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Résumé Membranes hybrides multi-stabilisées pour piles à combustible et électrolyseurs

Mots-clefs : PEMFC, sPEEK, Sol Gel, approche sacrificielle, redox, perméabilité, stabilité chimique La transition écologique et énergétique apparaît nécessaire pour satisfaire les besoins énergétiques croissants tout en respectant les contraintes environnementales. Elle sera fondée sur un mix énergétique durable où l'utilisation des énergies renouvelables va s'intensifier. Or, la plupart de ces énergies alternatives (ex. solaire, éolien) ont une production irrégulière et intermittente imposant des solutions de stockage de l'énergie produite pour permettre un déploiement plus large.

La pile à combustible à membrane échangeuse de protons (PEMFC) fait partie des technologies prometteuses et respectueuses de l'environnement pour produire de l'électricité sans émission de gaz à effet de serre. La membrane électrolyte polymère agissant comme un séparateur de gaz et un conducteur protonique est l'un des composants clés de ce dispositif. Cependant, la dégradation de la membrane dans des conditions de fonctionnement difficiles et/ou à long terme est très préjudiciable et provoque finalement la défaillance du système. L'amélioration à la fois des performances et de la durabilité de la membrane est essentielle pour rendre cette source d'énergie économiquement viable et largement déployée.

Dans cette thèse, nous visons à développer des membranes hybrides performantes et durables à haute température dérivées d'ionomères polyaromatiques sulfonés de type Poly(éther éther cétone) (sPEEK) pour des applications de transport et stationnaires. Ceci sera réalisé en utilisant une approche polyvalente basée sur la chimie Sol-Gel (SG), en rupture par rapport aux méthodes de coulée en solution plus traditionnelles rapportées dans ce domaine. Ainsi, deux stratégies de synthèse (sacrificielle ou redox) ont été explorées pour préparer des membranes hybrides multi-stabilisées. Dans la voie sacrificielle, des fonctionnalités thiourée et phénolique présentant des propriétés antioxydantes ont été liées de manière covalente au précurseur sol-gel pour développer un réseau inorganique réactif à l'intérieur de la membrane. Dans la voie redox, des piégeurs de radicaux à base de cérium ont été incorporés dans la membrane soit sous forme de nanoparticules d'oxyde de cérium, soit sous forme d'ions cérium en présence d'un précurseur SG. L'impact de ces variations synthétiques sur les propriétés d'hydratation et de perméabilité ainsi que sur la stabilité mécanique et chimique des membranes finales a été étudié afin de permettre d'établir des relations structure / propriétés en vue de la conception de membranes plus durables.

The ecological and energy transition appears to be necessary to meet the growing energy needs while respecting environmental constraints. It will be based on a sustainable energy mix where the use of renewable energies will be intensified. However, most of these alternative energies (eg solar, wind, etc.) have an irregular and intermittent production requiring storage solutions for the energy produced to allow for wider deployment. The polymer electrolyte membrane fuel cells (PEMFC) is one of the promising and environmentally friendly technologies for producing electricity without greenhouse gas emissions. The polymer electrolyte membrane (PEM) acting as a gas separator and a proton conductor is one of the key components of this device. However, degradation of the membrane under severe and/or long-term operating conditions is very detrimental and ultimately causes system failure. Improving both membrane performance and durability is a key challenge to make this energy source economically viable and widely deployed.

In this thesis report, we aim to develop high temperature performing and durable hybrid membranes derived from sulfonated Poly (Ether Ether Ketone) ionomer (sPEEK) for transport and stationary applications. This will be achieved by using a versatile approach based on Sol-Gel (SG) chemistry, completely disruptive with regard to more traditional solution casting methods reported in this field. Thus, two synthetic strategies (sacrificial or redox) have been explored to prepare multi-stabilized hybrid membranes. In the sacrificial route, thiourea and phenolic antioxidant functionalities have been covalently linked to the sol-gel precursor to grow a reactive inorganic network inside the membrane. In the redox route, cerium based radical scavengers have been incorporated within the membrane either as cerium oxide nanoparticles (NPs) or as cerium ions along with a SG precursor. Evaluation of the impact of these synthesis variations on the hydration and permeability properties as well as on the mechanical and chemical stability of the final membranes have been carefully assessed to allow for the delineation of structure/property relationships towards the conception of more durable membranes.

Résumé étendu

A l'heure actuelle, la transition écologique et énergétique est devenue incontournable pour répondre aux grands défis du 21 ème siècle en termes de réchauffement climatique, environnement, santé publique et énergie. Dans le domaine de l'énergie, les sources d'énergie propres et renouvelables ont attiré un grand nombre de recherches et d'investissements commerciaux afin d'être converties en électricité, puis combinées au réseau traditionnel pour l'approvisionnement en électricité. Cependant, la plupart des sources d'énergie renouvelables, comme le solaire ou l'éolien, sont intermittentes par nature, et leur exploitation à grande échelle nécessite de nouvelles technologies de stockage et de conversion de l'énergie. À cet égard, la technologie hydrogène semble particulièrement intéressante pour surmonter les obstacles actuels du secteur de l'énergie.

La production d'hydrogène par électrolyse de l'eau permet le stockage chimique de l'énergie électrique produite à partir de sources renouvelables. Cette énergie stockée chimiquement peut ensuite être reconvertie en énergie électrique grâce à une pile à combustible à membrane électrolyte polymère (PEMFC). Les PEMFCs sont depuis longtemps considérées comme l'un des dispositifs les plus prometteurs pour la production d'électricité propre dans des applications stationnaires et mobiles. Dans ce travail, nous nous concentrerons sur le dispositif de la pile à combustible dans le but d'améliorer les propriétés de la membrane électrolyte polymère (PEM).

En effet, la membrane polymère située au coeur de ces dispositifs, qui agit comme séparateur des électrodes et conducteur protonique, limite aujourd'hui les performances des dispositifs et donc leur déploiement à grande échelle. La membrane PEM doit permettre le fonctionnement à haute température (100-150°C) et donc à faible humidité relative (10-50%), pour des questions de rendement et de tolérance des catalyseurs aux pollutions dans les gaz d'alimentation.

Actuellement, les électrolytes perfluorés sont les systèmes de référence connus pour leur excellente stabilité chimique, néanmoins, ils perdent l'essentiel de leurs propriétés mécaniques et de conduction protonique à des températures de 80-100°C. Les électrolytes polyaromatiques sulfonés, quant à eux, tels les poly(éther éther cétone) sulfonés (sPEEK), représentent une bonne alternative au Nafion ® du fait de leur faible coût et de leurs propriétés thermomécaniques élevées, avec une stabilité thermique au-delà de 120 °C. Néanmoins, leur conduction protonique et leur stabilité chimique sont bien plus faibles que celles du Nafion ® . Améliorer les performances et la durabilité de ce type de membranes est donc un enjeu crucial afin d'éviter une défaillance prématurée des systèmes.

Malgré les nombreux efforts de recherches dédiés à la conception de nouvelles membranes alternatives, le constat actuel est qu'aucune d'entre elles ne peut, à l'heure actuelle, assurer le cahier des charges de performances et de durées de vie suffisantes pour un déploiement à grande échelle.

Le travail de recherche mené dans le cadre de cette thèse s'inscrit dans un projet ANR multipartenaires, MULTISTABLE, dont les objectives initiaux étaient l'élaboration de membranes hybrides hautement stabilisées dérivées de polymères sPEEK et l'amélioration de l'ensemble des propriétés des membranes électrolytes polymères commerciales actuelles en utilisant un approche polyvalente basée sur la chimie Sol Gel (SG). Les objectifs ont été atteints par la croissance in-situ d'un réseau SG 3D réactif portant des inhibiteurs de dégradation chimique directement dans les domaines hydrophiles de la membrane hôte avec un double objectif : i) former in situ un réseau 3D SG afin d'améliorer les propriétés mécaniques de la membrane ;

ii) augmenter la stabilité chimique via l'introduction d'inhibiteurs de dégradation chimique et garantir ainsi une protection optimale de la membrane, quelle que soit la durée de vie des espèces dégradantes formées en pile (radicaux et peroxyde d'hydrogène). Contrairement à l'approche classique de dispersion de nanocharges et/ou d'additifs stabilisants par voie solvant dans un polymère en solution, notre approche en garantissant le maintien de la nanostructuration initiale de la membrane (pas de dissolution) devrait permettre une meilleure conduction protonique (bonne séparation des domaines hydrophobe/hydrophile) et meilleure dispersion de la phase active dans toute l'épaisseur de la membrane (efficacité stabilisante améliorée).

Dans ce travail de thèse, deux voies de stabilisation ont été explorées pour augmenter la durée de vie des piles à combustibles : (i) l'ajout de molécules organiques ayant des propriétés antioxydantes de type sacrificiel (consommé au fil du temps) et (ii) l'ajout d'ions et/ou d'oxydes de métaux de transition redox actifs agissant comme des piégeurs de radicaux (type redox, autogénéré).

Approche sacrificielle

Dans cette approche, une fonction antioxydante capable de réduire les espèces oxydantes (H2O2) est liée de manière covalente au précurseur SG pour faire croître une phase SG réactive par auto-condensation à l'intérieur de la membrane. Deux fonctions chimiques ont été identifiées à cette fin, à savoir, la fonction thiourée portant un et deux groupes polycondensables -Si(OR)3, et la fonction phénolique.

La préparation et les propriétés fonctionnelles de ces membranes hybrides sont détaillées dans le chapitre 3 du manuscrit. Dans la préparation optimisée de ces membranes hybrides, le contrôle du pH, de la température, du temps de réaction et du volume de la solution d'imprégnation ont été étudiés en détails dans le but d'obtenir des membranes hybrides les plus homogènes possibles.

Dans le cas des fonctions thiourée, deux précurseurs SG, N-phényl,N' [3-(triéthoxysilyl)propyl]thiourée (TTU) et N,N'bis [3-(triéthoxysilyl)propyl]thiourée (HTU), ainsi que leurs mélanges ont été étudiés. La prise SG, définie comme le rapport pondéral de la phase SG rapporté à la membrane sPEEK_NS utilisée pour préparer la membrane hybride, a montré une variation comprise entre 7 et 20% avec une bonne reproductibilité des prises. Les analyses HPDEC 29 Si RMN mettent en évidence un degré de polycondensation plus important pour les membranes hybrides TTU ne possédant qu'un seul groupe -Si(OEt)3 polycondensable (84% de sites T 3 ) dû à une très bonne affinité entre la phase SG et la matrice sPEEK (présence d'un groupement phényl dans la structure du précurseur SG). L'influence de la phase SG sur les propriétés thermiques, d'hydratation et de perméabilité aux gaz des membrane hybrides obtenues Si(OEt) 3

Précurseurs SG Thiourée

Précurseurs SG Phénol a été évaluée afin d'établir des relations structure/propriétés pour la conception de membranes plus durables. Les principaux résultats de ces études montrent que :

-La stabilité thermique de la membrane sPEEK est peu modifiée par la présence du réseau SG réactif, permettant aux membranes hybrides, quel que soit le taux de SG inséré, d'être utilisées dans des applications pile à combustible haute température.

