical reduction of NO 3 -on Cu electrode. B) Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Cu electrode. C) Comparison of NO 3 -reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV•s -1 .

Figure II. 20

 20 Figure II.20: A) Electrochemical reduction of NO 3 -on Ag electrode. B) Electrochemical reduction of NO 3 -in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on Ag electrode. C) Comparison of NO 3 -reduction with or without [SiW 12 O 40 ] 4-in solution. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 2 mV•s -1 .

Figure II. 21 :

 21 Figure II.21: Reduction of 1 mmol•L -1 NaNO 3 in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-on GC, Cu and Ag electrodes, v = 2 mV•s -1 .

  electrodes was investigated for nitrite and nitrate reductions as a function of the pH of the solution. Based on electrochemical studies, POM [SiW 12 O 40 ] 4-are adsorbed on Cu and Ag surfaces even for as low as potential -0.50 V vs. SCE in pH 1 solution and in pH 5 solution. In contrast, the POM reduction is diffusion-controlled with GC electrode in this potential range.Hence the interactions between POM and electrode surfaces affect its electrochemical properties.Clean GC electrode is not active for nitrite reduction, while catalytic reduction can be observed on both Cu and Ag bulk electrodes. Cu bulk electrode shows a better activity than Ag bulk electrode with smaller reaction overpotential and higher catalytic current especially at pH 1. A -64 -significant positive shift of the catalytic onset potentials and an increase of reduction currents are observed on these three bulk electrodes after adding POM [SiW 12 O 40 ] 4-into the solution. A synergy between Cu and POM is observed in the potential range between -0.40 V and -0.57 V vs. SCE in pH 1 solution.
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 21 More details and other examples have been discussed in the Chapter I part 3. Among these results, Cu-substituted POMs possess the best reactivity towards nitrate reduction. Unfortunately, the mechanism as well as the product of the reduction remain unclear. The elaboration of metal-substituted POMs functionalized by exogenous ligands may permit to adjust the properties of POM. 5 Alendronate (Ale=[H 2 O 3 PC(C 3 H 6 NH 2 (OH)PO 3 H 2 )]) ligandfunctionalized POMs have been demonstrated to be stable in water due to the chelating ability of the bisphosphonates (Bps) entities. 6 An alendronate Ni-substituted POM Na 9 [A-PW 9 O 34 ]•7H 2 O.Na 7 K 7 [{(B-PW 9 O 34 )Ni 3 (OH)(H 2 O) 2 -O 3 PC(O)C 3 H 6 NH 3 )PO 3 ]} 2 Ni]•34H 2 O was already reported being active towards nitrate reduction at pH 6 (1 mol•L -1 CH 3 COOLi + CH 3 COOH). 7 Chapter III Electrochemical and electrocatalytic properties of Cu-substituted polyoxometalate/alendronate -67 -In this chapter, the electrochemical and electrocatalytic properties of three Cu-substituted POMs have been investigated in order to identify the main factors which influence the activity. The electrochemical properties of Cu-substituted POMs in solution have been investigated by Cyclic Voltammetry (CV), potentiostatic coulometry and Electrochemical Quartz Crystal Microbalance (EQCM). The morphology of modified electrode has been studied by Atomic-Force Microscopy (AFM). The catalytic properties towards NO x were studied in two different aqueous solutions of pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) and pH 1 (0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ) respectively. The influence of the presence of Cu complex [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-(CuAle) with ligand alendronate (Ale) grafted to CuPOMs entities will be explored. In this case, the catalysts are composed two types of Cu ions: one type of Cu is encapsulated in POMs units and the other Cu ions are coordinated by alendronate ligands. The properties of these three compounds are studied and compared with the corresponding CuPOMs as well as their catalytic properties towards NO x . Synthesis and structure of the CuPOMs Six compounds have been investigated in this chapter (Fig. III.1). They were synthesized in collaboration with Prof. Pierre Mialane and DR. Anne Dolbecq, Institut Lavoisier, UMR 8180,Université Versailles Saint-Quentin en Yvelines.8,9. 

Figure III. 1 :

 1 Figure III.1: Representation of various structures of Cu-substituted polyoxometalates and Cu complex synthesized from the Cu ions and Alendronate ligand (Ale) (Reproduced from reference 8. Copyright (2017) American Chemical Society).

[Cu 6 (

 6 Ale) 4 (H 2 O) 4 ] 4-cluster. In SbW 9 CuAle, two Sb 2 W 18 Cu 3 units are considered as magnetically equivalent to the three [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-clusters. The magnetic behavior of SiW 9 CuAle shows a strong anti-ferromagnetic interaction because of the presence of SiW 9 Cu 3 fragment. 8

The case of P 2 W 15

 215 CuAle is shown in Fig. III.2 as an example. In pH 1 solution, a large reduction wave is observed at -0.10 V, corresponds to the reduction of Cu II to Cu 0 (waves I and II). The formation of Cu 0 continues below this potential during the cathodic and the anodic scans and Cu 0 re-oxidize at 0.01 V on the anodic scan. Several small redox waves are also observed between -0.20 V and -0.40 V. A magnification of the small waves is shown in the inset of Fig. III.2A. These waves are attributed to the reduction of W VI to W V of POMs.

Figure III. 2 :

 2 Figure III.2: A) CV of 0.1 mmol•L -1 P 2 W 15 CuAle in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution, ν = 2 mV•s -1 . (Inset) Magnification of A to highlight the presence of the voltammetric characteristics of the POM. B) CV of 0.1 mmol•L -1 P 2 W 15 CuAle in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, ν = 2 mV•s -1 . *: Reoxidation peak of the deposited Cu 0 on electrode surface.

  Fig. III.3A. The first reduction wave (wave I) is reversible. Cathodic current shows a linear dependence to the square root of the scan rate ν 1/2 , which indicates that the current is limited by the diffusion of P 2 W 15 CuAle to the electrode surface (Fig. III.3B).

Figure III. 3 :

 3 Figure III.3: A) Variation of scan rates of 0.1 mmol•L -1 P 2 W 15 CuAle in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV•s -1 ). The potential reversal is fixed after Cu II to Cu I redox process. B) Variation of the cathodic peak current intensity as a function of the square root of the scan rate.

P 2 W 15 Cu 4 .

 2154 In the case of SbW 9 CuAle and SiW 9 CuAle, the W VI /W V reversible waves are not observable, while two ill-defined waves are observed at -0.59 V and -0.81 V for Sb 2 W 18 Cu 3 and only one wave at -0.84 V for SiW 9 Cu 4 . Generally, Cu II centers in CuPOM/Ale are reduced -75 -earlier than the ones encapsulated in CuPOM, indicating that Cu ions complexed by Ale ligands are easier to reduce.

  Fig. III.4. Integration of the area, which is shown in pink, from t = 0 to t = t e will give the total charge during the analysis.

Figure III. 4 :

 4 Figure III.4: Example of controlled-potential coulometry measurement. The black curve is the measured current,the integrated area from t = 0 to t = t e which is shown in pink, is the total charge. The background current is suppressed.

Figure III. 5 :

 5 Figure III.5: (Top) Tapping mode AFM topography of 0.1 mmol•L -1 SiW 9 CuAle obtained at potential -0.9 V vs. SCE with different deposition times: 5 minutes and 30 minutes. (Bottom) Photos of ITO electrode with different deposition times: clean ITO electrode (0 minute), 1, 5 and 30 minutes in the presence of 0.1 mmol•L -1 SiW 9 CuAle. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution.

Figure III. 6 :

 6 Figure III.6: Cyclic voltammetry (black curve) and electrochemical quartz crystal microbalance (EQCM; red curve) measurements for 0.1 mmol•L -1 samples in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution. ν = 2 mV•s - 1 . Blue line: the onset potential of the deposition of Cu nanoparticles (E onset ). Orange line: the end of the Cu nanoparticles deposition at revers scan (E end ).

4 and

 4 resonant frequency of the fundamental mode, ρ: density of the crystal (2.684 g/cm 3 ), A: area (0.2 cm 2 ), µ: shear modulus of quartz (2.947×10 11 g/cm•s -2 ). The mass change during the Cu deposition (scan rate ν = 2 mV•s -1 , which corresponds to a deposition time of ca. 550 seconds) and the amount of Cu for each compound are plotted in Fig. III.7 using the same initial concentration. The smallest mass change is obtained with CuSO Sb 2 W 18 Cu 3 which is about 0.08 μg (0.4 μg•cm -2 , with A = 0.2 cm 2 ) and the maximum is obtained for SbW 9 CuAle with 1.58 μg (7.9 μg•cm -2 , with A = 0.2 cm 2 ) due to the highest sum of Cu ions in structure. For others compounds, mass change increases with the number of Cu -81 -in structure except for the SiW 9 Cu 4 deposit which is ca. two times more than P 2 W 15 Cu 4 , although both of them contain 4 Cu atoms in their structure. However, since the POM species adsorbed on the Cu nanoparticles contribute to the change of the mass, more quantitative interpretations might be taken with caution.

Figure III. 7 :P 2 W 15 Cu 4 and

 72154 Figure III.7: Comparison of mass change in the presence of 0.1 mmol•L -1 sample in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution. ν = 2 mV•s -1 (the deposition time is ca. 550 seconds) during EQCM measurement on a carbon deposited resonator (A = 0.2 cm 2 ) and the number of Cu atoms in structure.

NaNO 2

 2 reduction was first studied with 0.1 mmol•L -1 CuSO 4 in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution (Fig. III.8A).

Figure III. 8 :

 8 Figure III.8: Reduction of HNO 2 in the presence 0.1 mmol•L -1 (A) CuSO 4 , (B) P 2 W 15 Cu 4 , (C) SiW 9 Cu 4 or (D) Sb 2 W 18 Cu 3 . E) Comparison of 1 mmol•L -1 NaNO 2 reduction (equivalent to γ = 10) by different samples (0.1 mmol•L -1 ). F) Catalytic onset potentials and kinetic current densities J kinetic (HNO 2 ) in μA•cm -2 calculated for 1 mmol•L -1 NaNO 2 (equivalent to γ = 10). Buffer solution pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , ν = 2 mV•s -1 . For the discussion of waves I, a, and III, see text.

P 2 W

 2 Figure III.9: A) Reduction of NO 2 -in the presence 0.1 mmol•L -1 CuSO 4 . B) Nitrite reduction at Cu II/I reduction potential. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, ν = 2 mV•s -1 .

Figure III. 10 :

 10 Figure III.10: (Left) Reduction of NO 2 -in the presence of 0.1 mmol•L -1 (A) P 2 W 15 Cu 4 , (B) SiW 9 Cu 4 or (C) Sb 2 W 18 Cu 3 (Right) nitrite reduction at Cu II/I reduction potential. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s -1 .

Figure III. 11 1 . 1

 1111 Figure III.11: A) Comparison of reduction of 1 mmol•L -1 NaNO 2 (equivalent to γ = 10) by different samples (0.1 mmol•L -1 ). B) Catalytic onsetpotentials and kinetic current densities J kinetic (NO 2 -) in μA•cm -2 calculated for 1 mmol•L -1 NaNO 2 (equivalent to γ = 10). Buffer solution in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s - 1 .

Figure III. 13 :

 13 Figure III.13: (Left) Reduction of NO 3 -in presence of 0.1 mmol•L -1 (A) P 2 W 15 Cu 4 , (B) SiW 9 Cu 4 or (C) Sb 2 W 18 Cu 3 (Right) Magnification of nitrate reduction at the potential of reduced POM. Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , ν = 2 mV•s -1 .