-Les propriétés barrières aux gaz sont similaires à faible prise SG pour les membranes hybrides mono-composants HTU et TTU, avec des coefficients de perméabilité pour l'hydrogène respectivement de 1,7 et 1,5 Barrer, bien inférieurs à ceux mesurés pour la membrane sPEEK_NS (2,56 Barrer). A prise plus élevée de SG néanmoins, des perméabilités plus élevées ont été obtenues pour les membranes hybrides HTU, ce qui pourrait être attribué à des différences de localisation et de structure des nanodomaines SG au sein de la membrane ainsi qu'à des degrés différents de polycondensation.

-Par rapport à leurs homologues mono-composants, des perméabilités plus élevées mais toujours inférieures à 5 Barrer (perméabilité du Nafion à H2) ont été obtenues pour toutes les membranes hybrides mixtes HTU/TTU synthétisées. Dans tous les cas, la perméabilité aux gaz est gouvernée par la diffusion.

-A partir des isothermes de sorption d'eau, exprimées en quantité d'eau sorbée par gramme de sPEEK, il a pu être proposé pour les membranes hybrides HTU et TTU à faible prise SG, que l'introduction de nanodomaines SG, indépendamment de leur nature et de leur localisation, pouvait s'apparenter à l'ajout de domaines imperméables sans modification du comportement de la membrane sPEEK. De plus, des valeurs de temps de demi-sorption plus élevées ont été observées pour toutes les membranes hybrides, indiquant un ralentissement de la vitesse de diffusion par rapport à la membrane de référence sPEEK_NS.

-Les membranes hybrides mono-composants HTU et TTU à 7,0% ont présenté une conductivité protonique satisfaisante de 52 mS.cm -1 qui reste cependant inférieure à celle mesurée pour la membrane sPEEK_NS (70 mS.cm -1 ).

La préparation de membranes hybrides contenant des fonctions antioxydantes phénoliques , quant a elle, nécessité des modifications importantes dans le protocole d'imprégnation, principalement dans la composition de la solution de pré-hydrolyse (rapport volumique H2O/éthanol) afin de solubiliser au mieux le précurseur SG. Ces changements ont abouti à des membranes hybrides plus fines (15 μm d'épaisseur). Les membranes hybrides avec une prise SG d'environ 8,0% se sont avérées homogènes à coeur tel que démontré par les analyses par cryo-ultramicrotomie MEB/EDX. Le coefficient de perméabilité à l'hydrogène mesuré est de 2,2 Barrer, ce qui est comparable aux membranes hybrides HTU et TTU avec une prise SG de 20 % (2,9 et 2,1 Barrer, respectivement). Les membranes hybrides HTU et phénolique avec des prises SG similaires (environ 7%) ont présenté des isothermes de sorption d'eau et une cinétique de sorption d'eau comparables, avec une conductivité protonique de 60 mS.cm -1 .

Approche redox

L'utilisation de métaux de transition comme piégeurs redox et réversibles de radicaux hydroxyle et hydroperoxyle a été étudiée par deux stratégies utilisant soient des nanoparticules d'oxyde de cérium en conjonction avec un précurseur SG fonctionnalisé avec une fonction acide carboxylique, soient des ions cérium en présence de précurseurs SG de type TEOS et TMOS afin d'assurer leur encapsulation dans le réseau SG en formation et prévenir la neutralisation des groupements acides sulfoniques et/ou leur élution de la membrane lors des étapes de traitement hydrothermal et d'acidification.

Dans la première approche, le défi consistait à produire des nanoparticules d'oxyde de cérium bien dispersées et uniformes à partir d'alcoxyde de cérium dans des conditions acides. La génération de NPs de CeO2 en milieu acide de manière contrôlée n'est pas triviale car tous les rapports de la littérature utilisent en général des conditions basiques pour obtenir des NPs d'oxyde de cérium bien dispersées. Nous avons constaté que les alcoxydes de cérium utilisés (iso-propoxyde et ter-butoxyde), n'étaient pas solubles dans les solutions alcoolique/eau quelle que soit leur composition relative. L'utilisation de Ce(OtBu)4, stériquement très encombré donc moins enclin à former des oligomères, en combinaison avec un précurseur SG portant un groupement acide carboxylique pour produire des complexes mixtes alcoxyde/carboxylate de cérium plus solubles ne nous a pas non plus permis d'obtenir des membranes hybrides homogènes.

Dans la deuxième stratégie étudiée, seules les imprégnations de TMOS comme précurseur SG et de Ce(NO3)3 comme sel de cérium, à faible prise de SG ciblée et un rapport molaire Si:Ce de 5, ont conduit à la production de membranes hybrides homogènes avec le Si et le Ce bien dispersés au coeur de la membrane comme en témoignent les analyses MEB/EDX. Les membranes hybrides avec 7,0 % de prise SG ont présenté une conductivité protonique de 55 mS.cm -1 , légèrement inférieure à la membrane sPEEK de référence (70 mS.cm -1 ).

Performance et durabilité des membranes hybrides obtenues

Pour les tests de vieillissement accéléré, la sélection des membranes hybrides s'est faite sur les critères suivants : i) conduction protonique satisfaisante ; ii) bonne homogénéité de la phase SG et agents stabilisants au sein de la membrane ; iii) bonnes propriétés fonctionnelles (perméabilité/sorption). Ainsi, trois familles de membranes hybrides ont été choisies pour des tests plus poussés: les membranes HTU et TTU mono-composant à 7,0% de prise SG, les membranes phénoliques à 8,2% de prise SG et enfin les membranes hybrides contenant des ions métalliques cerium comme inhibiteurs de radicaux avec 7% de prise SG.

Les résultats de vieillissement accéléré ont montré que les membranes hybrides à base de thiourée et de phénol ne gonflaient pas excessivement lorsqu'elles étaient exposées à H2O2. De plus, les pertes de masse sèche observées pour les membranes hybrides étaient significativement inférieures à celles observées pour le sPEEK, soulignant l'intérêt de l'approche sacrificielle sur la stabilisation des membranes sPEEK. A l'inverse, l'incorporation d'ions cérium comme piégeurs de radicaux n'a pas entraîné d'effet stabilisant notable sur la dégradation chimique des membranes. Suite à ces observations, les membranes monocomposant HTU, TTU et hybrides à base de phénol ont été sélectionnées pour être étudiées dans les conditions réelles des piles à combustible, en plus des membranes hybrides TTU à prise élevée de SG ne présentant pas de diminution de la conductivité protonique. D'après les courbes de polarisation, de meilleures performances ont été observées pour les membranes hybrides phénoliques suivies des membranes hybrides TTU avec respectivement 6,5 et 18,7% de prise SG, et enfin des membranes hybrides HTU ayant une prise SG de 5,6%. Ces membranes ont ensuite été étudiées en vieillissement MEA, ce qui a permis de mieux appréhender la durabilité des membranes hybrides en conditions réelles selon l'ordre suivant: HTU 5,6% > Phénol 12,2% > TTU 7% > sPEEK > TTU 18%. Le meilleur compromis entre les propriétés fonctionnelles et les performances en pile a été obtenu pour les membranes hybrides HTU et TTU à faible prise SG, ce qui représente des résultats particulièrement prometteurs pour des applications pile à combustible à plus grande échelle.

General Introduction

General Introduction

The ecological and energy transition appears essential to meet growing energy needs while respecting environmental constraints. The quest for alternative forms of energy continues at a rapid rhythm with the development of new techniques and tools to capture and use energy from renewable and clean sources. The storage of the intermittent renewable energy sources remains, however, a major challenge. The production of hydrogen by electrolysis (e.g. by proton exchange membrane electrolyzers (PEMWEs)) provides chemical storage of the electrical energy produced. This chemically stored energy can be converted back into electrical energy by polymer electrolyte membrane fuel cells (PEMFCs). The PEMWE/PEMFC couple appears to be a promising solution for sustainable development. In this context, PEMFCs are receiving a lot of attention with the aim of improving the polymer electrolyte membrane (PEM) properties. Indeed, the membrane has a key role in the devices as it acts as both an electrode separator and proton conductor. Nafion ® membrane has been widely used in PEMFCs.

However, its low thermo-mechanical properties restrict its operating range to temperature below 95 °C. High-temperature PEMFC technologies are needed in order to improve fuel cells performances. Therefore, there is a crucial need for the development of new generation of membranes to succeed in a large-scale development of PEMFCs. Polyaromatic membranes are of great interest, and sulfonated Poly (Ether Ether Ketone) membrane (sPEEK) is among the most promising ones thanks to its good thermal stability (Tg = 200 °C) and lower cost.

Nevertheless, sPEEK polymers are more susceptible to radical attack when compared to Nafion ® . Improving the resistance to ageing while keeping good intrinsic properties of the sPEEK membrane, such as high enough gas barrier properties, good proton conductivities and moderate hydration properties, is necessary for the development of more efficient PEMFC systems.

The two processes limiting the PEM lifetime during fuel cell (FC) operations are chemical and mechanical degradation. The addition of nano-fillers and/or stabilizing additives has been widely studied to address these issues. Currently, organic-inorganic hybrid PEM is becoming an attractive approach to improve membrane properties due to the combination of properties derived from the different components. Silica is the most common inorganic filler used in FC, playing an important role in improving the thermo-mechanical properties of the membrane. On the other hand, the introduction of radical and/or oxidant inhibitor's additives can significantly improve the membrane lifetime towards chemical degradation. Notwithstanding, the preparation of hybrid membranes is often based on a solvent casting approach (i.e. via the dissolution of the membrane), which can have a negative impact on its nanostructuration leading to a marked decrease in proton conductivity. This thesis project is part of a larger ANR consortium, MULTISTABLE, which aims at developing high performance and durable hybrid membranes, derived from sPEEK polymers, for transport and stationary applications at operating temperatures above 120 °C. This will be performed by using an original and versatile approach based on Sol Gel (SG) chemistry, which relies on the in-situ growth of a chemically and physically reactive sol-gel phase directly inside the hydrophilic domains of the sPEEK membrane. Contrary to hybrid membranes cast from solubilized ionomer mixed with additives, our SG impregnation strategy provides several advantages: i) preservation of the host membrane original microstructure (good hydrophilic/hydrophobic phase separation), which could be beneficial in terms of proton conductivity; ii) improvement of the membrane resistance against mechanical stress due to the presence of a SG 3D network acting as a mechanical reinforcer; iii) chemical stabilization towards radicals and/or oxidative species attack through the ad-hoc elaboration of functional organosiloxane precursors bearing antioxidants groups and/ or radical scavengers.

The position of this thesis work within the consortium was to synthesize some of the SG precursors, to fabricate the hybrid membranes, and provide some structural analyses (NMR) at the CP2M laboratory. Another part of this thesis work was to study the functional properties of the hybrid membranes such as gas permeability and water sorption at the IMP laboratory, as well as the thermal properties (TGA and DSC) to establish relationships between the membrane structures and the functional properties. The two other academic partners of the project had as objectives, for the SyMMES, to study the morphology of the membranes, characterize the proton conductivity and to study the chemical degradation of the membranes in ex-situ conditions, and for the LEMTA to study the behavior of the membranes in fuel cells conditions.

The project convers the whole chain necessary to have a detailed characterization of the membranes developed at different scales and stages of their operation.

The thesis is composed of five chapters. The first chapter proposes a literature overview covering polymer electrolyte membrane fuel cell technologies with a special focus on the key component of the FC devices: the polymer electrolyte membrane (PEM). After discussing the pros and cons of current PEMs, proposed alternatives towards more performant and durable hybrid membranes will be presented.

The second chapter is dedicated to the experimental and characterization techniques used to assess the structural, morphological, thermal and functional properties of the prepared hybrid membranes.

The third chapter is devoted to the elaboration of antioxidant-based hybrid sPEEK membranes using a sacrificial approach. Two chemical functions have been targeted, namely thiourea bearing one and two -Si(OR)3 polycondensable groups and phenolic function. The synthesis of the hybrid membranes along with the protocol optimization will be presented followed by thorough characterization of their functional properties.

The fourth chapter discusses the elaboration of radical scavenger-based hybrid sPEEK membranes using a redox approach. Two strategies will be presented: the use of metal oxide nanoparticles as radical scavengers and the use of metal ions as radical scavengers. The first relies on the control growth of CeO2 NPs from Ce alkoxide in the presence of carboxylic acid bearing the SG phase precursor. In the second strategy, the incorporation of Ce ions as part of the SG network through hydrolysis/condensation of Ce salts and Si alkoxides will be studied.

In the fifth chapter, a general discussion will be undertaken with the objectives of comparing the different membranes based on the main results obtained by the different partners of the MULTISTABLE project and to highlight the structure/properties relationships governing the behavior of the membranes whether in ex-situ or in situ conditions.

Finally, a general conclusion of this work will be presented along with the potential application of the hybrid membranes in fuel cells and the perspectives for future works.

Introduction

The ecological and energy transition appears essential to meet growing energy needs while respecting environmental constraints. The quest for alternative forms of energy continues at a rapid rhythm with the development of new technologies to capture and use energy from renewable and clean sources. This is becoming more urgent as the world's main current source of power generation, the fossil fuels, have a negative impact on the environment and are rapidly depleting, with their prices being unstable. Renewable energy sources are environmentally friendly alternatives to fossil fuels in addition to be sustainable and abundant. However, the storage of intermittent renewable energy sources remains a major challenge with production not in synchronization with the demand. Therefore, developing new ways to store surplus energy to meet demand is vital for renewable sources to be reliable. In this respect, hydrogen technology appears particularly attractive to overcome the current hurdles of the energy sector.

Water electrolysis leading to hydrogen production is one strategy to mitigate the intermittent and fluctuating nature of the most promising renewable energy sources such as wind, wave and solar. [1] The production of hydrogen by electrolysis (e.g. by proton exchange membrane electrolyzers (PEMWEs)) provides chemical storage of the electrical energy produced. This chemically stored energy can then be converted back into electrical energy by polymer electrolyte membrane fuel cells (PEMFCs), Figure 1.1. The PEMWE/PEMFC couple appears to be a promising solution for sustainable development. In this context, PEMFCs are receiving much attention with the aim of improving the polymer electrolyte membrane (PEM) properties. Indeed, the membrane has a key role in the devices as it acts as an electrode separator and proton conductor. Nafion ® membrane has been widely used in PEMFCs. However, its low thermo-mechanical properties restrict its operating range to temperature below 95 °C. Hightemperature PEMFC technologies are needed in order to improve fuel cells performances [2].

Thus, there is a crucial need for the development of new generations of membranes to succeed in large-scale deployment of PEMFCs. Polyaromatic membranes are of great interest, and sulfonated Poly (Ether Ether Ketone) membranes (sPEEK) is among the most promising ones thanks to its good thermal stability (

) and lower cost. [3] However, sPEEK polymers are more susceptible to radical attack when compared to Nafion ® . Improving the resistance to ageing while keeping good intrinsic properties of the sPEEK membrane, such as sufficiently high gas barrier properties and moderate hydration properties, is necessary for the development of more efficient PEMFC systems. In this first chapter, an overview of the most current membranes used in PEMFCs and the synthetic methods developed to prepare more performant hybrid membranes, their pros and cons will be discussed. In view of all the literature data, the strategies chosen for the PhD work will be presented.

Fuel Cell: principle and required membranes key properties

Different fuel cell types

A fuel cell (FC) is a device that transforms fuels chemical energy into power directly via an electrochemical reaction between fuel and oxygen producing electrical energy, water and some waste heat. FCs are differentiated according to the electrolyte used, the operation conditions, the required load, the available fuel, the start-up time and the applications for which they are used for. Generally, fuel cells develop their names according to the type of electrolyte and reacting substances. The electrolyte, which can be solid or liquid, is designed to only allow the flow of ions but not electrons, and to act as a barrier to prevent the reactant from mixing up while mechanically supporting the electrodes. It can, in addition, operate at high or low temperature. [5], [6] The six main types of fuel cell of commercial importance are alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC), polymer electrolyte membrane fuel cell (PEMFC) and direct methanol fuel cell (DMFC). The major differences between them are the operation range of temperature, the nature of electrolytes and the catalysts used in their processes. [7] SOFC and MCFC are common types of high temperature FCs.

In the case of MCFC, the electrolyte is made of molten carbonate salt, mainly lithium and potassium carbonates. Nickel-based powders are used for both the anode and the cathode. A variety of fuels can be used for MCFCs, such as natural gas with oxygen or carbon dioxide as oxidants, the use of the latter simultaneously providing carbon capture and storage. As MCFCs can operate at high temperature (550-700 °C) they do not require the use of noble metals as catalyst which makes this kind of FC more cost-efficient. However, long start-up time, restricted options for construction materials and the complex handling of molten carbonate liquids as well as the corrosion due to their high operating temperature are at the origin of the limitations of MCFCs. Their electrochemical reaction can be summarized as follows [6]:

Anode:

Cathode:

(2)

Overall reaction:

SOFC is a common type of high-temperature FC with operation ranging from 600 to1100 °C.

Its efficiency tends to be high, and the excess of heat produced during the reaction can be used for cogeneration. These FCs are functional in the absence of noble metals making them affordable with a long operational time up to 80.000 h. Different types of fuels can be used such as methanol and biogas. The high temperature operation of SOFCs, however, limits the selection of the constituent materials that should be thermally, catalytically and conductively stable at such high temperatures. The electrochemical reactions can be summarized as follows [6]:

Anode: (4) 
Cathode:

(

Overall reaction:

PAFC is an intermediate temperature FC, as it operates between 150 to 220 °C, with an optimum around 180 °C. The electrolyte of the cell device is phosphoric acid, H3PO4. High tolerance to CO poisoning and low Pt catalyst loading are some of the advantages of this kind of FC. Their disadvantages are high cost, long start-up and lower ionic conductivity. The electrochemical reactions can be summarized as follows [6]:

Anode:

Cathode:

Overall Reaction:

AFC is an anion exchange membrane fuel cell (AEMFC) which uses an alkaline-based solution as electrolyte such as NaOH or KOH and operates at low temperatures (50-90 °C). The most commonly used electrolyte is KOH because of its high conductivity. Low cost, fast kinetics of oxygen reduction, high efficiency, easier heat management and quick start-up are some of the benefits of these FCs. Moreover, the platinum can be replaced by nickel, or its alloys with other transition metals at the anode. The main disadvantage of AFCs is their intolerance to CO2. This intolerance occurs as the CO2 consumes the electrolyte, forming carbonate salt. The carbonate salt causes the ionic conductivity of the electrolyte to drop, thus reducing the overall performance and efficiency of the cell. The electrochemical reactions can be summarized as follows [6]:

Anode: (10) Cathode: (11) Overall Reaction:

DMFCs also operates at low temperature, usually below 100 °C, and are mainly used for portable power applications. High energy density and rapid start-up are some of its key advantages. The main drawback associated with DMFCs is the fuel crossover which induces a mixed potential, caused by the concentration differences as the fuel moves from the anode to the cathode. The mixed potential is responsible for the decrease of the overall performance and cathode poisoning. The electrochemical reactions can be summarized as follows [6]:

Anode:

Cathode:

Overall reaction:

PEMFCs using polymer electrolyte membrane as the proton conductor and a platinum-based catalyst for low-temperature electrochemical reactions have attracted much attention due to their high efficiency and low emissions. Their main applications focus on transportation, distributed/stationary and portable power generation. The advantages of using a stationary solid polymer as electrolyte comprise high power density, rapid start-up and system simplicity.

Nevertheless, durability and cost remain primary challenges for PEMFCs to become commercially competitive. [3] More detailed description and the operation principle of PEMFCs will be given in the next section. Types of fuel cells and their operating characteristics, adapted from Ref. [7] and [8].

Description and operation principle of polymer electrolyte membrane fuel cells (PEMFC)

The PEMFC is composed of a polymer electrolyte membrane (PEM), catalyst layers, gas diffusion layers, current collector and bipolar plates. The core of the PEMFCs is the membrane electrode assembly (MEA) consisting of a solid-state proton conductive polymer electrolyte compressed between two porous electronically conductive and catalytically active electrodes, Electrochemical reactions take place at the catalyst sites on both sides of the membrane. The hydrogen (H2) gas is transmitted to the fuel cell through the anode. The fuel, on reaching the catalyst layer at the anodic region of the fuel cell, splits into protons and electrons (reaction (16)). The proton ions then go through the solid-state polymer electrolyte whereas the electrons flow through the circuit connected externally to the cell to produce electricity. The protons then allow the oxygen (O2) reduction reaction to take place at the cathode side to produce water according to reaction (17). [8], [9] The overall reaction is presented in equation ( 18):

Anode:

Cathode: (17) Overall Reaction:

The PEMFC produces electricity and water using the MEA as the platform where the electrochemical reaction occurs.

The polymer electrolyte membrane for fuel cell application

Among the various components, the PEM plays an important role, being the key component of PEMFC devices. Its main roles are, on the one hand, to transport the protons from the anode to the cathode, thus allowing the oxygen reduction reaction to take place, and, on the other hand, to prevent the electrical short circuit and the fuel gas crossover between both electrodes by blocking the direct contact of fuels and oxidants.

A characteristic value of polymer electrolyte membrane is its Ion Exchange Capacity (IEC). It provides information on the density of ionizable functional groups present in the membrane matrix which are responsible for the charged nature of the membrane and thus its conductivity [10]. The IEC is defined as the milliequivalents of H + per gram of dry polymer. It is related to the equivalent mass (ME: mass of polymer corresponding to one mole of ionic sites) by the following relation:

The selection of appropriate polymer materials for use in PEMFCs is important to obtain high performance and long lifetime. A PEM has to present a wide panel of specific properties for an optimal performance, such as:

Electrical insulator: The membrane must avoid electrical contact between the electrodes and thus prevent a court circuit in the cell; an electrical current is then generated in the external circuit for the circulation of the electrons.