Figure

  Figure III.14: A) Reduction of NO 3 -in the presence 0.1 mmol•L -1 CuSO 4 . B) Magnification of A) between -0.90 V to -0.40 V. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s -1 .

Figure III. 15 : 4 and

 154 Figure III.15: Reduction of NO 3 -in the presence of 0.1 mmol•L -1 (A) P 2 W 15 Cu 4 , (B) SiW 9 Cu 4 or (C) Sb 2 W 18 Cu 3 in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, ν = 2 mV•s -1 (Right) Magnification of nitrate reduction at the potential of reduced POM.

Figure III. 16 :HNO 2 4. 1 . 1

 16211 Figure III.16: Reduction of NO 3 -in the presence of 0.1 mmol•L -1 (A) P 2 W 15 Cu 4 or (B) Sb 2 W 18 Cu 3 on Cu bulk electrode in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, ν = 2 mV•s -1 .

Figure III. 17 :SbW 9

 179 Figure III.17: (Left) Reduction of HNO 2 in the presence of 0.1 mmol•L -1 (A) P 2 W 15 CuAle, (B) SiW 9 CuAle or (C) SbW 9 CuAle. (Right) Reduction scans obtained for CuPOM/Ale (red curve) and the corresponding CuPOM (pink curve) after adding of 1 mmol•L -1 NaNO 2 (γ = 10). Buffer solution: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , ν = 2 mV•s -1 .

Figure III. 18

 18 Figure III.18: A) Comparison of 1 mmol•L -1 NaNO 2 (equivalent to γ = 10) reduction by 0.1 mmol•L -1 different CuPOM/Ale. B) Catalytic onset potentials and kinetic current densities J kinetic (HNO 2 ) in μA•cm -2 calculated for 1 mmol•L -1 NaNO 2 (equivalent to γ = 10). Buffer solution in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , ν = 2 mV•s -1 .

Figure III. 19 :

 19 Figure III.19: (Left) Reduction of NO 2 -in the presence of 0.1 mmol•L -1 (A) P 2 W 15 CuAle, (B) SiW 9 CuAle or (C) SbW 9 CuAle. (Inset) Reduction of NO 2 -by Cu II/I couple. (Right) Negative scans obtained for CuPOM/Ale (red curve) and the corresponding CuPOM (pink curve) after adding of 1 mmol•L -1 NO 2 -. Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s -1 .

Figure III. 20 - 4 . 2 . 1

 20421 Figure III.20: A) Comparison of reduction of 1 mmol•L -1 NaNO 2 (equivalent to γ = 10) by different CuPOM/Ale (0.1 mmol•L -1 ). B) Catalytic onset potentials and kinetic current densities J kinetic (NO 2 -) in μA•cm -2 calculated for 1 mmol•L -1 NaNO 2 (equivalent to γ = 10). Buffer solution in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, ν = 2 mV•s -1 .

Figure

  Figure III.23:CV (upper) and nitrite reduction (bottom) in the presence of 0.1 mmol•L -1 P 2 W 15 CuAle as a function of pH: pH 1(0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ), pH 2 and 3 (0.5 mol•L -1 NaH 2 PO 4 + H 3 PO 4 ) or pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH). The concentration of NaNO 2 is 3 mol•L -1 equivalent to γ = 30. ν = 2 mV•s -1 .

P 2 W

 2 Fig. III.24. Generally, current increases with the quantity of nitrate added in pH 1 and pH 5 solutions, until reaching a plateau, probably due to the limitation by the catalyst turnover frequency (Fig. III.24A).

Figure III. 24 :

 24 Figure III.24: Sensing properties of P 2 W 15 CuAle towards nitrate reduction in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution or in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution. The current is measured at -0.55 V at pH 1 and at -0.85 V at pH 5.

P 2 W

 2 5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ) and in pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) solutions. The reduction and oxidation of Cu ions can be observed for all the compounds. Usually, Cu I complex were better stabilized in pH 5 solution due to the presence of acetate ions. All the Cu II centers were reduced as demonstrated by the controlled potential coulometry performed at a potential setted just below the Cu II/0 reduction. The formed Cu 0 nanoparticles are deposited on the electrode surface and their size/density increased with time. The quantity of material deposited on electrode was estimated by Electrochemical Quartz Crystal Microbalance (EQCM) where the deposited mass was found to increase with the number of Cu II atoms in the structure. The onset potential of the formation of the Cu 0 nanoparticles is slightly more positive for CuPOM/Ale compounds than for the corresponding CuPOM. Their electrocatalytic properties have been studied in the presence of NaNO x (x = 2 or 3) into the solution. The analysis of the obtained current-potential curves demonstrated an efficient catalysis of nitrite and nitrate reduction concomitant to the reduction of CuPOM. The catalytic performances of the CuPOM species are improved compared to a simple Cu salt (CuSO 4 ) in solution or Cu bulk electrode. Two catalytic waves were observed in the case of the nitrite solution, the first one at the potential of Cu II reduction and the second one at the W VI reduction.In the case of nitrate reduction, only one catalytic reduction wave was observed after the reduction of W VI . Interestingly, not every Cu-substituted POMs (P 2 W 15 Cu 4 , SiW 9 Cu 4 and Sb 2 W 18 Cu 3 ) were found to be active toward nitrate reduction indicating that the formation of Cu 0 nanoparticles and its catalytic properties can be modulated by the choice of POMs. 15 Cu 4 was the most active Cu-substituted POM for both nitrite and nitrate reduction under the experimental conditions that we have used.After grafting an alendronate copper complex, namely [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-to the Cusubstituted POMs, the catalytic properties were further ameliorated. A decrease of the overpotential and an increase in kinetic current density determined 1 mmol•L -1 NO x (x = 2 or 3) solution were observed, showing that this Cu complex acted as a cofactor during the catalysis.

2. 1

 1 Photocatalytic reduction of silver ions A solution of [SiW 12 O 40 ] 4-(3.5×10 -4 mol•L -1 ) is mixed with Ag 2 SO 4 (1.0×10 -4 mol•L -1 ), 0.5 mol•L -1 propan-2-ol is added into solution as the electron donor. Deaerated solution is obtained by argon bubbling before illumination for more than 30 minutes. Irradiation was performed by a 300 W Xe arc lamp equipped with a water cell filter to absorb the near-IR radiation. UV-vis absorption spectra were recorded during the illumination to follow the reduction reaction. The mechanism of photo-reduction of Ag + by POM is described in Chapter I page 27. The formation of the Ag nanoparticles is followed by the UV-visible spectroscopy. The UVvisible spectrum measured before illumination is displayed in Fig. IV.1A. The absorption band in the UV region (below 370 nm) is due to the POM. Once the illumination begins, a wellknown plasmon absorption band of silver nanoparticles around 407 nm is obtained after 6 minutes and the color of the solution changes to yellow which characterizes the formation of Ag nanoparticles. 5 The plasmon band stems from the excitation of collective oscillation mode of the electrons in the particles. Based on the published work, 5 a plasmon band at 400 nm generally corresponds to AgNPs with sphere form (blue line in Fig. IV.1A). Mukherji and his co-workers 11 have synthesized a series of AgNPs and associated the nanoparticles size with UV-vis extinction spectras, the peaks at 406 nm and 411 nm wavelengths correspond to the average sizes of 20 nm and 30 nm respectively. In our case, by increasing the illumination time to 20 minutes, the solution color changes to blue and a wide band between 600 nm to 800 nm (blue line in Fig. IV.1A) is observed which can be attributed to the d-d transitions and tungstento-tungsten charge transfer (W 5+ -W 6+ CT) which is the signature of the formation of reduced POM. The name of this band is also called intervalence band. After 30 minutes under illumination, the UV-visible spectra do not evolve anymore indicating the end of the reaction and the total reduction of Ag + as well as the POM in solution. When oxygen comes into the solution by opening the cell in air (red line in Fig. IV.1A), the second absorption band (intervalence band) disappears indicating the re-oxidation of reduced POM. The absorbance of -109 -the band at 400 nm decreases only slightly suggesting that the silver nanoparticles formed during the photo-reduction are stable in air.

Figure IV. 1 :

 1 Figure IV.1: A) UV-visible absorption spectra of a solution containing [SiW 12 O 40 ] 4-(3.5×10 -4 mol•L -1 ), Ag 2 SO 4 (1×10 -4 mol•L -1 ) and propan-2-ol (0.5 mol•L -1 ) before (-), after (-) 50 minutes of illumination and after reoxydation in air (-). B) Measured absorbance bands at 400 nm and 700 nm as a function of illumination time.

Figure IV. 2 :

 2 Figure IV.2: UV-visible absorption spectra and TEM micrographics of: synthesis a) a deaerated solution of [SiW 12 O 40 ] 4-(3.5×10 -4 mol•L -1 ), Ag 2 SO 4 (1×10 -4 mol•L -1 ) and propan-2-ol (0.5 mol•L -1 ) under illumination (A and C); synthesis b) a deaerated solution of [SiW 12 O 40 ] 4-(8.4×10 -6 mol•L -1 ), Ag 2 SO 4 (1×10 -4 mol•L -1 ) and propan-2-ol (0.5 mol•L -1 ) (B and D).

Figure IV. 3 :

 3 Figure IV.3: EDX analysis of Ag@SiW 12 O 40 obtained from a solution contains [SiW 12 O 40 ] 4-(3.5×10 -4 mol•L -1 ), Ag 2 SO 4 (1×10 -4 mol•L -1 ) and propan-2-ol (0.5 mol•L -1 ) under illumination. The Cu signals are due to the cupper grid used.

Figure IV. 4 :

 4 Figure IV.4: UV-vis spectra of formed Ag@SiW 12 O 40 nanoparticles solution right after the illumination (black line) and after 3 months (red line).

3. 1

 1 Experimental procedure for the thin film catalyst layer preparation The modified electrode is prepared by successively dropping 5 µL Ag@SiW 12 O 40 solution on GC electrode surface and drying in air. The deposition can be repeated until the desiring amount is reached. The dropping of small solution volume at different locations of the GC surface and the fast evaporation of the solvent allow to obtain homogeneous Ag@SiW 12 O 40 distribution on the GC surface. At the end of the deposition, 2 µL 5wt. % Nafion solution is added to the film to improve its stability (Fig. IV.5).

Figure IV. 5 :

 5 Figure IV.5: Schema of successively dropping method to deposit Ag@SiW 12 O 40 solution on a glassy carbon (GC) electrode.

Figure IV. 7 :

 7 Figure IV.7: Frequency response of QCM sensor after three times 5 µL Ag@SiW 12 O 40 deposition onto a carbon QCM resonator. Green arrow: the moment that the solution was dropped onto the dry quartz resonator. Red arrow: the moment that the electrode gets completely dry.

Figure IV. 8 :

 8 Figure IV.8: Influence of the quantity of Ag@SiW 12 O 40 deposited on GC electrode without Nafion (A and A') and in the presence of 2 µL 5wt. % Nafion at the end of deposition (B and B'). Buffer solution: pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 20 mV•s -1 .

Figure IV. 10 : 4 . 2

 1042 Figure IV.10: NaNO 2 reduction in the presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-in pH 1 (A and A') and pH 5 (B and B') solutions. Concentrations of the nitrite are: 0, 1 and 5 mmol•L -1 (A and B) and between 0 to 100 mmol•L -1 (A' and B'). Buffer solutions: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 and pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 20 mV•s -1 .

Figure IV. 12 :

 12 Figure IV.12: Comparison of Ag@SiW 12 O 40 and [SiW 12 O 40 ] 4-towards nitrite reduction in pH 1 (A) and in pH 5 (B). Buffer solutions: pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 and pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 20 mV•s -1 .