Proton conductivity: the polymer electrolyte must have good proton conduction to allow good kinetics of the electrochemical reactions in order to improve the efficiency of the cell; the higher the conductivity, the better the efficiency. The proton conductivity depends on the conduction pathways of the membrane as well as the operation temperature of the fuel cell. Ionic transport in PEMs plays a key role and is complex with several types of mobile protonic species and pathways. Surface and interface transport of protonic species takes place by protons moving among acidic donor/acceptor sites present on the polymer backbone, facing gas or water whether the membrane is under dry or hydrated state, respectively. Therefore, the protonic conductivity of the polymer membrane depends on its backbone structure including the concentration, location and acidity of proton donor/receptor, the hydrophilicity and water content as well as the hydrophilic/hydrophobic nanophase separation. The nanophase separation between the material hydrophilic and hydrophobic phases will define the tortuosity of the protons circulation channels. The conductivity is thus a key property, which is also function of the temperature, partial pressures and relative humidity for a given polymer. [3] Controlled water uptake: the acid groups (-SO3H) present along the chains of the polymer ensure the proton conductivity of the membrane. Water is also essential to ensure the dissociation of ions and their transport. It is worth noting that drying could cause a decrease in ionic conductivity while an excess of water could weaken the mechanical properties of the membrane, which is why controlling the water content is an important parameter to take into account.

Mechanical strength: Mechanical stress such as swelling due to changes in relative humidity, differential gas pressures and compression combined with chemical attack may lead to membrane degradation to such an extent that the cell fails. [11] The mechanical properties of the membrane are crucial for its mechanical durability when subjected to cell environments.

They not only influence the deformation behavior but also dominate the mechanical resistance of the membrane to sustained cyclic stress. Mechanical failure such as that resulting from a pinhole or crack, provides a pathway by which the hydrogen and oxygen gases mix, which could initiate a combustion reaction and high heat spots, resulting in instantaneous performance decay and the failure of the fuel cell. Therefore, the mechanical integrity and durability of the membrane have become a critical challenge to tackle. Although the mechanical degradation of the membrane is unavoidable, the material durability could be improved and the degradation rate could be reduced by differentiating the failure modes and the resulting effects. In depth understanding of failure mechanisms could help optimize mitigation strategies. [12] Good gas barrier properties: The gas flow for a given reactant is a function of the membrane composition, microstructure and thickness as well as operational parameters, such as pressure and temperature. The permeability should be low to the reactive species, such as and for better fuel cell performance and to avoid crossover phenomena.

Chemical and electrochemical stabilities: the membrane must be capable to resist to strong acids, oxidation and reduction reactions that occur at the electrodes of the cell as well as to hydrolysis. It must also be inert with the other cell components. Moreover, hydrogen diffusion is almost inevitable but its oxidation at the anode side is very fast. Oxygen reduction, on the other hand, is slower, and oxygen could diffuse through the membrane creating parasite reactions and the production of hydrogen peroxide . This latter can be homolytically cleaved with heat resulting in the formation of reactive species such as hydroxyl (HO ) and hydroperoxyl (HOO ) radicals. These reactions can take place either in the membrane or at the cathode and/or anode. These radicals are the main source of the membrane backbone chemical degradation through chain scissions.

Regular thickness: the internal resistance of the fuel cell is closely linked to the thickness of the membrane. Thinner membranes increase performance efficiency and proton conductivity but present lower mechanical strength and higher gas flow, which, in turn, could lead to gas crossover, and accelerated degradation. Therefore, a minimum thickness of 10 μm is required for the membrane to retain good mechanical properties and limited gas transport properties. It has been reported that thickness in the range of 30-50 μm is more suitable in terms of mechanical stability. [12], [13] In summary, the desirable properties of polymer electrolyte materials are: 

Nafion ® membrane

From the 1960s, the broadly utilized PEM materials consist of perfluorosulfonic acid (PFSA) based on its good proton conductivity, mechanical and chemical stability. PFSA membranes comprise a perfluorinated backbone (tetrafluoroethylene, TFE) to provide the chemical and thermal stability and hydrophilic sulfonated side chains for proton conduction. The separation between the main and the side chains of Nafion ® membranes affects its thermal properties, specifically the glass transition temperature (Tg). As Nafion ® consists of a phaseseparated structure, it is expected to have two glass transition temperatures. [16], [17] The first Tg, derived from the main chain, is approximately 130 °C, while the second Tg, caused by the side chain, is around 240 °C. The higher Tg of the side chain is reported to arise from the formation of clusters due to the strong interactions between the sulfonic acid functional groups. Rubatat et al. [18], [19] studied Nafion-type membranes in different swelling states by smallangle X-ray and neutron-scattering techniques and the results revealed a scattering regime suggesting cylindrical or ribbon like polymeric aggregates surrounded by the ionic groups and water molecules. This analysis allowed extending the model of elongated polymer aggregates, already used for highly dilute perfluorosulfonate ionomers, to the membrane case. In Nafion ® membranes, water is not confined in spherical cavities but between fibrillary objects and becomes, depending on the hydration rate, a continuous medium around an intrinsic anisotropic structure. The perfluorinated backbone is packed into an elongated aggregate with the terminal ionic groups distributed at its surface, Figure 1.5. The alignment of the Teflon-like backbone packed together is energetically favorable since the Teflon system is rather a crystalline material. Some of the aligned chains interact more strongly within the aggregates and form crystallites, which can be due to an inhomogeneous distribution of ionic groups along the polymer chains. A system consisting of connected or entangled rodlike aggregates rather than a scattering of coiled and micrometric particles made of long fibrils could be observed through TEM and AFM analyses. Variation of the average diameter along with the aggregate is either constant or variable. [17] When Nafion ® is exposed to hydrated conditions, the water molecules localize around the hydrophilic ionic groups by affinity, leading to swollen ionic domains that eventually percolate.

This may generate continuous pathways particularly suitable to achieve appropriate ionic conductivities. In the following section, the influence of relative humidity (RH) and temperature on the ionic conductivity and gas permeability will be discussed. The morphology of Nafion ® has considerable impacts on its properties.

Nafion Proton conductivity and permeability

Liu et al. [20] performed a statistical study in order to account for the proton conductivity of Besides the proton conductivity, another important property of Nafion membranes is the gas permeability.

Sood et al. [21][22][23] reported permeability coefficient value of 5.5 and 0.9 barrer for hydrogen (H2) and oxygen (O2), respectively, for the commercial Nafion 117 membrane tested at 20 °C at anhydrous state. These values are in agreement with those reported in the literature by other authors. [24], [25] Mukaddam et al. [16] performed a detailed analysis of H2, He, N2, O2, CO2, CH4, C2H6 and C3H8 transport in Nafion NRE 211. Prior to any measurements, the films were dried at 80 °C under vacuum for 2 days. The diameter for simple gases along with their critical temperature are presented in Table 1.3.

Concerning gas solubility, it was shown by the authors that Nafion exhibited rubber-like gas solubility behavior for simple gases, resulting in constant solubility coefficients as a function of the pressure, as shown in Figure 1.7. From the results of Figure 1.7, it could also be observed that the gas solubility levels were in rather good agreement with the gas condensability, as generally observed (He < H2 < N2 < O2 CH4 < C2H6 < C3H8). The high solubility observed for CO2 could be explained by the high critical temperature of this gas as well as by favorable CO2/ perfluorocarbon interactions. In addition, polymers containing polar moieties usually exhibit higher interactions with polar gases such as CO2. Concerning the permeability, which results from diffusion and solubility, it could be concluded that this transport parameter was mainly governed by diffusion and thus by the gas kinetic diameter except for CO2, for which the solubility also had a significant role. °C. [16] The effect of hydration on Nafion gas permeability was studied by several authors [21][22][23][24][25], [27], [28]. All authors agreed that an increase of gas permeability was observed as a function of hydration as shown as an example in Figure 1.8. In highly hydrated Nafion, above 60 % relative humidity, Mohamed. et al. [28] showed that gas permeation was controlled by the gradual increase in overall flexibility of the Nafion-water system. It was then deduced that under hydration, the swollen hydrophilic phase could significantly contribute to the gas transport [27]. .

Nafion drawbacks and alternatives

For a long time, Nafion ® has been regarded as the state-of-the art membrane in the PEMFCs.

Nafion ® , however, functions best at high relative humidity (RH) and at relatively low temperature range (60-80 °C). The performance of low temperatures PEMFCs (LT-PEMFCs) is in general limited by CO poisoning of Pt catalyst on the anode, slow electrode reaction kinetics, complex water management and inefficient cooling heat exchange. Nafion® performances relies on a high hydration level in order to accommodate the proton transport and reach sufficient proton conductivity at temperatures up to 80 °C. Above 80 °C, the ionic clusters dehydrate, and the proton conductivity is drastically reduced leading to a significant decrease in the PEMFC performance. In addition, at higher temperatures, the chemical and mechanical stabilities of Nafion ® are compromised because of the low glass transition temperature of the perfluoroaliphatic polymer chains of PFSA. Therefore, one of the major challenges in the current fuel cell research is to develop an alternative membrane capable of operating at high temperatures. [3] The improvement of the properties of PFSA membranes has been studied by using different methods. Currently, the most mature technology in reinforced PFSA membranes is that of PFSA reinforced with a mechanically stable polymer matrix [29], [30], of which there are numerous studies and also several commercially available products. The majority of them use poly(tetrafluorethylene) PTFE due to its excellent stability and mechanical resistance. [31], [32] Tang et al. [33] studied the durability of expanded (e)PTFE/ PFSA polymer blend PEM showing a mechanical stability 40 % higher than that of pure Nafion. In addition, due to the higher strength of (e)PTFE matrix, the thickness of the polymer blend membrane could be reduced, lowering the loading of PFSA and reducing the cost. Wang et al. [34] reported the fabrication of a porous Nafion nanofiber impregnated with chitosan (CS) to prepare nanofiber composite membranes. They observed the formation of vertical pathways that facilitated the proton conduction under both hydrated and anhydrous conditions. A proton conductivity of 307 mS.cm -1 was achieved at 90 °C, 100 % RH. Better dimensional stability upon swelling can also be achieved by the use of semi-interpenetrating polymer network (semi-IPN) [2], [35]- [38]. In this approach, Nafion is blended with a reinforcing polymer which contains cross-linkable functionalities such as carboxylic acid or vinyl groups. The cross-linked IPN can significantly improves the tensile strength and reduce the swelling of Nafion, Aromatic hydrocarbon-based membranes represent a promising alternative to PFSA membranes due to their low cost, good thermal and mechanical stabilities and lower gas permeability. Some examples such as sulfonated poly(arylene ether ketone)s (SPAEK), sulfonated poly(imide) (SPI), sulfonated polysulfone (SPS), sulfonated poly(arylene ether sulfone)s (SPAES), acid doped polybenzimidazole (PBI) and sulfonated poly(ether ether ketone) (SPEEK), have been extensively studied. [35], [START_REF] Park | Sulfonated hydrocarbon membranes for medium-temperature and low-humidity proton exchange membrane fuel cells (PEMFCs)[END_REF], [START_REF] Ying | Silica-related membranes in fuel cell applications: An overview[END_REF] Their characteristics, pros and cons are presented in Table 1.4. The excellent thermomechanical properties of sPEEK membranes make them attractive for high temperature applications. Indeed, PEMFCs operating in a temperature range of 120 to 200 °C have the advantages of high tolerance to CO and catalyst poisoning, fast electrode dynamics and simplified water and heat management. [START_REF] Wang | Grafting free radical scavengers onto polyarylethersulfone backbones for superior chemical stability of high temperature polymer membrane electrolytes[END_REF] An improvement in the kinetics of the electrochemical reactions is also observed since the mobility of the protons on the acidic sites increases with temperature.

sPEEK-based membranes

Poly (ether ether ketone) (PEEK) is a high-performance engineering thermoplastic that has good solvent resistance, high thermo-oxidative stability and excellent mechanical properties.

The aromatic backbone contributes to thermal and mechanical stability. It has been reported

that PEEK displays glass transition (Tg) and melting temperatures (Tm) around 150 °C and 341

°C respectively. The sulfonated derivative of this polymer (sPEEK) offers low-cost alternative to Nafion membranes and the presence of polar sulfonic acid groups allows increasing the hydrophilicity of PEEK materials and their proton conductivity. The degree of sulfonation (DS) is defined as the percentage of repeat PEEK units that have been sulfonated. Depending on the degree of sulfonation, the PEEK membranes can show a Tg between 190-210 °C. The reason for such an increase relies on the strong ionic interactions of the sulfonic groups (physical crosslinking or aggregation), leading to restrict segmental movement. [13] The DS can affect several other important parameters. These include: ion exchange capacity (IEC); water uptake; weight loss and proton conductivity. Literature shows DSs varying from 60 to 98 % and IECs from 1.31 to 2.68 meq.g -1 . [START_REF] Iulianelli | Sulfonated PEEK-based polymers in PEMFC and DMFC applications: A review[END_REF] PEEK sulfonation can be readily performed by introducing the sulfonic acid group directly onto the polymer backbone by post-modification. The direct synthesis of sPEEK from sulfonated monomers have been shown to be more advantageous than the post-sulfonation since crosslinking and other side reactions are avoided, allowing the material to reach better thermal stability and mechanical properties. [13], [START_REF] Iulianelli | Sulfonated PEEK-based polymers in PEMFC and DMFC applications: A review[END_REF] The preparation and treatment conditions of the sPEEK are very important for the final membrane properties. Depending on the casting solvent, different proton conductivities can be obtained due to the different interactions between the casting solvent and the sPEEK sample [START_REF] Iulianelli | Sulfonated PEEK-based polymers in PEMFC and DMFC applications: A review[END_REF].The proton conductivity properties of sPEEK are Chapter 1: Context and literature overview 58 also influenced by the degree of sulfonation, as well as by the ambient relative humidity and temperature. Even though high DS can increase the proton conductivity, too high DS could result in detrimental effects on the membrane stability, dimensional and chemical properties.

Therefore, getting the optimal DS for sPEEK is very important to fabricate the future alternative PEM. [13] Table 1.5 shows different proton conductivities reported for sPEEK membranes according to the temperature and DS. They first studied the influence of the temperature, showing that conductivity could increase with temperature. The conductivity of V-sPEEK with 79 % DS reached 0.1 S.cm -1 at 100 °C, which is considered to be very high. In their studies, they also showed that the proton conductivity of the membranes could vary according to the solvent used for casting, such as dimethylacetamide (DMAc) or dimethylformamide (DMF), Figure 1.9. 

H

Comparison between Nafion and sPEEK

Contrary to Nafion®, aromatic polymers are highly glassy polymers with rigid backbones exhibiting less pronounced separation of hydrophilic and hydrophobic nano-domains. These differences will have consequences on the polymer properties such as the proton conductivity and the mechanism of water diffusion. In addition, physical properties such as water uptake and dimensional swelling behavior strongly depend on the polymer morphology and polymer chain mobility. [35] The lower hydrophobicity of sPEEK polymer backbone as well as the lower acidity and polarity of the sulfonic acid groups results in differences in the morphology and gas transport properties when compared to Nafion membranes. Sulfonated hydrocarbon PEMs have significantly lower gas permeability than PFSA membranes. Literature shows H2 permeability values between 2.5 and 5 barrer for sPEEK membranes [START_REF] Delhorbe | Fluorohexane network and sulfonated PEEK based semi-IPNs for fuel cell membranes[END_REF][START_REF] Simon | Influence of Chemical Structure on Hydration and Gas Transport Mechanisms of Sulfonated Poly(aryl ether ketone) Membranes[END_REF][START_REF] Huynh | Sol-gel route: An original strategy to chemically stabilize proton exchange membranes for fuel cell[END_REF] while values between 4.5 and 5.5. barrer are reported for Nafion® membranes [21][22][23][24][25], [28] , in the anhydrous state.

The ion conductivity is influenced by the ion carrier content as well as by the interconnectivity of the hydrophilic ionic nanochannels and the acidity of the ion-conducting functional groups [14]. Moreover, well-connected hydrophilic ionic nanochannels facilitate the transportation of ions across the polymer membranes, while also being effective in controlling the ionic exchange capacity (IEC). Hence, membrane with well-defined morphology and separate nano-domains should lead to higher performance. The organization of the chains into domains to maximize the interactions in the materials is easily achieved in Nafion, thanks to its distinct structure that promotes the phase separation between the hydrophobic (main chain based on C-F bonds) and the hydrophilic (side chain based on the sulfonic acid functional groups) domains accompanied by the significant aggregation of each domain, especially in the presence of water. Thus, the connectivity and segregation of the hydrophilic domains (cluster network model) is clear, leading to high proton conductivity, about , at fully hydrated conditions.

A nanostructure with elongated hydrophilic domains in Nafion® was demonstrated, as shown in the previous section, by Rubatat et al.[18], [19]. Contrary to Nafion, for sPEEK membranes, a nanostructure with spherical domains was pointed by Wu et al. [START_REF] Wu | Differences in water sorption and proton conductivity between Nafion and SPEEK[END_REF].

Evidence of a larger internal interface between the hydrophilic and hydrophobic domains, for hydrated sPEEK, was shown by Kreuer [START_REF] Kreuer | On the development of proton conducting polymer membranes for hydrogen and methanol fuel cells[END_REF] through SAXS analysis. The water filled channels in sPEEK are narrower compared to those in Nafion, Figure 1.10. In addition, they are less separated and more branched with more dead-ends. This corresponds to a larger hydrophilic/hydrophobic interface, and therefore to a larger separation of neighboring sulfonic acid functional groups. An important consequence of having narrow channels in sPEEK is the electroosmotic drag as well as the hydrogen permeation coefficient that are lower than in well separated perfluorosulfonic polymers for a given water content. The electroosmotic drag and the water permeation correspond to the collective flow of water through the membrane, being the water transport coefficients dependent on the size of the channels. The low drag on sPEEK membranes facilitates the water management under operation conditions and the low crossover which has contributions from electroosmotic drag and permeation. For high water volume fraction, the percolation in the hydrophilic domains occurs as in Nafion. However, with decreasing water volume fraction, the diffusion coefficient of water decreases more rapidly in sPEEK compared to Nafion due to the higher pKa of the acidic functional groups ( -1 vs -6 for Nafion). It could be seen that the ionic clusters and/or channels play a critical role, affecting ion conduction and water transport, especially at medium temperature and low relative humidity. Nowadays, fuel cells operating in a wide range of temperature are needed. Although thermal degradation of membranes at high temperatures can be severe, it is not the major issue because operation and start-stop cycles can be managed to maintain fuel cells at temperatures below the point of thermal degradation. On the other hand, chemical durability has been regarded as one of the factors shortening the lifetime of PEMFCs. The chemical stability is therefore a critical issue in the development of more durable PEMs, which is directly related to the chemical degradation due to the formation of radicals during FC operations. The next section will be dedicated to the different types of degradation occurring during fuel cells operation and the efforts employed in order to address these issues, mainly focusing on Nafion and sPEEK membranes.

Types of Degradation

Many factors can lead to PEM failure, including issues with manufacturing and assembly, material properties and especially the fuel cell operation parameters. Each factor causes failure through a specific degradation mode, which can be identified as thermal, mechanical and chemical. All of these damaging effects often occur simultaneously, making a comprehensive understanding of the overall fuel cell degradation mechanism difficult. [START_REF] Rodgers | Fuel Cell Perfluorinated Sulfonic Acid Membrane Degradation Correlating Accelerated Stress Testing and Lifetime[END_REF], [START_REF] Zatoń | Current understanding of chemical degradation mechanisms of perfluorosulfonic acid membranes and their mitigation strategies: a review[END_REF] The membrane degradation is the primary factor affecting the durability of fuel cells (FCs). The two main processes limiting the PEM lifetime during FC operation are the chemical degradation and physical ageing, which induce respectively chemical and mechanical failure in a synergistic process. [START_REF] Huynh | Sol-gel route: An original strategy to chemically stabilize proton exchange membranes for fuel cell[END_REF] During cell operation, losses can arise from pinhole formation, as a result of the mechanical/chemical degradation cycle of the membrane, while fluctuations in relative interface contacts between the membrane and the electrodes and the formation of defects such as pinholes. Accelerated gas crossover of hydrogen and oxygen to the opposite side of the electrolyte through pinholes causes combustion reaction on the catalyst surface and generates hot spots. The operating conditions of the membrane such as temperature and the gas ratio will directly affect its mechanical properties, as well as the forces to which the membrane is subjected. The PEMs in FCs are often operated below their glass transition temperature (Tg) to ensure good mechanical strength and stability.

The impact of mechanical degradation can be significantly reduced by optimizing the design of the fuel cell components. On the other hand, chemical degradation appears more complex and difficult to mitigate as the processes have a greater impact on the integrity of the whole polymer.

Chemical degradation

The chemical stability has been a crucial issue for both electrolyte membrane and electrode in fuel cell systems. Chemical degradation, induced through oxidative free radicals such as hydroxyl (HO ), hydroperoxyl (HOO ), and hydrogen radical (H ) has been regarded as one of the factors shortening the lifetime of PEMFCs. Such radicals are primarily generated through an incomplete oxygen reduction reaction at the cathode side or gas permeation through PEMs.

Hydrogen peroxide (H2O2), which is generated in the fuel cell, is considered as the main source of hydroxyl radicals that is believed to be the result of reaction between hydrogen peroxide, generated in situ, and the metal ion impurities present in the MEA. The concentration of H2O2 depends largely on the operating conditions as well as on the membrane thickness.