Figure IV. 13 :

 13 Figure IV. 13: Stability of 15 µL Ag@SiW 12 O 40 +2 µL Nafion by sweep successively with 200 mmol•L -1 NaNO 2 in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH. v = 20 mV•s -1 .

Figure IV. 14 :

 14 Figure IV.14: Nitrate reduction by 15 µL Ag@SiW 12 O 40 +2 µL Nafion modified electrode in solution pH 1 (A and A') and in pH 5 (B and B'). Concentrations of the nitrate are: 0, 10 and 30 mmol•L -1 (A and C), between 0 to 100 mmol•L -1 (A') and between 0 to 200 mmol•L -1 (B') Buffer solution pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 and pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 20 mV•s -1 . The third reduction wave of W (wave III) is measured at -0.65 V at pH 1 and at -0.95 V at pH 5.

Figure IV. 15 :

 15 Figure IV.15: Peak current dependence on nitrate concentration range of 1-10000 µM of PPy/Ag. A) The entire concentration range B) the lower concentration range 1-500 µmol•L -1 . Buffer solution: 0.1 mol•L -1 Na 2 SO 4 , reference electrode: SCE, v = 20 mV•s -1 . Peak current is measured at -1.42 V. (Reprinted from reference 16).

Fig. IV. 16

 16 Fig. IV.16 shows nitrate reduction by three different systems: on Ag electrode (black line), on the Ag electrode with presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-(red line) or on Ag@SiW 12 O 40 modified GC electrode (green line). The presence of POMs onto the AgNP surface can prevent Ag 0 from the hydrogen evolution, hence a larger potential range can be applied to the Ag@SiW 12 O 40 system. As shown in Chapter II, [SiW 12 O 40 ] 4-added directly in the solution,

Figure IV. 16 :

 16 Figure IV.16: Reduction of 10 mmol•L -1 NaNO 3 on Ag electrode (black line), on the Ag electrode with presence of 0.1 mmol•L -1 [SiW 12 O 40 ] 4-(red line) or on Ag@SiW 12 O 40 modified GC electrode (green line) in pH 5 solution 1 mol•L -1 CH 3 COOLi + CH 3 COOH, v = 20 mV•s -1 .



  this chapter, [SiW 12 O 40 ] 4--stabilized AgNPs are prepared by photoreduction method. The formed nanoparticles are stable for several months. When the concentration of [SiW 12 O 40 ] 4-is large enough, the formation of the AgNPs occurs within few minutes yielding spherical nanoparticles with uniform size distribution (ca. 20 nm). The preparation of modified electrodes by simply dropping Ag@SiW 12 O 40 on glassy carbon electrode did not allow to obtain stable catalytic layers enabling further electrochemical study. Hence, Nafion was added at the end of deposition to stabilize the catalyst layer. Electrochemical reduction of NO x -(NO 3 -and HNO 2 / NO 2 -) was studied in pH 1 and pH 5 solutions. For nitrite reduction, AgNPs and [SiW 12 O 40 ] 4-catalyst act in tandem in pH 1 solution resulting in a significant improvement of the reduction current. In contrast, at pH 5, nitrite is reduced at almost the same potential than [SiW 12 O 40 ]4-and Ag@SiW 12 O 40 . In both conditions, current intensity is higher with Ag@SiW 12 O 40 than with [SiW 12 O 40 ] 4-alone. Ag@SiW 12 O 40 film keeps its catalytic property at least after 750 cycling. Only Ag@SiW 12 O 40 is active for nitrate reduction, showing the presence of the silver is a necessary condition for nitrate reduction. The catalytic current of nitrate reduction is smaller than the one of nitrite reduction. Finally, it is worth mentioning that the catalytic performances towards nitrate reduction -123 -obtained with Ag@SiW 12 O 40 modified GC electrode are improved compared to the ones obtained with the Ag bulk electrode alone, or in the presence of POM in solution. However, this work might be completed with further studies: The centrifugation of the Ag@SiW 12 O 40 solution at high rotation speed might allow to separate the the Ag@SiW 12 O 40 nanoparticles from free POM not adsorbed on the silver. Other method will be the purification and the removal of free [SiW 12 O 40 ] 4-by dialysis using dialysis bag. Use of carbon nanotubes and/or graphene to support the [SiW 12 O 40 ] 4-or the Ag@SiW 12 O 40 nanoparticles in order to improve the distribution of the catalyst on the electrode surface.

Figure V. 3 :

 3 Figure V.3: Cyclic voltammograms of (A) P 2 W 18 , (B) P 2 W 18 @UiO-67 and (C) P 2 W 18 +UiO-67 (mechanical mixing) immobilized on a PG electrode at different scan rate from 0.025 to 1.000 V•s -1 . (Inset) plots of I pc vs. v for reduction peaks. D) Reduction potentials of each composite immobilized on PG electrode. Buffer Solution: pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 .

Figure V. 4 :

 4 Figure V.4: Cyclic voltammograms of (A) PW 11 , (B) PW 11 Zr@UiO-67 and (C) PW 11 +UiO-67 (mechanical mixing) immobilized on a PG electrode at different scan rate from 0.025 to 1.000 V•s -1 . (Inset) plots of I pc vs. v for reduction peaks. D) Reduction potentials of each composite immobilized on PG electrode. Buffer Solution: pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 .

Na 6 (

 6 TMA) 4 [Fe 6 W 18 ] . 45H 2 O and MIL-101(Cr) were mixed in water and then stirred for 24 hours at room temperature. The solid was collected by centrifugation, washed with water, ethanol and diethylether and then dried at 120°C for 24 hours.

Fe 6 W 18 @

 618 Gelatin is prepared by the complex coacervation-based procedure. Two solutions, one Na 6 (TMA) 4 [Fe 6 W 18 ].45 H 2 O (0.45g, 2.50 mmol•L -1 ) solution and one gelatin (10 wt%, 2.50 mmol•L -1 in water) solution, were prepared and their pH is adjusted to 3 with 1 mol•L -1 HCl solution. The solutions were heated to 40 °C and then 2.5 mL gelatin solution was added in to POM solution. An orange gel was quickly formed and was removed from the solution. The gel was dried for 2 hours and then dropped into liquid nitrogen to obtain the solid product.The samples are characterized by IR spectra, X-ray, N 2 adsorption/desorption isotherms. The details can be found in reference 15. These characterizations indicate that POM are incorporate within the cavities and not adsorbed at the surface of the MOF and MOF preserve its integrity structure with the presence of POM.

Figure V. 5 .

 5 Figure V.5. Representations of POM [Fe 4 (FeW 9 O 39 ) 2 (H 2 O) 2 ] 10-(Fe 6 W 18 ), UiO-67, MIL-101(Cr), gelatin and the synthetic routes to the three composite materials A) Fe 6 W 18 @Gel, (B) Fe 6 W 18 @UiO-67 and C) Fe 6 W 18 @MIL-101(Cr). (Reprinted from reference 15 with the permission from John Wiley and Sons).

Fe 6 W 18 @UiO- 67 : 5 Å 10 .

 61867510 two types of cages were observed in the structure supertetrahedral (Ø ~ 11.) and superoctahedral (Ø ~ 18 Å) connected by triangular windows (Ø = 8 Å) as present in preview part. Only the octahedral cages can incorporate one Fe 6 W 18 unit for each, the tetrahedral cages are too small to receive a Fe 6 W 18 unit. The ratio of POM/UiO-67 is equal to 1:Fe 6 W 18 @MIL-101(Cr): MIL-101(Cr) is built up from trimer of Cr III octahedral linked by terephthalate anions, two types of mesocage (Ø = 29 and 34 Å) accessible through micropore -133 -windows ((Ø = 11 and 16 Å). The Fe 6 W 18 can be only incorporate in the largest cavities while the window for the smaller cages are too small to allow the penetration of such POM. A strong electrostatic POM-matrix interaction is obtained. The ratio of POM / MIL-101(Cr) is 1:12.

  5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 (see. Fig. V.6). Six reduction waves were observed at -0.04 V, -0.18 V, -0.38 V, -0.53 V, -0.62 V and -0.68 V vs. SCE. The first three waves (a, b and c) correspond to the multi-step reductions of Fe III centers (Fe III/II redox couple) and the last three waves (I, II and III) are attributed to the W VI/V redox couple, as reported in preview work. 17 The current intensities of peak c and peak I, for instance, are proportional to the square root of the scan rate which indicate a diffusion-controlled process of Fe 6 W 18 POM.

Figure V. 6 :

 6 Figure V.6: Cyclic voltammograms of Fe 6 W 18 in pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution at different scan rates from 0.1 to 1.0 V•s -1 . (Inset): plots of I pc vs. v 1/2 for peak c (Fe III/II redox couple) and peak I (W VI/V redox couple).

Fe 6 W

 6 18 @UiO-67 on PG electrode is shown in Fig. V.9. The reduction current starts to increase at -0.20 V vs. SCE with both of these two POM@MOF and this potential corresponds to the second step of Fe III reduction (Fe III/II redox couple). An enhancement of catalytic current is observed after -0.40 V vs. SCE, after the third reduction step of Fe III/II couple. However, the stability of this heterogeneous catalyst on electrode surface during the catalysis reduction remain as a challenge. Adding a layer of Nafion to the surface of catalyst could be contemplated.

Figure V. 9 :

 9 Figure V.9: reduction of 0.01 mol•L -1 NaNO 2 in the presence of (A) Fe 6 W 18 @MIL-101(Cr) or (B) Fe 6 W 18 @UiO-67 immobilized on PG electrode. Buffer solution: pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 , scan rate: v=10 mV•s -1 .

First, we have 2 W 15 Cu 4 , 9 Cu 4 ,

 215494 investigated the nitrite and nitrate reduction in the presence of POM [SiW 12 O 40 ] 4- on silver or copper bulk electrodes in Chapter II. In agreement with the literature, Cu and Ag bulk electrodes alone are active toward nitrite reduction in both pH 1 and pH 5 solutions, while the glassy carbon (GC) electrode was found to be rather inactive. The catalytic properties of Cu or Ag bulk electrodes in the presence of this POM have been investigated in aqueous solutions of various pH and compared to the ones of the Cu and Ag electrodes in the absence of POM as well as the ones of the POM on glassy carbon electrode. Based on electrochemical studied, POM [SiW 12 O 40 ] 4-are adsorbed on Cu and Ag surfaces even for as low as potential -0.50 V vs. SCE in pH 1 solution and in pH 5 solution. In contrast, POMs redox properties are diffusion controlled when using a GC electrode. Hence the interactions between POM and electrode surfaces affect its electrochemical properties. In the presence of POM in solution, the catalytic onset potential is positively shifted and the catalytic current increases especially at potentials that POM reduced. Interestingly, a synergy between Cu and POM is observed in the potential range between -0.40 V and -0.57 V vs. SCE in pH 1 solution. In the case of nitrate reduction, POM [SiW12O40] 4-is not active with a glassy carbon working electrode but an enhanced activity is observed on Cu and Ag electrodes. As POM shows a positive effect for the NO x -(NO 3 -and NO 2 -/HNO 2 ) reduction on Cu and Ag bulk electrodes, we have investigated the NO x reduction in the presence of POM-protected Cu nanoparticles or POM-protected Ag nanoparticles. In Chapter III, two groups of compounds have been examined. The first group is three Cusubstituted POMs (CuPOMs) P SiW Sb 2 W 18 Cu 3 . In the second group, an alendronate copper complex (CuAle) [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-has been grafted to the above compounds to form CuPOM/Ale P 2 W 15 CuAle, SiW 9 CuAle and SbW 9 CuAle respectively. For these six compounds, all the Cu II ions in the structure were reduced to form Cu 0 nanoparticles during the reduction of CuPOMs, the POMs species being probably adsorbed at the copper nanoparticles' surface. The size and density of Cu 0 nanoparticles deposited on the glassy carbon electrode increase with the deposition time. The mass of CuPOM electrodeposited has been calculated based on EQCM measurements and was found to increase with the number of Cu General Conclusion -140 -ions in the structure. The electrocatalytic reductions of NO x have been studied first with