[51]

Hydrogen Peroxide formation in membrane-electrode assemblies (MEA)

Hydrogen peroxide can be formed within an operating fuel cell at the cathode side by direct generation during the oxygen reduction reaction, equation (19).
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The oxygen can react with hydrogen, which has been chemisorbed on the Pt catalyst, thus forming H2O2 at the anode side, equations ( 20)- (22). Another mechanism is the chemical combination of crossover gas. The platinum present at the anode, cathode or in the membrane can react with the cross over gases leading to the degradation of the electrode catalyst layer.
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In a working fuel cell, H and HOO radicals are present in higher concentrations than those of HO , which, once generated from hydrogen peroxide, are then consumed to produce HOO or scavenged by crossover gases. Another issue is the oxidative strength of free radicals. The reactivity trend of the oxidative species is: HO > H > HOO > H2O2. The high oxidizing power of HO results in a higher reduction potential compared to the hydroperoxyl radical and hydrogen peroxide. Table 1. 6 shows an overview of the reduction potentials of free radicals. Damages caused to the membrane and its properties include membrane thinning and decreased ion exchange capacity followed by conductivity losses.

Hydroxyl radicals attack the most vulnerable sites in the polymer structure: carboxylic acid end groups; C-S bonds; tertiary carbon atoms and ether groups. The first mechanism, known as unzipping reaction, starts on weak terminal -COOH groups of the polymer main chain. End carboxylic groups react with hydroxyl radicals to produce CO2

and HF and reform a terminal COOH group, equations ( 27)-( 29).

(

) (28) 27 
Several propagation steps of this reaction lead to the breakdown of the fluorocarbon main chain by constant loss of CF2 units, equations ( 30)- (32). When the polymer unzipping reaches a junction with a side chain, cleavage of the overall side chain groups generates perfluoro (3-oxa-5-methyl) pentane-1-sulfonic-5-carboxylic diacid, HCOO-CF(CF3)-O-CF2CF2-SO3H. This species can diffuse out of the membrane or can undergo decomposition by the unzipping reaction, as a carboxylic acid end group is also present in its molecular structure. [START_REF] Zatoń | Current understanding of chemical degradation mechanisms of perfluorosulfonic acid membranes and their mitigation strategies: a review[END_REF] (30)

A second possible mechanism is free radical attack on C-S bonds, This degradation mechanism is characterized by relatively low fluoride emission; however, an important increase in -COOH groups is observed, which leads to the unzipping mechanism.

Radical attack on sPEEK polymer structure

In the case of hydrocarbon-based PEMs, attacks on the aromatic ring as well as sulfonic acid groups have been reported. The sPEEK membrane is extremely sensitive to oxidative radical attack. A degradation mechanism of this type of membranes has been proposed by Perrot et al.

[52], [START_REF] Perrot | Degradation of a sulfonated aryl ether ketone model compound in oxidative media (sPAEK)[END_REF]. The mechanism is based on the creation of phenolic groups inducing chain cleavage nearby the ether bridges. Different degradation products are obtained and most of them contain carboxylic acid or phenolic functions. Some degradation products with phenol functions can contribute to the stabilization, thanks to their antioxidant properties, by degrading preferentially. [START_REF] Monin | Stabilisation chimique des électrolytes polymères pour pile à combustible[END_REF] Figure 1.17. Chemical degradation of hydrophilic blocks of a sPEEK membrane. Adapted from

Ref. [START_REF] Perrot | Aging mechanism of Sulfonated poly(aryl ether ketone) (sPAEK) in an hydroperoxide solution and in fuel cell[END_REF]. Understanding the different pathways of radical attack at the weakest points of the polymer chain is essential in order to lessen membrane decomposition by chemically stabilizing the more vulnerable groups in the polymer structure. [START_REF] Zatoń | Current understanding of chemical degradation mechanisms of perfluorosulfonic acid membranes and their mitigation strategies: a review[END_REF] For long-term operation of a FC, the electrolyte membrane must exhibit acceptable durability to attack by free radical. Considerable effort has been devoted to improve the performance and long-term durability of fuel cell by improving the oxidative stability of the membrane under fuel cell operation, thereby increasing the chemical durability of PEMs.

With the advances in nanomaterials and polymer chemistry, innovative membranes with superior properties can be designed by various techniques. Incorporation of inorganic particles generally improves the barrier properties and mechanical resistance. However, it has been a great challenge to simultaneous decrease the fuel permeation and increase proton conductivity, which opened the track for the improvement of the existing techniques and implementation of new ones. Among these, the sol gel strategy was shown to be an attractive approach to improve both chemical and mechanical stability and maintain/improve the conductivity of PEM, while preserving membrane's original structure. [START_REF] Mauritz | Organic-inorganic hybrid materials: perfluorinated ionomers as sol-gel polymerization templates for inorganic alkoxides[END_REF], [START_REF] Mauritz | Nanophase Separated Perfluorinated Ionomers as Sol-Gel Polymerization Templates for Functional Inorganic Oxide Nanoparticles[END_REF] In the following, the discussions will essentially focus on the modification approaches that involve inorganic species (preformed fillers or fillers created in situ, with or without specific functionalization) to improve the initial properties and the life span of the membranes but also to provide beneficial effects on ageing.

Membranes Modifications

The foregoing discussion shows that PEM's degradation involves complex interconnected mechanical and chemical mechanisms. Many modifications have been made to reinforce mechanical and chemical stabilities of PEM while maintaining high conductivity.

In order to develop more durable and high-performance membranes at high temperature/low RH, the use of nanofillers and stabilizing additives is one of the outcomes of this development.

In this regard, organic-inorganic hybrid materials are promising systems for PEM applications due to their extraordinary combination of properties derived from the different nature of the building blocks. In hybrid materials, flexibility and mechanical stability are provided by the organic and inorganic components, respectively, while the introduction of functionalities can be developed in both. [START_REF] Tripathi | Organic-inorganic nanocomposite polymer electrolyte membranes for fuel cell applications[END_REF] The use of inorganic fillers and composite membranes usually reduces proton conductivity but effectively improves thermomechanical properties. Therefore, a compromise must be found in order to minimize the loss of performances (proton conductivity, fuel barrier properties, oxidative stability, mechanical properties and durability) on hybrid membranes. [START_REF] Prykhodko | Progress in hybrid composite Nafion®-based membranes for proton exchange fuel cell application[END_REF] Due to their hydrophilicity, silica-based membranes were shown to work well in a high operating temperature range, thus favoring the kinetics of the electrochemical reactions. The mechanical resistance of the membranes can also be improved but the silica loading in the membrane has to be carefully optimized. Indeed, an excess of silica may lead to the destruction of the membrane homogeneity, making the membrane brittle. Additionally, high silica contents will result in a higher rate of agglomeration in the membrane morphology due to the natural tendency of the silica particles to re-agglomerate. Hence, incorporating silica into different types of membrane will provide different level of fuel cells performance. [START_REF] Ying | Silica-related membranes in fuel cell applications: An overview[END_REF] Many studies have specifically reported the effect of the addition of silica into different types of sulfonated membranes such as sulfonated polysulfone (SPS) [START_REF] Lufrano | Solid polymer electrolyte based on sulfonated polysulfone membranes and acidic silica for direct methanol fuel cells[END_REF], [START_REF] Padmavathi | Multilayered sulphonated polysulfone/silica composite membranes for fuel cell applications[END_REF], sulfonated poly(arylene ether sulfone)s (SPAES) [START_REF] Ko | Organic/inorganic composite membranes comprising of sulfonated Poly(arylene ether sulfone) and core-shell silica particles having acidic and basic polymer shells[END_REF], [START_REF] Chun | Crosslinked sulfonated poly(arylene ether sulfone)/silica hybrid membranes for high temperature proton exchange membrane fuel cells[END_REF], sulfonated poly(imide) (SPI) [START_REF] Sakamoto | Effects of Incorporation of SiO2 Nanoparticles into Sulfonated Polyimide Electrolyte Membranes on Fuel Cell Performance under Low Humidity Conditions[END_REF], [START_REF] Geng | Facile in situ template synthesis of sulfonated polyimide/mesoporous silica hybrid proton exchange membrane for direct methanol fuel cells[END_REF], acid doped polybenzimidazole (PBI) [START_REF] Aili | Exceptional durability enhancement of PA/PBI based polymer electrolyte membrane fuel cells for high temperature operation at 200 °C[END_REF][START_REF] Suryani | Polybenzimidazole (PBI)functionalized silica nanoparticles modified PBI nanocomposite membranes for proton exchange membranes fuel cells[END_REF][START_REF] Devrim | Polybenzimidazole/SiO2 hybrid membranes for high temperature proton exchange membrane fuel cells[END_REF][START_REF] Ossiander | Influence of the size and shape of silica nanoparticles on the properties and degradation of a PBI-based high temperature polymer electrolyte membrane[END_REF][START_REF] Lin | Poly(benzimidazole)/silica-ethylphosphoric acid hybrid membranes for proton exchange membrane fuel cells[END_REF] and other organic polymer matrices [START_REF] Beydaghi | Synthesis and characterization of new proton conducting hybrid membranes for PEM fuel cells based on poly(vinyl alcohol) and nanoporous silica containing phenyl sulfonic acid[END_REF][START_REF] Pandey | Synthesis of silica immobilized phosphotungstic acid (Si-PWA)-poly(vinyl alcohol) (PVA) composite ion-exchange membrane for direct methanol fuel cell[END_REF][START_REF] Zhao | Enhanced proton conductivity of hybrid membranes by incorporating phosphorylated hollow mesoporous silica submicrospheres[END_REF][START_REF] Yin | Fabrication of chitosan/zwitterion functionalized titania-silica hybrid membranes with improved proton conductivity[END_REF][START_REF] Zhang | Fabrication of novel phosphotungstic acid functionalized mesoporous silica composite membrane by alternative gel-casting technique[END_REF][START_REF] Zeng | Correlation between proton conductivity, thermal stability and structural symmetries in novel HPW-meso-silica nanocomposite membranes and their performance in direct methanol fuel cells[END_REF][START_REF] Pandey | PVDF supported silica immobilized phosphotungstic acid membrane for DMFC application[END_REF][START_REF] Pandey | Performance of PVDF supported silica immobilized phosphotungstic acid membrane (Si-PWA/PVDF) in direct methanol fuel cell[END_REF][START_REF] Chen | Proton conductivity and fuel cell performance of organic-inorganic hybrid membrane based on poly(methyl methacrylate)/silica[END_REF][START_REF] Bangyang | Well-ordered sulfonated silica electrolyte with high proton conductivity and enhanced selectivity at elevated temperature for DMFC[END_REF][START_REF] Krishnan | Sulfonated poly(ether sulfone)-based silica nanocomposite membranes for high temperature polymer electrolyte fuel cell applications[END_REF][START_REF] Gnana Kumar | High proton conductivity and low fuel crossover of polyvinylidene fluoride-hexafluoro propylene-silica sulfuric acid composite membranes for direct methanol fuel cells[END_REF][START_REF] Kumari | Cross-linked sulfonated poly(ether ether ketone)-poly ethylene glycol/silica organic-inorganic nanocomposite membrane for fuel cell application[END_REF]. Besides silica (SiO2) [38], [START_REF] Ying | Silica-related membranes in fuel cell applications: An overview[END_REF], [START_REF] Lufrano | Solid polymer electrolyte based on sulfonated polysulfone membranes and acidic silica for direct methanol fuel cells[END_REF], [START_REF] Kumari | Cross-linked sulfonated poly(ether ether ketone)-poly ethylene glycol/silica organic-inorganic nanocomposite membrane for fuel cell application[END_REF][START_REF] Roelofs | Dihydrogenimidazole modified silicasulfonated poly(ether ether ketone) hybrid materials as electrolyte membranes for direct ethanol fuel cells[END_REF][START_REF] Xie | Sulfonated PEEK/cubic (Im3m) mesoporous benzenesilica composite membranes operable at low humidity[END_REF][START_REF] Park | Sulfonated mesoporous benzene-silica-embedded sulfonated poly(ether ether ketone) membranes for enhanced proton conduction and antidehydration[END_REF], various other inorganic fillers such as titanium oxide (TiO2) [START_REF] Salarizadeh | Influence of aminefunctionalized iron titanate as filler for improving conductivity and electrochemical properties of SPEEK nanocomposite membranes[END_REF][START_REF] Patil | Perfluorinated Polymer Electrolytes Hybridized with In situ Grown Titania Quasi-Networks[END_REF][START_REF] Wu | Preparation and performance of different amino acids functionalized titania-embedded sulfonated poly (ether ether ketone) hybrid membranes for direct methanol fuel cells[END_REF][START_REF] Xin | SPEEK/amine-functionalized TiO2 submicrospheres mixed matrix membranes for CO2 separation[END_REF] and zirconia (ZrO2) [START_REF] Escribano | Infiltration of 40SiO2-40P2O5-20ZrO2 sol-gel in sSEBS membranes for PEMFCs application[END_REF] have been reported to also improve mechanical integrity of PEM, dimensional stability, and gas permeability. However, silica tends to be the most promising filler for membrane fuel cells owing to the larger quantity of water it can adsorb even at high temperatures and low relative humidity conditions, which is beneficial for the proton conductivity of the membrane.