Among these six compounds, P 2 W 15

 215 CuAle has been demonstrated as the most active catalyst towards nitrate and nitrite reduction. We have also investigated the influence of pH of the solution with this compound and pH 2 being the best for nitrite reduction. A nitrate sensor can be build using P 2 W 15 CuAle as electrocatalyst, a linear dependence range of 0 to 20 mmol•L -1 in pH 1 solution and a narrower range of 0 to 10 mmol•L -1 was found at pH 5.InChapter IV, Ag nanoparticles prepared by photocatalytic reduction of silver ion in catalysed by the POMs [SiW 12 O 40 ] 4-under illumination were immobilized on GC electrode. By adjusting the concentration of POMs, spherical silver nanoparticles with uniform size distribution (ca. 20 nm) can be obtained in few minutes. The mass concentration of Ag@SiW 12 O 40 nanoparticles solution was estimated based on EQCM measurements (ca. 2.80 to 4.42 g•L -1 ). The formed Ag@SiW 12 O 40 nanoparticles were stable in solution for more than three months based on their signature in UV-visible spectra. Ag@SiW 12 O 40 nanoparticles were dropped on electrode surface to form the catalyst films. A layer of Nafion added at the end of deposition can better fix the catalyst film. Electrochemical reduction of NO x -(NO 3 -and HNO 2 /NO 2 -) was studied. We have demonstrated that AgNPs and [SiW 12 O 40 ] 4-act in tandem in pH 1 solution resulting

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Keita et ses collègues ont publié un POM de type Dawson [Cu II P 2 W 15 Mo 2 ] 8-qui était actif pour la réduction des nitrates à pH 3. 12 Un travail de comparaison entre [Cu II P 2 W 15 Mo 2 ] 8-, [P 2 W 15 Mo 2 O 61 ] 10-et [P 2 W 15 Mo 3 O 62 ] 6-a également été mené. Il a été démontré que la présence d'ions Cu II était indispensable pour catalyser la réduction des nitrates. Après cela, d'autres études ont été menées pour augmenter le nombre d'ions Cu II dans la structure du POM conduisant à concevoir des POM tels que [Cu II 20 Cl(OH) 24 (H 2 O) 12 (P 8 W 48 O 184 )]

et quelques POMs substitués par le Fe ont montré une activité pour la réduction des nitrates. v En 2001,

SbW 9 CuAle).

  3 -et NO 2 -ont été étudiées à pH 5 (1 mol•L -1 CH 3 COOLi + CH 3 COOH) et à pH 1 (0,5 mol•L -1 Na 2 SO 4 + H 2 SO 4 ). Ensuite, un cluster de cuivre (complexé avec un ligand alendronate, Ale : [Cu 6 (Ale) 4 (H 2 O) 4 ] 4- a été ajouté à chacun des trois complexes de CuPOM préalablement étudiés pour obtenir les composés CuPOM/CuAle : Deux types d'ion Cu II coexistent dans ces trois composés : une partie est encapsulée dans le POM alors que l'autre partie est complexée par le ligand alendronate (Ale).

	-	Na 20 [{(P 2 W 15 O 56 ) 2 Cu II	4 (H 2 O) 2 }{Cu II	6 (O 3 PC(O)(C 3 H 6 NH 3 )PO 3 ) 4 (H 2 O) 4 }]•50H 2 O
		(P 2 W 15 CuAle),	
	-	Na 12 [{SiW 9 O 34 Cu II	3 (Ale)(H 2 O){Cu II	6 (O 3 PC(O)(C 3 H 6 NH 3 )PO 3 ) 4 (H 2 O) 4 }}•50H 2 O
		(SiW 9 CuAle),	
	-	Na 8 Li 29 [{(SbW 9 O 33 ) 2 Cu II	3 (H 2 O) 2.5 Cl 0.5 } 2 {Cu II	6 (O 3 PC(O)(C 3 H 6 NH 3 )PO 3 ) 4 (H 2 O) 4 } 3 ]•1
		63H 2 O (		
		[Cu II	4 (H 2 O) 2 (P 2 W 15 O 56 ) 2 ]•50H 2 O (P 2 W 15 Cu 4 ),
	-	NaK 4 [(A-β-SiW 9 O 34 )Cu II	4 (OH) 3 (H 2 O)(H 3 N(CH 2 ) 3 COO) 2 ] 3 •18H 2 O (SiW 9 Cu 4 ),
	-	K 12 [(SbW 9 O 33 ) 2 {Cu II (H 2 O)} 3 ]•41H 2 O (Sb 2 W 18 Cu 3 ).

Les ions cuivriques

Cu II sont encapsulés dans différents types d'unités de POM (du type Keggin ou Dawson). Leurs propriétés électrochimiques et aussi leurs propriétés catalytiques pour la x réduction NO

2 W 15 Cu 4 et SiW 9 Cu 4 ont

  

Après l'addition de complexes CuAle, ces composés montrent des propriétés catalytiques similaires à celles du CuPOM seul. Néanmoins, le courant catalytique est plus important sans doute dû au fait d'un nombre d'ions cuivriques plus élevée dans la structure. Une augmentation de courant est observée également après la réduction de W VI , indiquant que le Cu électrodéposé à la surface de l'électrode affecte la réduction de nitrite dans le potentiel de l'évolution du dihydrogène. Parmi les composés CuPOM/CuAle, P 2 W 15 CuAle est le plus actif. Si on compare P 2 W 15 CuAle et P 2 W 15 Cu 4 , la catalyse démarre plus tôt pour P 2 W 15 CuAle avec la densité de courant cinétique plus importante.

Quant à la réduction de NO 3 -, P montré une activité intéressante au potentiel de réduction du couple W VI/V (Figure

11

). Cette activité est due à la fois de la présence de nanoparticules de Cu formées in situ en synergie avec celle du POM réduit.

Sb 2 W 18 Cu 3 est

  

inactif pour la réduction de NO 3 -, ceci a été attribué au blocage de la surface des nanoparticules de cuivre par les unités POMs libérées (surfactant). De plus, pour Sb 2 W 18 Cu 3, aucun courant catalytique n'est observé sur électrode de Cu pour la réduction de NO 3 -, ce qui confirme que Sb 2 W 18 Cu 3 est susceptible de « bloquer » la surface de l'électrode inhibant la catalyse de la réduction des nitrates. Cela montre que la formation de CuNPs et ses propriétés catalytiques peuvent être modulées par le type de POMs présents. xiv

  du Nafion est vérifié par la voltampérométrie cyclique. Après l'ajout de Nafion, les pics redox sont mieux définis et plus symétriques. Le courant associé aux processus POM redox n'augmente pas avec le nombre de cycles de dépôt, des maxima pour les courants de pics étant obtenu avec 15 µL de solution de nanoparticules d'Ag@SiW 12 O 40 déposé et l'ajout 2 µL Nafion.Cela suggère que seules de petites fractions des particules sont reliées manière électrique au collecteur de courant de carbone vitreux.Pour comparer les propriétés catalytiques, le potentiel de départ est défini où la différence de courant I = I 0 -I NOx est égal à 1 µA en présence of 5 mmol•L -1 NaNO x dans la solution. Notez que la valeur I choisie est supérieure à celle utilisée avec les catalyseurs CuPOM qui était de

	que l'ajout de POM aux nanoparticules d'Ag@SiW 12 O 40 conduit à une amélioration
	significative du courant catalytique. A pH 5, l'association de POM aux nanoparticules
	d'Ag@SiW 12 O 40 n'a pas influencé le potentiel de départ de la catalyse comparé avec

). Le résonateur est un cristal de quartz pris en sandwich entre deux électrodes de carbone soumises à un champ électrique alternatif à travers le cristal, générant un mouvement vibratoire du cristal à sa fréquence de résonance. Cette fréquence de résonance est sensible au changement de masse à la surface de l'électrode. Dans le cas de notre expérience, un changement de masse entre 58 à 110 µg•cm -2 est obtenu, indiquant que la concentration des nanoparticules d'Ag@SiW 12 O 40 est de l'ordre de 2,80 à 4,42 g•L -1 suivant l'expérience. On a aussi observé que la fréquence de résonance du quartz atteint presque sa valeur initiale à chaque fois que 5 µL solution des nanoparticules d'Ag@SiW 12 O 40 est déposée (avant évaporation). Cela suggère que la plupart des nanoparticules se retirent de la surface de l'électrode au contact de l'eau. Pour améliorer la fixation des nanoparticules à la surface, 2 µL solution of 5 wt. % Nafion doit être ajouté en surface à la fin du processus de dépôt. xvii L'effet 0,5 µA. En effet, les courants de fond des électrodes de GC modifiées par Ag@SiW 12 O 40 sont significativement augmentés par rapport à l'électrode de GC non modifiée et une valeur I plus élevée doit être choisie pour une détermination fiable du potentiel de déclenchement de la réduction des NO X . L'activité catalytique pour la réduction de NO 2 -ou HNO 2 suivant le pH est étudiée à partir d'un dépôt de 15 µL solution de Ag@SiW 12 O 40 + 2 µL Nafion. Le résultat est ensuite comparé avec [SiW 12 O 40 ] 4-seul dans les solutions en utilisant une électrode non modifiée de carbone vitreux, à pH 1 et à pH 5 comme dans les parties précédentes. On observe dans ce cas (GC non modifié + [SiW 12 O 40 ] 4-+ NaNO 2 ) que la catalyse de la réduction du nitrite est observée au potentiel de la première réduction du W VI du POM à pH 1 et au potentiel de la troisième réduction à pH 5. En présence de nanoparticules d'Ag@SiW 12 O 40 fixé à la surface de l'électrode (GC) la catalyse débute à un potentiel plus positif avec des intensités de courant plus forte. A pH 1, une augmentation de courant est observée dans toute la gamme de potentiel mesurée (-0,65 V à 0,00 V vs. ECS) même avant 0 V. Cela peut être attribué à l'activité d'Ag dans milieu acide. Le courant catalytique est plus important aux potentiels de réduction de W VI . Ce résultat démontre [SiW 12 O 40 ] 4-seul en solution. Cependant, le courant catalytique mesuré est 4 fois plus grand ce qui peut s'expliquer en partie par une surface spécifique plus grande. Ces résultats sont présentés sur la Figure 14.

  de graphite pyrolytique (PG) ce qui permet une étude de leurs propriétés redox, par exemple dans une solution à pH 2,5. Deux types d'étude ont été réalisés :  Trois type de POMs [PW 12 O 40 ] 3-(PW 12 ), [PW 11 O 39 ] 7-(PW 11 ) et [P 2 W 18 O 62 ] 6-(P 2 W 18 ) sont insérés dans le MOF [Zr IV 6 O 4 (OH) 4 (C 14 H 8 O 4 ) 6 ] (UiO-67). Dans la structure d'UiO-67, les unités octaédriques inorganiques Zr 6 sont liées à 12 autres sous-unités inorganiques à travers des ligands de dicarboxylate de biphényle formant une structure
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	Electrocatalysis of reactions involving small molecules (CO 2 , H 2 O, O 2 , NO 3	-…) is at the heart
	of several crucial energy and environmental issues for the future. However, the design of
	selective, efficient but also cheap and environmental friendly electrocatalysts for these reactions
	remains a major challenge. The electrochemistry of these molecules involves complex multi-
	electron transfer processes with the formation of different intermediate species and products
	resulting in a sluggish reaction kinetics. For such reactions, the development of new synergistic
	hybrid catalysts, involving various kind of active sites catalyzing the transformation for each
	reaction intermediates in order to achieve both efficiency and selectivity is needed. The main
	purpose of this thesis is to explore the potential of hybrid catalyst composed polyoxometalates
	associated with metal nanoparticles for catalyzing the nitrate reduction. In these catalysts, the

metallic nanoparticles and the POM entities are expected to work in tandem to catalyze the different steps of the nitrate reduction pathway.

Due to the wide utilization of fertilizers in agriculture, the increase of the concentration of nitrate ions in groundwater becomes a serious problem.

1 

As groundwater is one of the most important source of drinking water, nitrate ions in water can directly affect human health. Nitrite ions are often discussed at the same time with nitrate ions, because nitrate can be converted to nitrite in saliva and nitrite is one important intermediate species of nitrate reduction. High concentration of nitrate and/or nitrite has been demonstrated as a cause of methemoglobinemia,

  Cu II P 2 W 15 Mo 2 ] 8-which was active for nitrate reduction in pH 3 solution. A comparing work between [Cu II P 2 W 15 Mo 2 ] 8-, [P 2 W 15 Mo 2 O 61 ] 10-and [P 2 W 15 Mo 3 O 62 ] 6-have been also reported. It was shown that the presence of Cu ions was indispensable to catalyze nitrate reduction.

to insert transition-metal cations while keeping the structure intact makes POMs interesting for many catalytic reactions such as olefins oxidation by [Ru III (H 2 O)(SiW 11 O 39 )] 5-, 15 DMSO reduction by [Ru III (H 2 O)(PW 11 O 39 )] 4-, 16 CO 2 reduction by (TOA) 6 [α-(  )Co II (SiW 11 O 39 )], 17 etc.

In particular, the nitrite ions reduction can be catalyzed by various POMs such as [SiW12O40]

4 - 

and the catalysis occurring at the POM reduction potentials.

18 

However, only Cu-, Nisubstituted POMs and few Fe-substituted POMs have been found to be active towards nitrate reduction. In 2001, Keita and co-workers have published a Dawson-type POM [19 After that, some studies have been performed to increase the number of Cu ions in the POMs structure leading to design the POMs such as [Cu II 20 Cl(OH) 24 (H 2 O) 12 (P 8 W 48 O 184 )] 25-.

  1.2.1 Mechanism of nitrate reduction Nitrate reduction is a very complex process. The main cathodic products during electroreduction of nitrate are NO 2 -, NO 2 , NO, N 2 O, N 2 , NH 2 OH, NH 2 NH 2 and NH 3 , as nitrogen has oxidation states from +5 to -3. 14 During electrochemical reduction, a mixture of products is often observed and it is still not clear if the products are obtained in a sequence of electron transfer steps or in parallel reduction mechanisms. Because of this, the determination of the number of transferred electrons in the reduction is not sufficient to identify the products. The

experimental parameters like the pH of solution, the electrode potential and the cathode material influence the reaction products. The mechanisms for nitrate reduction are still poorly understood. Based on natural denitrification, formation of N 2 is performed through a stepwise reaction:

14 

  ). Based on Differential Electrochemical Mass Specstroscopy (DEMS) measurement, neither N 2 O nor N 2 is formed during the nitrate reduction and the final products are NH 2 OH and NH 3 .

  However, N 2 O and N 2 are not observed on bulk Cu, due to the oxidation of Cu by the nitrate and NO solution. In contrast, the gaseous products (N 2 O and N 2 ) are observed with a Pd electrode covered by a full monolayer of underpotential deposition (upd) Cu, which is attributed to the higher stability toward oxidation of the upd Cu layer compared to bulk Cu electrode.24 The details will be presented in the following part devoted to bimetallic catalysis. The above mechanism makes Cu a better choice for nitrate reduction even though its activity can be influenced by H ads and anions present in solution like with Pt electrode. Tafel slopes for nitrate reduction on different transition metals and coinage metals are found close to 120 mV/decade, suggesting that the first electron transfer step is the

	rate-determining	step.	Thus,	the	rate-determining	step	is:

  Lacunary POMs are derived from plenary parent structures by loss of one or more addenda atoms. For example, the corresponding lacunary POMs for Keggin type [XM 12 O 40 ] n-or Dawson type [X 2 M 18 O 62 ] n-are [XM 11 O 39 ] n-and [X 2 M 17 O 61 ] n-respectively.

and a giant cluster {Mo 368 }

[START_REF] Müller | Inorganic chemistry goes protein size: a Mo 368 nano-hedgehog initiating nanochemistry by symmetry breaking[END_REF] 

have been published (Fig. I.4, right). As a consequence, the number of compounds, which can be prepared, is very large and can be designed according to the requirements.

  The photocurrent response is used to examine the photovoltaic performance.[START_REF] Azcarate | Generation of photocurrent by visible-light irradiation of conjugated dawson polyoxophosphovanadotungstate-porphyrin copolymers[END_REF] Heterogeneous POMs photocatalysts can be also modified on other support materials such as TiO 2 , ZrO 2 , etc. Moreover, [Ru III (H 2 O)SiW 11 O 39 ] 5-have been shown to catalyze photoreduction of CO 2 to CO in the presence of amines as reducing agents.[START_REF] Khenkin | Photochemical reduction of carbon dioxide catalyzed by a ruthenium substituted polyoxometalate[END_REF] 2.3.2 Photocatalytic reduction-precipitation of metal ionsRecovery of metal in environment is also an attractive topic because many metals are toxic

	The reactions are given below:
			POM	TU	POM *
			POM * + organic pollutants → POM $ + oxidation products
	.	OH	+ organic pollutants → oxidation products → → → CO . + H . O + inorganic anions
			POM $ + O . → POM + O . $.
			O . $. + organic pollutants → → → oxidation products → →
			→ CO . + H

After oxidation to intermediate products, organic pollutants can be fully mineralized to CO 2 , H 2 O and inorganic anions in aerated media. At the same time, reduced POMs are formed and further they can be re-oxidized by dioxygen (aerated solution). . O + inorganic anions POMs can only be active in UV range. Some photosensitizers, such as fullerene, complexes of ruthenium and porphyrin, can be added to POMs in order to absorb the visible light. For instance, our group has published the method electro-copolymerization of different organo-POMs with zinc -octaethylporphyrin (ZnOEP) on ITO electrode to build original photovoltaic electrode.

(such as chromium and mercury) or valuable (such as copper, silver, gold, palladium and platinum).

Papaconstantinou and his co-workers

[START_REF] Troupis | Synthesis of metal nanoparticles by using polyoxometalates as photocatalysts and stabilizers[END_REF] 

have firstly reported [PW 12 O 40 ] 3-stabilized Ag, Au, Pt

  NAD(P)H/NAD(P) + is an important redox couple in biological system. Nadjo and his co-workers have demonstrated several vanado-tungsto phosphoric POMs such as  2 -[P 2 V V W 17 O 62 ] 7-, which satisfies all the necessary criteria for the oxidation of NADH. The overall reduction reaction is presented as:The stoichiometry of NADH to POM was found to be 1:2 by spectrophotometry and coulometry. This indicates that POM acts as a one-electron oxidant. Others POMs such as  2 -[P 2 W 17 O 61 ] 8-and  2 -[P 2 W 17 MoO 62 ] 8-are also active in pH 7 solution (phosphate buffer).  Me 2 SO oxidation: 70 Me 2 SO can be oxidized to Me 2 SO 2 by [Ru III (H 2 O)PW 11 O 39 ] 4-in 1 mol•L -1 Na 2 SO 4 + H 2 SO 4 (pH 0) at 1.1 V vs. SCE in room temperature. The current efficiency can reach up to 92%. Alcohol oxidation:[START_REF] Bart | Coordination, electron transfer and catalytic chemistry of a rutheniumsubstituted heteropolytungstate anion as revealed in its electrochemical behavior[END_REF][START_REF] Sadakane | Investigation of the manganese-substituted Keggin-heteropolyanion K 6 SiW 11 O 39 Mn( H 2 O) by cyclic voltammetry and its application as oxidation catalyst[END_REF][START_REF] El Moll | Properties of a tunable multinuclear nickel polyoxotungstate platform[END_REF] alcohols (such as 1-phenyl-ethanol, benzylalcohol, propan-2ol, ethanol, etc) can be oxidized in pH range from 1 to 6 with different transition-metal substituted POMs to form cyclohexanone, benzoic acid and other compounds. Olefins oxidation:[START_REF] Tayebee | Epoxidation of some olefins with hydrogen peroxide catalyzed by heteropolyoxometalates[END_REF][START_REF] Jameel | Green epoxidation of cyclooctene with molecular oxygen over an ecofriendly heterogeneous polyoxometalate-gold catalyst Au/BW 11 /Al 2 O 3[END_REF] [Ru III (H 2 O)SiW 11 O 39 ] 5-catalyzes olefins oxidation at Pt electrode in 34% H 2 O 2 (20 mmol•L -1 ) + CH 2 Cl 2 (20 mL) electrolysis to form aldehyde. Another example is to modify a POM with prepared Au nanoparticles over γ-Al 2 O 3 by wet impregnation method. These catalysts are active for epoxidation of olefins under mild conditions. Bromate reduction: 76 the reduction of bromate to bromide is catalyzed by reduced POM such as [Nd III (SiMo 7 W 4 O 30 ) 2 ] 13-in acidic solutions (pH = 2.3 and pH = 3.8). The overpotential of bromate reduction is dependent on pH.  H 2 O 2 reduction: 77,78 a series of Fe-substituted POMs is active for H 2 O 2 reduction such as [Fe III (H 2 O)(SiW 11 O 39 )] 5-and α 2 -[Fe III (H 2 O)(P 2 W 17 O 61 )] 8-. The Fe III is the active site during the reduction reaction in aqueous system.  DMSO reduction: 70 DMSO is reduced to dimethyl sulfide by [Ru III (H 2 O) (PW 11 O 39 )] 4- in sulfate solution (pH 2) with a turnover number of 30 and with ca. ~50% current efficiency.  CO 2 reduction: 79 CO 2 can be reduced to CO and HCHO by (TOA) 6 [α-(  )Co II SiW 11 O 39 ]

	2 . -. y hz j.	z$ + ⇌ 2 . -. |y hz j.	i$ + ( + (

2.4.2 Electrocataytic reduction by POMs Electrocatalytic reduction by POMs is largely studied either in solution or after modified on electrode surface. Homogeneous catalysis  Chlorate ion reduction: 49 [SiMo 12 O 40 ] 4-and [PMo 12 O 40 ] 3-have been demonstrated to be active for chlorate ion reduction in acidic media (0.5 mol•L -1 H 2 SO 4 ). The chlorate ion is reduced by the six electron reduced species in the presence of hydrogen to form chloride and water.  (TOA = tetraoctyl ammonium;  = vacant position of the coordination sphere of Co) at -1.5 V vs. Hg/ Hg 2 Cl 2 in CH 2 Cl 2 + 0.1 mol•L -1 TBAPF 4 . The catalyst is selective towards CO 2 reduction, because no H 2 produced during electrolysis.