Moreover, and more recently a second-generation of hybrid PEMs containing acid functionalized fillers have received much attention due to the mutual contribution to the proton transport. In this regard, carbon-based substrates, including graphene oxide (GO) [START_REF] Vinothkannan | Ternary hybrid (SPEEK/SPVdF-HFP/GO) based membrane electrolyte for the applications of fuel cells: profile of improved mechanical strength, thermal stability and proton conductivity[END_REF], [START_REF] Hariprasad | SPVdF-HFP/SGO nanohybrid proton exchange membrane for the applications of direct methanol fuel cells[END_REF] ,

carbon nanotubes (CNT) [START_REF] Yin | Lateral-aligned sulfonated carbon-nanotubes/Nafion composite membranes with high proton conductivity and improved mechanical properties[END_REF][START_REF] Cele | Carbon Nanotubes Based Nafion Composite Membranes for Fuel Cell Applications[END_REF][START_REF] Liu | Carbon Nanotubes Reinforced Nafion Composite Membrane for Fuel Cell Applications[END_REF][START_REF] Tohidian | Surface modified multi-walled carbon nanotubes and Nafion nanocomposite membranes for use in fuel cell applications[END_REF][START_REF] Liu | Preparation and applications of Nafion-functionalized multiwalled carbon nanotubes for proton exchange membrane fuel cells[END_REF][START_REF] Molla-Abbasi | A novel heteropolyacid-doped carbon nanotubes/Nafion nanocomposite membrane for high performance protonexchange methanol fuel cell applications[END_REF] as well as silica functionalized with carboxylic acid, sulfonic acid, protic ionic liquids and heteropoly acids [START_REF] Ramani | Metal dioxide supported heteropolyacid/Nafion® composite membranes for elevated temperature/low relative humidity PEFC operation[END_REF][START_REF] Ramani | Stabilized heteropolyacid/Nafion® composite membranes for elevated temperature/low relative humidity PEFC operation[END_REF][START_REF] Ramani | Investigation of Nafion®/HPA composite membranes for high temperature/low relative humidity PEMFC operation[END_REF][START_REF] Kim | Sulfonated poly ether sulfone/heteropoly acid composite membranes as electrolytes for the improved power generation of proton exchange membrane fuel cells[END_REF][START_REF] Abouzari-Lotf | Composite Membranes Based on Heteropolyacids and Their Applications in Fuel Cells[END_REF] were evaluated. In addition to improving conductivity, the acid functionality of inorganic fillers provides better fillers dispersion and improves polymer-filler compatibility, which can have positive impacts on gas permeability, dimensional stability and mechanical integrity of the membranes. Despite having a lower acidity, phosphonic acid has been found to offer better proton conductivity compared to its sulfonated and carboxylate counterparts due to its superior ability to retain water and to form strong hydrogen bonding. [START_REF] Abouzari-Lotf | Highly durable polybenzimidazole composite membranes with phosphonated graphene oxide for high temperature polymer electrolyte membrane fuel cells[END_REF] Studies based on modified Nafion and sPEEK by incorporating or in situ generating silicabased phases will be developed herein. Organic-inorganic nanocomposite systems can be prepared by various synthesis routes, reflecting the various methods available to introduce each phase [START_REF] Tripathi | Organic-inorganic nanocomposite polymer electrolyte membranes for fuel cell applications[END_REF]. The method used to prepare composite membranes is very important, since it influences the membrane microstructure. [15]

Modified Nafion-Based Membranes

Inorganic fillers are often used in Nafion membrane due to their excellent chemical and physical stability as well as commercial availability. Recently, silica has been widely implemented. The hydrophilic nature of inorganic fillers allows the composite membrane to easily maintain water, which could result in improved performance. However, the non-conducting behavior of silica inorganic fillers should also be taken into account. This disadvantage is usually overcome by the grafting, onto their surface, of proton conducting groups using different organic compounds such as silanes bearing sulfonic groups.

Horvat et al. [START_REF] Horvat | Perfluorosulfonic acid ionomer -silica composite membranes prepared using hyperbranched polyethoxysiloxane for polymer electrolyte membrane fuel cells[END_REF] reported the preparation of PFSA-silica composite membranes using hyperbranched polyethoxysilane (PEOS) as silica precursor. The membranes were formed via an in-situ sol-gel process of PEOS in a PFSA solution and subsequent solution casting.

Transmission electron microscopy and small-angle X-ray scattering data showed at low silica content the presence of ultra-small silica particles with a size smaller than the diameter of the ionic channel and homogeneously dispersed in the PFSA matrix. Such morphology led to enhanced proton conductivity and improvement of the fuel cell performance. The conductivity reached a maximum with silica contents of about 3-5 wt %. It is important to note that the conductivity decreased with the increase in temperature, which is likely to be caused by reduction of humidity, Figure 1.19. The temperature effect was more prononced when increasing the silica content. Above 10 %, the membrane became brittle and the IEC was significantly reduced. The fuel cell performance of the PFSA/silica composite membranes at high current density was improved, Figure 1.20. The polarization curves of the MEA prepared from PFSA-silica composite membranes were recorded at 80 °C and 50 % relative humidity. The maximum power density of the cell was 0.58 W. cm 2 at a silica content of 3 wt %, representing an increase of 18 % compared to the pure PFSA membrane. The improvement observed at 3 wt.-% silica may be only partly correlated to the enhanced proton conductivity. The incorporation of a small amount of ultrafine silica nanoparticles also improved the water management, which had a significant impact on cell performance especially at high current densities where mass transport issues associated with water formation and distribution limit cell output. Mesoporous silica sub-microspheres with -NH2 groups or -PO3H2 groups on the outer surface, and -PO3H2 groups on the inner pore walls were prepared by Zhao et al. [START_REF] Zhao | Enhanced proton conductivity of the hybrid membranes by regulating the proton conducting groups anchored on the mesoporous silica[END_REF]. In the following, they are designated as N-P-SiO2 and P-P-SiO2, respectively. Both functional silica materials as well as pure SiO2 were further introduced into Nafion membrane matrix using the solution casting method. The water uptake, membrane swelling properties, and proton conductivities at different temperatures and different relative humidities of the hybrid membranes were characterized. The proton conductivities of both the pristine and the hybrid membranes were characterized at 100 % RH and different temperatures, a to c), the modified mesoporous silica leading to higher performances. However, the conductivity of the hybrid membranes decreased at 8 wt % of filler. The highest proton conductivity was 0.339 S.cm -1 at 115 °C for the Nafion/P-P-SiO2-5 hybrid membrane. The authors correlated this enhancement in proton conductivitiy to the presence of more proton conducting groups, when increasing the content of functionalized silica from 2 to 5 wt %.

Proton conductivities of both pristine and hybrid Nafion membranes at 80 °C and low relative humidities were tested, Figure 1.21(d). For all the membranes, proton conductivities increased when increasing the relative humidities and were enhanced for the Nafion/SiO2 hybrid membranes compared to the pristine Nafion membrane. Proton conducting performances were further enhanced by the introduction of functionalized mesoporous silica. However, differing from the performances at 100 % RH, proton conductivities of Nafion/P-P-SiO2 hybrid membranes were higher than those of Nafion/N-P-SiO2 hybrid membranes at low relative humidities. These different behaviors were attributed by the authors to the distinct chemical structures of the modified SiO2 and to the different synergistic effects between the proton conducting groups anchored on the silica surfaces and in the membrane matrix. With the aim of constructing effective proton conducting channels, Wang et al [START_REF] Wang | Modification of Nafion membrane with biofunctional SiO 2 nanofiber for proton exchange membrane fuel cells[END_REF] prepared a bio-inspired Nafion membrane composed of amino-acids SiO2 nanofibers and Nafion matrix.