Table I . 1 :

 I1 .1). All of these compounds are active at pH 2.0 with similar activity. At pH 4.5, the transition metals enhance the electrocatalytic efficiency. Fe II and Cu II -substituted POMs possess similar activities while the ones for Ni II and Co II -substituted POMs are lower. Hence, the presence of these metals and of the POMs units is necessary for the catalysis. Mn III -and Mn II -substituted Dawson-type POMs show no electroactivity during nitrite reduction at pH 4.5, a blockage effect is observed with the combination of Mn and POM unit. Electrocatalytic efficiencies of the unsubstituted and substituted Dawson-type POMs towards nitrite reduction at pH 2.0 and 4.5. (Reproduced from reference 94 with the permission from Elsevier).

	POM	Electrocatalytic efficiency at pH 2	Electrocatalytic efficiency at pH 4.5
	[α-P 2 W 18 O 62 ] 6-	***	*
	[α 2 -P 2 W 17 O 61 ] 10-	***	*
	[Fe III (OH) 2 (α 2 -P 2 W 17 O 61 )] 7-	***	***
	[Cu II (OH) 2 (α 2 -P 2 W 17 O 61 )] 8-	***	***
	[Ni II (OH) 2 (α 2 -P 2 W 17 O 61 )] 8-	***	**
	[Co II (OH) 2 (α 2 -P 2 W 17 O 61 )] 8-	***	**
	[Mn II (OH) 2 (α 2 -P 2 W 17 O 61 )] 8-	***	-
	[Mn III (OH) 2 (α 2 -P 2 W 17 O 61 )] 7-	***	-
	*** Efficient for low concentrations of nitrite; ** Efficient for concentrations of nitrite where [NO 2	-] =
		20[POM];	
	* Not efficient for low concentrations of nitrite; -No electrocatalysis observed.

  Keggin-type POM [SiW 12 O 40 ] 4-and Dawson-type POM α-[P 2 W 18 O 62 ] 6-, are active only for the nitrite reduction, while catalytic activities for both nitrite and nitrate reductions can be achieved

	by using transition-metal substituted POM such as [Cu II P 2 W 15 Mo 2 ] 8-, [Cu II	20 Cl(OH) 24 (H 2 O) 12 -
	(P 8 W 48 O 184 )] 25-and [Fe III	6 (OH) 3 (A-α-GeW 9 O 34 (OH) 3 ) 2 ] 11-. However, more detailed
	investigations are needed, in particular to elucidate the role of the transition metal in the
	catalytic mechanism.	

properties of [SiW 12 O 40 ] 4-on Cu or Ag electrode

  this chapter, we present some results of nitrate and nitrite reductions on Cu or Ag bulk electrode in the absence or in the presence of POMs in aqueous solution at various pH, in order to understand the role of the POM entity in the electrocatalytic reduction. For this purpose, a Keggin-type POM [SiW 12 O 40 ] 4-has been chosen for its catalytic properties toward NO 2 -or HNO 2 reduction. Dong and his co-workers 7 have shown that [SiW 12 O 40 ] 4-

	3.39 8 according to: 9
	2 . ⇄ + . + .
	Electrochemical properties of [SiW 12 O 40 ] 4-in solution on Cu, Ag and Glassy Carbon (GC) bulk
	electrodes were studied by using cyclic voltammetry in two buffer solutions: 1 mol•L -1
	CH 3 COOLi + CH 3 COOH (pH 5) and 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 (pH 1).

possesses two one-electron redox waves followed by one two-electron redox wave in cyclic voltammogram from +0.10 V vs. Ag/AgCl in acidic medium. In the presence of NaNO 2, electrocatalytical reduction has been reported at the first reduction wave (at E = -0.20 V vs.

Ag/AgCl at pH 2) or at the third wave (at E = -0.85 V vs. Ag/AgCl at pH ≈ 4). The nitrite reduction is then catalyzed in the presence of [SiW 12 O 40 ] 4-. The details have been discussed in Chapter I page 34. It should be noted that the nitrous acid disproportionates slowly under pH = Therefore, the measurements have to be completed rapidly.

2 Electrochemical

3 Reduction of NO 2 -/HNO 2 on Cu or Ag bulk electrode in the presence of [SiW 12 O 40 ] 4- 3

  .1 Reduction of HNO 2 in pH 1 medium with or without [SiW 12 O 40 ] 4- Nitrite is protonated under pH =3.39, 8 therefore the main specie at pH 1 in aqueous solution is HNO 2 .

		E / V vs. SCE	wave I	wave II	wave III
		GC	-0.25	-0.50	-0.73
	pH 1	Cu	-0.22	-0.47	-
		Ag	-0.23	-0.48	-
		GC	-0.27	-0.51	-0.95
	pH 5	Cu	-0.28 a	-0.52	-
		Ag	-0.30	-0.56	-
			a : measured at 100 mV•s -1		
	Table II.1: Reduction peak potentials measured from cyclic voltammograms of [SiW 12 O 40 ] 4-on GC, Cu and Ag v electrodes in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 or in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solutions, = 2 mV•s -1 .
			-48 -		

Reduction peak potentials of [SiW 12 O 40 ] 4-on GC, Cu and Ag are summarized in the Table II.1.

In resume, at pH 1, the first two reductions were measured at similar potentials on Cu and Ag electrode. But these two reduction peaks shift approximately 30 mV to more negative potential on GC electrode. In contrast, in pH 5 solution, POM is reduced at more negative potential on Ag surface than on other two electrodes. The different redox potentials reflect a strong interaction between POM and metal surface which affects its electrochemical properties. The third reduction wave is observed only on GC electrode because GC electrode is less active for the hydrogen evolution reaction.

  2 or NO 2 -) reduction on GC, Cu and Ag bulk electrodes Na 2 SO 4 + H 2 SO 4 solution or in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution.

	Electrode	POM	pH 1	pH 5
	GC	without	no activity	no activity
	GC	[SiW 12 O 40 ] 4-	-0.21	-0.94
	Cu	without	-0.26	-0.66
	Cu	[SiW 12 O 40 ] 4-	-0.19	-0.62
	Ag	without	*	-0.83
	Ag	[SiW 12 O 40 ] 4-	-0.18	*
	*catalytic onset potential undefined due to the small catalytic current
	Table II.2: Catalytic onset potentials of HNO 2 or NO 2 mol•L -1	-reduction on different electrode surface in pH 1 0.5

  Keita and his co-workers have compared the catalytic

	activities	of	mono-substituted	derivatives	with	its	sandwich	complex
	[{Cu(H 2 O)} 2 Cu 2 (H 4 AsW 15 ) 2 ]					

9 Cu 4 ,

  10 [A-α-SiW 9 O 34 ]•xH 2 O (SiW 9 ), 10 Na 12 [α-P 2 W 15 O 56 ]•24H 2 O (P 2 W 15 ) 10 and Na 9 [α-SbW 9 O 33 ]•19.5H 2 O (SbW 9 ) 11 are synthesized according to the reported procedures. For CuPOM/Ale compounds, Na 12 [{SiW 9 O 34 Cu 3 (Ale)(H 2 O)}{Cu 6 (O 3 PC(O)(C 3 H 6 NH 3 )PO 3 ) 4 -(H 2 O) 4 }]•50H 2 O (SiW 9 CuAle) and Na 20 [{(P 2 W 15 O 56 ) 2 Cu 4 (H 2 O) 2 }{Cu 6 (O 3 PC(O)(C 3 H 6 NH 3 )-PO 3 ) 4 (H 2 O) 4 }]•50H 2 O (P 2 W 15 CuAle) are obtained by co-crystallization of the corresponding POM unit (SiW 9 and P 2 W 15 respectively), CuCl 2 and alendronic acid from a solution at pH 7.5. SbW 9 , CuCl 2 and alendronic acid are mixed in water at room temperature, the pH is adjusted to 8. NaCl is necessary to form a precipitate. After recrystallization in a 1 mol•L -1 LiCl, green needle crystals are obtained after one week. a {Cu 4 (OH) 3 (H 2 O)(H 3 N(CH 2 ) 3 COO) 2 } tetranuclear cluster covers the SiW 9

	Green needle crystals are obtained after one week at room temperature.
	To form Na 8 Li 29 [{(SbW 9 O 33 ) 2 Cu 3 (H 2 O) 2.5 Cl 0.5 } 2 {Cu 6 (O 3 PC(O)(C 3 H 6 NH 3 )PO 3 ) 4 (H 2 O) 4 } 3 ]-
	163H 2 O (SbW 9 CuAle),	
	More details concerning the synthesis and the characterization can be found in references 10
	and 11.	
	To synthesize Cu-substituted POMs (CuPOMs): Na 16 [Cu 4 (H 2 O) 2 (P 2 W 15 O 56 ) 2 ]•50H 2 O
	(P 2 W 15 Cu 4 ), NaK 4 [(A-β-SiW 9 O 34 )Cu 4 (OH) 3 (H 2 O)(H 3 N(CH 2 ) 3 COO) 2 ] 3 •18H 2 O (SiW 9 Cu 4 )
	and K 12 [(SbW 9 O 33 ) 2 {Cu(H 2 O)} 3 ]•41H 2 O (Sb 2 W 18 Cu 3 ), the corresponding POM unit is mixed
	with a copper salt (CuCl 2	. 2H 2 O) in water. The pH is adjusted to an interval between 7 to 8. The

solution is boiled for 30 minutes. After cooling the solution to room temperature, potassium chloride is added to form a green precipitate. The powder is obtained by filtration and washed with water, ethanol, ether and then crystallized after redissolution in water at room temperature.

The samples collected are washed by ethanol and ether, then characterized by X-ray diffraction and infrared spectroscopy (IR), the results can be found in reference 8. 2.1.2 Structure Cu complex [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-(CuAle) contains two {Cu 2 (Ale) 2 (H 2 O) 2 } pairs where all the Cu atoms are in square pyramidal distorted environment. These two pairs are connected by two Cu centers via eight O-P-O bridges leading to a cyclic hexanuclear species. The coordination of one Cu II ion of each {Cu 2 (Ale) 2 (H 2 O) 2 } pairs is completed by a terminal water molecular and the other one is connected to a terminal O=W oxygen atom of the {W 6 } crown of the POM entity.

In SiW

2 W 18 Cu 3

  9 precursor, forming a pseudoisoscale triangle. Each Cu center is connecting to three O atoms of the silicotungstate ligand. An alendronate ligand covers the SiW 9 Cu 3 fragment, connecting two copper ions via , three Cu atoms sandwiched between two SbW 9 units, which are connected by a O-W-O-W-O bridge. Similar to SiW 9 CuAle, in SbW 9 CuAle, two Cu centers of each [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-cluster are connected to O=W of the {W 6 } crown of the POM, forming a -POM-{Cu 6 }-POM-{Cu 6 } 2 -POM-chain. The POM/[Cu 6 (Ale) 4 (H 2 O) 4 ] 4-cluster ratio for The third Cu-substituted POM P 2 W 15 Cu 4 is described as a rhomb-like tetranuclear Cu cluster sandwiched between two sub units P 2 W 15 , followed by a [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-complex. In the solid state, P 2 W 15 CuAle is formed by connecting P 2 W 15 Cu 4 to [Cu 6 (Ale) 4 (H 2 O) 4 ] 4-cluster via O atoms which belongs to the {W 3 } of the Dawson units, forming a -POM-{Cu 6 }-POM-{Cu 6 }one-dimensional chain. The POM/[Cu 6 (Ale) 4 (H 2 O) 4 ] 4-cluster ratio is 1:1. 8

	SiW 9 CuAle is 1:1 and 2:3 for SbW 9 CuAle.

one O-P-O bridge. Each terminal O=W of the {W 6 } crown of the SiW 9 Cu 3 is connected to one Cu atom of {Cu 2 (Ale) 2 (H 2 O) 2 } pair, forming a -POM-{Cu 6 }-POM-{Cu 6 }-chain. -70 -In Sb

  .1 and Table III.2.

			*	I,II	III	IV
		Compounds	Cu 0/II	Cu II/0	W VI/V
			Ep a	Ep c	E 1/2	E 1/2
		P 2 W 15 CuAle	0.01	-0.10	-0.24	-0.30
		P 2 W 15 Cu 4	0.02	-0.15	-0.24	-0.31
		SiW 9 CuAle	0.00	-0.11	-0.52
	pH 1	SiW 9 Cu 4	0.03	-0.15	-0.51
		SbW 9 CuAle	0.05	-0.09	
		Sb 2 W 18 Cu 3	0.03	-0.12	-0.44
		CuSO 4	0.01	-0.17	

  Table. III.4). This suggests that the onset potential value of the Cu nanoparticles formation is strongly influenced by the kinetics of formation of the Cu nuclei. It is also remarkable that the difference between the onset and the end potentials of the Cu deposition (see E Table. III.4), is less pronounced when the alendronate ligand presented in the compounds which confirms the role of the CuAle on the nucleation kinetics on the glassy carbon surface. P 2 W 15 CuAle P 2 W 15 Cu 4 SiW 9 CuAle SiW 9 Cu 4 SbW 9 CuAle Sb 2 W 18 Cu 3 CuSO 4

	E onset	-0.37	-0.55	-0.37	-0.41	-0.37	-0.44	-0.40
	E end	-0.30	-0.35	-0.30	-0.28 a	-0.28	-0.32	-0.32 a
	E	0.07	0.20	0.07	0.13	0.09	0.12	0.08

Table III.4: Potentials of the beginning (E onset ) and the end (E end ) of the deposition of Cu nanoparticles for each

POMs studied. E = E end -E onset showing the difference between the onset and the end potentials of the Cu 0 deposition.

Table III . 5 :

 III5 . 5. The catalytic onset potential for Catalytic onset potentials for nitrate reduction and kinetic current densities J kinetic (NO 3 -) in μA•cm -2 calculated at -0.55 V in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution, ν = 2 mV•s -1 .

		Catalytic onset potential	J (-0.55 V)
		(V vs. SCE)	(µA•cm -2 )
	CuSO 4	-0.55	-14.16
	P 2 W 15 Cu 4	-0.48	-55.60
	SiW 9 Cu 4	-0.54	-41.82
	Sb 2 W 18 Cu 3	-	-
	P 2 W 15 Cu 4 is -0.48 V, 0.06 V earlier than SiW 9 Cu 4 and 0.07 V earlier than CuSO 4 . In addition,
	P 2 W 15 Cu 4 possesses a better kinetic current density (-55.60 µA.cm -2 ) than other two
	compounds.		
		-89 -	

2 W 15 Cu 4 and SiW 9 Cu 4 are

  In pH 5 solution, the catalytic onset potentials of P close and 0.05 V earlier than that for CuSO 4 . As in pH 1 solution, P 2 W 15 Cu 4 possesses the best kinetic current density (-44.78 µA•cm -2 ) which is around two times higher than SiW 9 Cu 4 and 10 times higher than CuSO 4 .

		Catalytic onset potential	J ( -0.85 V)
		(V vs. SCE)	(µA•cm -2 )
	CuSO 4	-0.87	-4.61
	P 2 W 15 Cu 4	-0.82	-44.78
	SiW 9 Cu 4	-0.83	-21.53
	Sb 2 W 18 Cu 3	-	-
	Table III.6: Catalytic onset potentials for nitrate reduction and kinetic current densities J kinetic (NO 3 -) in μA•cm -2
	calculated at -0.85 V in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution, ν = 2 mV•s -1 .
	Therefore, P		
		91 -	

2 W 15 Cu 4 shows

  the best activity towards nitrate and nitrite reduction in both pH 1 and pH 5 solutions. 3.2.3 Electrochemical reduction of nitrate on Cu electrode in presence of P 2 W 15 Cu 4 or Sb 2 W 18 Cu 3 As shown in sections 3.2.1 and 3.2.2,

Sb 2 W 18 Cu 3 is

  

		not active toward NO 3	-reduction on GC
	electrode, even though Cu nanoparticles are electrodeposited on the electrode. To confirm this
	observation, the electrocatalysis of NO 3	-reduction was studied on Cu bulk electrode in the
	presence of two different POMs in solution.

2 W 15 CuAle and SbW 9 CuAle, the

  2-reduction in the presence of these three CuPOM/Ale are found at similar potentials than the ones observed with the corresponding CuPOM without addition of complexes with Ale. Overall, the Cu II reduction current is larger for CuPOM/Ale than for -93 -CuPOM due to the higher number of Cu II entities in the structure. In the case of P reduction of Cu II is spitted into two steps even in pH 1 solution suggesting that Cu I state is more stable in CuPOM/Ale system than in CuPOM.In the presence of P 2 W 15 CuAle, the current increase is observed at the waves I and II compared to P 2 W 15 Cu 4 . A wider peak is obtained at wave III for P 2 W 15 CuAle, with a slightly shift of 37 mV towards more negative potential. However, the change in the maximal value of the catalytic current at wave III is relatively small, showing that the HNO 2 reduction of P 2 W 15 CuAle in this potential range is almost not affected by adding complex of CuAle entity. In contrast, for SiW 9 CuAle and SbW 9 CuAle, a significant increase of current is observed in the whole range of measured potential below the Cu II reduction wave. The catalytic current is about two times higher with SbW 9 CuAle than with SiW 9 CuAle, which might be attributed to the higher number of Cu ions in the structure (24 Cu II ions in SbW 9 CuAle versus 9 Cu II ions in SiW 9 CuAle).

  The nitrate reduction occurs below -0.46 V with P 2 W 15 CuAle and -0.48 V with SiW 9 CuAle (see. TableIII.7). A positive shift of 0.02 V or 0.06 V is obtained after adding the complex CuAle to P 2 W 15 Cu 4 or SiW 9 Cu 4 respectively. The current intensity measured at -0.65 V is three times higher with P 2 W 15 CuAle than for P 2 W 15 Cu 4 , and five times higher with SiW 9 CuAle compared to SiW 9 Cu 4 . The kinetic current density J calculated at -0.55 V for P 2 W 15 CuAle (-145.31 µA•cm -2 ) is a little higher than that for SiW 9 CuAle (-119.66 µA•cm -2 ) and about six times higher than that for P 2 W 15 Cu 4 (-55.60 µA•cm -2 ). Table III.7: Catalytic onset potentials for nitrate reduction and kinetic current densities J kinetic (NO 3 -) in μA.cm -2 calculated at -0.55 V in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution, ν = 2 mV•s -1 .

		Catalytic onset potential	J (µA•cm -2 )
		(V vs. SCE)	(at -0.55 V for γ = 10)
	P 2 W 15 CuAle	-0.46	-145.31
	SiW 9 CuAle	-0.48	-119.66

Table IV .

 IV Table IV.1. 1: Catalytic onset potentials of NO x reduction in pH 1 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 solution and in pH 5 1 mol

	pH	1	5
	[SiW 12 O 40 ] 4-nitrite -0.31	-0.85
	nitrite	>0	-0.83
	Ag@SiW 12 O 40		
	nitrate	*	-0.91

*: catalytic current too small to determine the catalytic potential

  3.1 Synthesis methodThese two POM@MOF are synthesized by Professor PierreMialane and DR. Anne Dolbecq, Institut Lavoisier, UMR 8180, Université de Versailles Saint-Quentin en Yvelines. 15 [Zr 6 IV O 4 (OH) 4 (C 14 H 8 O 4 ) 5.5 ][Fe 4 III (FeW 9 O 39 ) 2 (H 2 O) 2 ] 0.1 (DMF) 1.8 •17H 2 O (Fe 6 W 18 @UiO-67) is prepared through the same synthesis approach described in the part 2.1. A mixture of the dioctadecyldimethylammonium (DODA + , (CH 3 (CH 2 ) 17 ) 2 (CH 3 ) 2 N + ) salt of Fe 6 W 18 , zirconium tetrachloride, benzoic acid used as crystallization modular, concentrated HCl and biphenyl-4,4'-dicarboxylic acid was heated at 120 °C for 24 hours in dimethylformamide (DMF). The obtained solid was cool down to room temperature and then filter and washed with DMF, chloroform and dry acetone. [Cr III 3 (H 2 O) 3 O(O 2 CC 6 H 4 CO 2 ) 3 ][(FeW 9 O 39 ) 2 Fe 4 (H 2 O) 2 ] 0.083 (NO 3 ) 0.17 •30H 2 O (Fe 6 W 18 @MIL101-(Cr)) is prepared by impregnation method at room temperature.16 

O 4 (OH) 4 (C 14 H 8 O 4 ) 6 ] (UiO-67) et [Cr III 3 (H 2 O) 3 O(C 8 H 4 O 4 ) 3 ]NO 3 (MIL-101{Cr}). Le MOF MIL-101 (Cr) est construit à partir de trimères d'octaèdres Cr III liées par des anions de téréphtalate, ce qui crée une structure 3D avec deux types de méso-cages (Ø ~ 29 et 34 Å) accessibles par des fenêtres microporeuses (Ø = 11 et 16 Å). Fe 6 W 18 conservent également ces propriétés électrochimiques dans les deux MOFs, mais pas dans la gélatine, probablement en raison du caractère isolant celle-ci.22 Une étude préliminaire sur la réduction catalytique des nitrites est réalisée pour Fe 6 W 18 @MOF où une activité intéressante est obtenue à la deuxième réduction de Fe III . Cette activité catalytique est améliorée après le troisième pic de réduction de Fe III . Cependant, la stabilité de ce catalyseur hétérogène sur la surface de l'électrode pendant la réduction de la catalyse reste un défi. L'ajout d'une couche de Nafion à la surface du catalyseur pourrait être envisagé.
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3.3 POM@NPs for nitrate and nitrite reduction Few studies have associated transition-metal substituted POMs with nanoparticles.

[Cu II 20 Cl(OH) 24 The results of Electrochemical Quartz Crystal Microbalance (EQCM) studies were obtained in pH 5 1 mol•L -1 CH 3 COOLi + CH 3 COOH solution. The working electrode is an EQCM resonator which is carbon deposited on a 9.08 MHz AT-cut quartz crystal (A = 0.2 cm 2 ). An Ag wire is used as a reference electrode. The counter electrode is a platinum wire.

The cyclic voltammograms obtained by using this EQCM resonator as working electrode are qualitatively similar with that obtained on a glassy carbon electrode, except for The mass increases, provoked by the Cu and POM deposition on the electrode, is associated to the decrease of the frequency, allowing to determine precisely the potential below which the formation of Cu nanoparticles occurs (see. Table III .4). This decrease of the frequency is detected just at the second reduction wave (couple Cu I/0 ) while no deposition is observed at the first wave (couple Cu II/I ), showing that even at the slow scan rate of 2 mV•s -1 , no disproportionation of Cu I given Cu 0 and Cu II occurs during the cathodic scan.

On the reverse scan, the oxidation Cu 0 leads to an abrupt decrease of the mass. Generally, the mass starts to decrease (with the increase of the frequency) at -0.30 V where Cu oxidation starts.

The large oxidation wave is observed between -0.20 V to 0.00 V during re-oxidation scan, characterizing the surface-adsorbed species.

-99 - The nitrate reduction current is observed in the hydrogen evolution potential region, negative than the wave III. In the case of P 2 W 15 CuAle, the reduction starts from -0.79 V, ca. Besides copper, silver exhibits also a significant catalytic activity for nitrate reduction. 1 The nitrate reduction is observed from 0.10 V vs. RHE in 0.5 mol•L -1 H 2 SO 4 solution. 2 The nitrate reduction current can be increased by using silver nanoparticles rather than bulk electrodes, due to the increase of the roughness factor of the electrode. 3 In this chapter, we are focusing on nitrate and nitrite reduction by AgNPs.

In pH 5 solution

There is a large number of methods to prepare Ag nanoparticles. Among them, the most commons techniques are: 4  Physical process: the energies such as thermal, ac power, arc discharge are used to produce AgNPs in powder form. The physical approach allows to produce large quantities of AgNPs samples in a single process. However, the cost for the equipment should be considered. 3  Chemical method: this method has been mostly used for preparing AgNPs. Three components: metal precursors, reducing agents and stabilizing agents are critical in chemical process. Monodispersed and uniform AgNPs can be obtained by adjusting the reaction parameters such as pH of solution, reaction agents (NaBH 4 , ethylene glycol, glucose), stabilizing agents (poly(vinyl acetate) (PVA), polyvinylpyrrolidone (PVP), sodium oleate) as well as the temperature. 5 However, the presence of the stabilizing agent can affect the catalytic activity of the silver particles.

 Biological process: bacteria, fungi, plants are used as reducing and stabilizing agents. This is a low cost technique and forms small size nanoparticles (2 to 11 nm). However, it is difficult to produce large quantity of AgNPs by using this method. 4  Photocatalytical process: a direct photo-reduction process of silver salt in the presence of reducing agent and stabilizing agent under illumination. Various advantages of this

Chapter IV POMs-stabilized Ag nanoparticles for NO x reduction -107 -method have been reported such as clean process and controllable formation of nanoparticles by spectroscopy. 4  Electrodeposition process: a potential difference is applied to an electrode (such as metal, carbon, or semiconductor) and an electrolyte interface, which results in electron transfer between the electrode and ionic species in the electrolyte and the leads to the deposition of atoms of the species onto the electrode surface. 4  Sonochemistry: this techniques allows to prepare metallic nanoparticles by applying powerful ultrasound radiation (20 KHz -10 MHz) generating different kind of reactive radicals, which is able to reduce the metallic ions. 6  Radiolysis: in this case, the radicals reacting with the metallic ions are generated by gamma radiation using for instance the [START_REF] Papaconstantinou | Photochemistry of polyoxometallates of molybdenum and tungsten and/or vanadium[END_REF] Co source. 7 To increase the roughness factor of the electrode, the particles should to be nanosized, but also well dispersed to prevent their agglomeration. Polyoxometalates (POMs) are interesting compounds for the photochemical formation of AgNPs since the POMs can act as the reducing agent (under UV illumination) and also as the stabilizing agent which can protect nanoparticle from agglomeration. 8,9 In the presence of the electron donor such as propan-2-ol, the photochemically reduced POMs are produced by illumination in the O-M charge transfer band (near visible and UV region). 8 Indeed, the excited POMs are strong oxidants which is able to capture electrons from electron donors. In this system, POMs serve as photocatalysts, reducing agents and stabilizers simultaneously, since the obtained metal colloids are stable against aggregation. A one-step synthesis using Mo V -Mo VI mixed-valence POMs in water has also reported. 10 The shapes and sizes of AgNPs can be modulated by using different POMs and the initial concentration of silver salt. To the best of our knowledge, this is the first time that Ag@POM nanoparticles prepared by this method are used towards nitrate reduction.

-113 - For these systems, the catalytic onset potential was defined as the potential where

Note that the I value chosen is higher than the one used with the CuPOM catalysts which was 0.5 µA (see chapter III, sections 3 and 4). Indeed, the background currents of the Ag@SiW 12 O 40 modified GC electrodes are significantly increased compared to the unmodified GC electrode and higher I value have to be chosen for a reliable determination of the onset potential of the reduction. In pH 1 solution, nitrite reduction is observed before the anodic potential limit (0 V) in agreement with the catalytic properties of Ag towards nitrite reduction in pH 1 solution. 14 The current increases in the whole range of potential measured especially at three W  POMs are used as nodes or linkers which is connected to the metal-organic coordination moieties in order to form POM-based MOFs. 9 The disadvantage of this method is the occupation of oxygen atoms at POM surface by the metalorganic fragments, which might limit the catalytic properties of the POM units.

 POMs are used as templates, metal ions as nodes and the organic functional groups as linkers to compose POM@MOF hybrid compounds. 10 The disadvantage of these hybrid compounds is the cavity of MOFs might be fully occupied by POM units. Hence, an adequate method to form POM@MOF materials while conserving the properties of POMs remains a challenge.

In this chapter, two systems of POM@MOF have been investigated. UiO-67, the influence of these three supports on electrochemical properties of POM has been studied. The structures of these compounds will be presented in the following sections.

2 System of immobilized POMs into UiO-67

Synthesis method

The compounds have been synthetized by Prof. Pierre Mialane and DR. Anne Dolbecq, Institut Lavoisier, UMR 8180, Université de Versailles Saint-Quentin en Yvelines. A direct synthetic method was proposed for the first time: 13 ZrCl 4 (116 mg, 0.5 mmol•L -1 ), biphenyl-dicarboxylic acid (121 mg, 0.5 mmol•L -1 ), benzoic acid insoluble microcrystalline materials, PW 12 @UiO-67, PW 11 Zr@UiO-67, P 2 W 18 @UiO-67, which were filtered and washed with DMF and acetone.

Prepared samples have characterized by Infrared spectra, elemental analysis, and solid nuclear magnetic resonance (NMR). These measurements confirmed that the introduction of POM into the synthetic medium does not disturb the formation of the MOF. N 2 sorption isotherms shows that the total pore volumes decrease from UiO-67 to POM@UiO-67 indicating the POMs are encapsulated in the cavities. However, a significant porosity is leaving for accessing the nitrogen. More information about the characterizations can be found in reference 13 (see Appendix).

-128 -2.2 Structure of POM@UiO-67

UiO is build up from {Zr IV 6 O 4 (OH) 4 } oxocluster nodes and linear dicarboxlate linkers. In UiO-67, the inorganic octahedral Zr 6 units are connected to 12 other inorganic subunits through 

Electrochemical properties

The electrochemical measurements were carried out at room temperature using a conventional three electrode set-up in pH 2.5 0.5 mol•L -1 Na 2 SO 4 + H 2 SO 4 buffer solution. For each POM, three systems have been investigated: POM alone, POM@UiO-67 and POM+UiO-67 by mechanical mixing method. The powder sample was immobilized on the surface of a basal plane of the Pyrolytic Graphite (PG) electrode.

-134 - -135 -

In the case of Fe 6 W 18 @MIL-101(Cr) immobilized on PG electrode, two reduction waves of W VI/V are observed at -0.56 V and -0.65 V vs. SCE, similar to Fe 6 W 18 @UiO-67 (-0.57 V and -0.65 V). The reduction waves are better defined for Fe 6 W 18 @MIL-101(Cr) than for Fe 6 W 18 @UiO-67. For Fe III/II redox couple, the waves a and c retain (at -0.02 and -0.38 V respectively). It has to note that the second step of Fe reduction (wave b) is not detected which is due to the weak electrochemical signal. Compared to the Fe 6 W 18 POM, one additional welldefined pair of peaks at E pa = 0.25 V and E pc = 0.27 V is detected and attributed to the Cr III/II redox process, corresponding to the reduction of the MIL-101(Cr), in agreement to the preview work. 18 The reduction potential of Fe 6 W 18 in solution, Fe 6 W 18 @MIL-101, Fe 6 W 18 @UiO-67 and Fe 6 W 18 @Gelatin immobilized at a PG electrode are summarized in Table V -137 -Still, significant challenges remain:

 Better matching of POMs with MOFs in terms of sizes, shapes, charges, etc., especially for specific catalysis application.

 Amelioration of electrocatalytic reaction's conditions such as pH, buffer solution, scan rate, according to the choice of MOF as well as POM.

 Better stabilizing the catalyst film on the electrode surface.

 Formation of a stable POM@MOF system for electrocatalytic reduction of nitrite and nitrate.

-141 -in a significant improvement of the reduction current. In pH 5 solution, a smaller improvement was observed but the Ag@SiW 12 O 40 nanoparticles films were still active in NaNO 2 solution after 750 potential cycles between 0 V and - Finally, in Chapter V, we have shown that POMs encapsulated in the MOFs (UiO-67 or MIL-101) conserve their electrochemical properties after being immobilized on electrode surface.

No response was detected for POM@gelatin due to the insulating character of gelatin. A preliminary study was also presented, in which Fe-substituted POM were still active toward nitrite reduction after being encapsulated in MOFs. The catalytic current was observed at the potential that Fe III reduced and enhanced at the W VI reduction waves. This observation may reveal a new direction to form POM-based heterogeneous catalysis toward NO x catalysis.

Continuation of this work includes the characterization of the POM-protected nanoparticles by using X-ray photoelectron spectroscopy (XPS), in-situ Transmission Electron Microscopy (insitu TEM), etc. The identification of the products and their amount should be quantified by Differential Electrochemical Mass Spectroscopy (DEMS), Gas Chromatography (GC) and Fourier-Transformed Infrared Spectroscopy (FT-IR).

More particularly, in the system of CuPOMs, the complexe CuAle should be investigated independent in order to better understand the influence of chemical environment of Cu ions.

For the Ag@POM and POM@MOF systems, the choice of POM can be varied to find out the best matching candidates and the experimental condition should be modified in order to adapt to the catalyst. Furthermore, the catalyst film should be better fix on electrode surface by varying the quantity of the Nafion quantity or by embedding the catalyst in a polymer matrix. -145 - -146 - -147 - 

Appendix

Summary:

The object of this work is to develop new catalysts to reduce nitrite ions (NO 2 -/ HNO 2 ) and nitrate ions (NO 3 -) in water and also tried to understand the factors that will influence catalytic reductions. It has been shown that the presence of polyoxometalates makes it possible to improve the catalytic properties of the Cu and Ag bulk electrodes for the reduction of nitrate and nitrite ions under suitable conditions. Then, the copper or silver nanoparticles decorated with POMs, Cu@POM or Ag@POM), are formed with two different methods: electroreduction in situ of CuPOM or photocatalysis in the presence of POM and Ag(I) ions respectively). Their electrocatalytic properties are presented. Six different Cu-substituted polyoxometalates (CuPOMs) are active for nitrite reduction at pH 1 and pH 5. Two activities are observed at the potential of Cu II reduction and at the potential of W VI reduction in POM. catalyse the nitrate reduction at the potential beyond the reduction of Cu II and at the reduction of W VI . On the other hand, no catalysis efficiency was observed with [(SbW 9 O 33 ) 2 {Cu(H 2 O)} 3 ] 12-. This indicates the type of POM will influence the catalytic properties of nanoparticles. With the photoreduced Ag@POM nanoparticles, a heterogeneous catalyst is prepared and stabilized by a Nafion layer. Ag@POM nanoparticles are active for the reduction of nitrite and nitrate and have an activity better than the Ag electrode alone. In the last part, a preliminary study of polyoxometalates encapsulated in Metal-Organic Framworks (MOFs) is presented. POM retains its electrochemical and electrocatalytic properties toward the reduction of nitrite after immobilized in the cage of MOF. Keywords: polyoxometalate, nanoparticles, copper, silver, electrocatalysis, nitrate, nitrite