SiO2 nanofibers were prepared by electrospinning silica sol from tetraethyl orthosilicate and their functionalization (leading to Bio-SiO2 nanofibers) was carried out in two steps through the introduction of carboxyl acid groups followed by their coupling with various amino acids, which were anticipated to be efficient proton-conducting groups, The water uptake of the prepared Bio-Nafion was found to be higher than that of Nafion membrane at the same temperature due to the following aspects: (i) SiO2 component, which contained OH groups on the surface, contributes to attract and maintain more water inside the composite membrane because of the strong bonding of water to silica and (ii) the increased number of hydrophilic groups (-COOH and NH2) in the membrane derived from the grafted amino acids facilitates water attraction. The conduction measurements showed that the proton conductivities of all the composite membranes were higher than in pure Nafion with proton conductivities varying from 0.075 to 0.24 S.cm -1 for a temperature range of 20 to 80 °C. The presence of acid-base pairs acting both as proton donors and acceptors in the PEMs induced the formation of nanofiber proton pathways with regularly arranged amino acids. This arrangement was thus helpful for proton hopping, resulting in increased proton conductivity. Among all the composite membranes, the proton conductivity follows the order Nafion-Cys > Nafion-Ser > NafionLys > Nafion-Gly, the best results being obtained for the Nafion-Cys with a conductivity of 0.2424 S.cm -1 at 80 °C, Figure 1.23. Furthermore, the authors concluded that the order of capacity for proton transfer was SO3H > OH > NH2. The water uptake and proton conductivity followed the same tendency, this because when the water uptake is improved, the formation of hydrophilic domains increases, improving the proton conductivity. Methanol permeability of the composite membranes was shown to decrease in the order Nafion-Cys > Nafion-Ser > NafionLys > Nafion-Gly, Figure 1.23. Indeed, the presence of inorganic SiO2 nanofibers could introduce tortuous methanol diffusion pathways across the membrane and a barrier network structure that could prevent methanol crossover. Another explanation proposed by the authors was that the hydrogen and ionic bonds formed between organic-inorganic nanofibers and Nafion polymer matrix could narrow the transport channels, decreasing the permeation rate of methanol. To overcome the limitations of Nafion, the presence of silica in the polymer matrix proved to be efficient. The incorporation of silica into membrane matrices has improved the thermal stability, mechanical resistance and water retention capacity. Due to the excellent water retention capacity of silica, better fuel cells performances could be achieved at high temperatures and low relative humidity, mainly because of the improvement of proton conductivities at low relative humidity. Moreover, the functionalization modularity allows introducing appropriate polar groups.

Modified sPEEK based membranes

As exposed, the key problem with hydrocarbon-based sulfonated membranes is their low proton conductivity, owing to their smaller phase-separated hydrophilic nanochannels which are less interconnected when compared to Nafion membranes. Creating hybrid nanostructures with readily accessible pathways for proton transport is an effective strategy to improve proton conductivity. [START_REF] He | Constructing facile proton-conduction pathway within sulfonated poly(ether ether ketone) membrane by incorporating poly(phosphonic acid)/silica nanotubes[END_REF] Incorporation of acid-functionalized silica nanofillers (sulfonic and phosphonic acids) into PEM has attracted attention. The acid groups on the filler can enhance proton conductivity of the composite membrane while the inorganic part can decrease fuel permeation as well as impart good mechanical and thermal stability to the composite membrane.

Lee et al. [START_REF] Lee | SiO2/sulfonated poly ether ether ketone (SPEEK) composite nanofiber mat supported proton exchange membranes for fuel cells[END_REF] fabricated a composite membrane of SiO2/sPEEK nanofibers impregnated with Nafion. The SiO2/sPEEK was used as a skeleton and was prepared via electrospinning of a mixture of sPEEK solution and silica sol prepared from tetraethyl orthosilicate (TEOS). The prepared nanofiber support was then impregnated with Nafion to completely fill the inter-fiber Salarizadeh et al. [START_REF] Salarizadeh | Influence of aminefunctionalized iron titanate as filler for improving conductivity and electrochemical properties of SPEEK nanocomposite membranes[END_REF] incorporated amine functionalized iron titanate (AIT) nanoparticles into sPEEK polymer matrix. The iron titanate nanoparticles surface was modified by grafting (3aminopropyl) triethoxysilane (APTES). AIT nanoparticles were homogeneously dispersed within sPEEK membranes using the solution casting method. In comparison with pristine sPEEK membrane, better proton conductivities, mechanical and oxidative stabilities were reported for the nanocomposite membranes. The water uptake of sPEEK membranes embedded with AIT nanoparticles increased due to the hydrophilic nature of the iron titanate nanoparticles, which was the result of hydrogen bonding between surface hydroxyl groups of AIT and water.

An increase of about 34 % in the water uptake was reported for nanocomposite membranes with AIT nanoparticles loading of 2 wt %. Further increase in the filler content led to a decrease of water uptake due to a blocking effect of AIT nanoparticles in polymer matrix. The higher proton conductivity obtained for the nanocomposite membranes was attributed to water channeling at the polymer/nanoparticle interface and connectivity of the water channels which created more direct pathways for proton transport. sPEEK/AIT (2 wt %) showed a proton conductivity of 0.12 S.cm -1 and a maximum power density of 204 mW.cm -2 at 80 °C. Kumari et al. [START_REF] Kumari | Cross-linked sulfonated poly(ether ether ketone)-poly ethylene glycol/silica organic-inorganic nanocomposite membrane for fuel cell application[END_REF] prepared organic-inorganic nanocomposites in a combination of interpenetrating polymer network type cross-linked structure to improve the electrochemical and mechanical properties of highly sulfonated sPEEK polymer based membrane.

Poly(ethylene glycol) was used as a cross-linker to induce interpenetrating polymer network structure, and as a dispersant to homogeneously distribute the SiO2 nanoparticles within the membrane. The synthesis of sPEEK-PEG/SiO2 (SPP/SiO2) membrane composites was achieved in two steps: first, the PEG containing membranes were prepared by the solution casting method, followed by the in-situ generation of the silica nanoparticles using TEOS as sol-gel precursor. The effect of varying the weigh percentage of SiO2 content (2.5, 5, 7.5,10 and 12.5 %) was studied on the electrochemical and mechanical properties. A 10 wt % SiO2 filler gave the best properties, with membranes presenting good dimensional, chemical, thermal and mechanical stabilities. At 60 °C, the maximum power density was enhanced to 379 mW.cm - Xue et al. [START_REF] Xue | Acid-base hybrid polymer electrolyte membranes based on SPEEK[END_REF] combined the concepts of acid-base polymer blends and organic-inorganic hybrid polymers to form a hybrid proton-conducting membranes from sPEEK and 3aminopropyltriethoxysilane (APTES), Figure 1.29. The sulfonation of Victrex @ PEEK was performed in order to prepare sPEEK membranes with a DS of 70 %. The resulting sPEEK was dissolved in a mixture of dimethyl sulphoxide (DMSO) and distilled water. APTES was added to the SPEEK solution, and a dispersed phase of amino silica was formed through hydrolysis and condensation of APTES. It was also anticipated that the ionic bonding between the amine groups of APTES and the sulfonic group of sPEEK could improve organic-inorganic compatibility. At room temperature, the water uptake decreased to 26 %, 24 % and 19 % for the sPEEK/APTES 100/5, 100/10 and 100/20 membranes, respectively. The dimensional swelling of hybrid membranes, at 25 °C, was reduced with increasing amount of APTES, achieving a dimensional swelling of 8 % for a molar ratio sPEEK/APTES of 100/20 against 23 % for sPEEK, Figure 1.30. Moreover, the hybrid membrane showed a higher thermal resistance and lower methanol permeability. However, the proton conductivity was reduced due to the electrostatic interaction between the basic amine groups of APTES and the acidic sulfonic groups of sPEEK. In order to prepare a hybrid PEM with low methanol permeability and high proton conductivity, Lin et al. [START_REF] Lin | Novel hybrid polymer electrolyte membranes with high proton conductivity prepared by a silane-crosslinking technique for direct methanol fuel cells[END_REF] developed a procedure to obtain a covalently cross-linked hybrid PEM, combining the condensation of carboxyl / epoxide groups, the oxidation of thiol groups (-SH)

and the silane crosslinking techniques, Figure 1.31. For this purpose, two silane monomers, 3glycidoxypropyl-trimethoxysilane (GPTMS) and 3-mercaptopropyl-trimethoxysilane (MPTMS) were blended with a sulfonated poly(arylene ether ketone) (SPAEK) bearing pendant carboxyl groups. The epoxy groups of GPTMS were first reacted with the carboxyl groups of the SPAEK membrane by applying a controlled thermal treatment leaving the sulfonic groups intact as evidenced by IR-FT spectroscopy. The role of MPTMS in the blend was to induce silane-crosslinking by hydrolysis-condensation and to improve the proton conductivity of the final hybrid membranes through oxidation of the thiol groups to the corresponding sulfonic acids. The hybrid membranes showed proton conductivities varying from 0.12 to 0.20 S.cm -1 at 80 °C, which are comparable to that of Nafion 117. Moreover, the cross-linked structure successfully avoided the decrease in dimensional stability. An improvement in thermal stability was observed and the methanol permeability was nearly two times lower than that of SPAEK.

The mechanical integrity was sufficient for fuel cell application, even though after oxidation (3 % H2O2 at 50 °C for 5 h), degradation of the mechanical resistance was observed. Recently, Huynh et al. [START_REF] Huynh | Sol-gel route: An original strategy to chemically stabilize proton exchange membranes for fuel cell[END_REF] reported a new generation of hybrid membranes elaborated via a Sol-Gel route (SG). Their strategy consisted in creating a reactive SG phase directly within the hydrophilic domains of a commercial sPEEK membrane, without the polymer dissolution step.

Their objective was to reduce the oxidative species generated during fuel cell operation and to improve the membrane's proton conductivity. To do so, a SG phase was grown by selfcondensation of (3-mercaptopropyl) trimethoxysilane (MPTMS) showing antioxidant properties into the host sPEEK membrane. The mercapto groups carried by the SG phase can be oxidized up to the formation of sulfonated groups. The advantages of the SG impregnation strategy rely on the conservation of the nano-domains of the initial membrane, essential for keeping a good proton conductivity. The SG content was adjusted by tuning the SG precursor/sPEEK ratio used for the impregnation step. The prepared hybrid membranes exhibited better proton conductivity than the pristine sPEEK membrane up to a SG uptake of 18 %, Table 1.7. The hydrogen permeability was slightly higher than the host membrane, respectively 4.76 and 3.22 barrer, but it remained still lower than the one reported in the literature for Nafion (5 barrer). 
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The fuel cell operability tests showed better and more durable performances for the hybrid membranes with respect to pristine sPEEK, [46]

The addition of active redox transition metal ions, which can be auto regenerated in operating fuel cells, has also been widely studied in the past decade to mitigate the chemical degradation of the membranes. The free radical scavenging mechanism and some of their applications in PEMFCs will be presented and discussed in the next section.

Incorporation of radical quencher

Lifetime is one of the main concerns of PEMFCs, especially for commercial utilization.

Chemical degradation, caused by oxidative free radicals, can lead to membrane failure and ultimately to the crash of the whole FC system. [START_REF] Rui | Understanding of free radical scavengers used in highly durable proton exchange membranes[END_REF] In order to prevent the degradation of PEMs, the generated reactive free radicals must be efficiently captured. Mitigation of free radical attacks in a membrane by incorporation of radical scavengers or quenchers has been widely studied. The main role of the radical quenchers is the reduction of H2O2 concentration, and therefore the decrease of free radicals. The steady consumption of traditional organic scavenger molecules over time (sacrificial approach, e.g. -SH moiety) is a possible strategy to this goal but for extended period of operating time, a free radical scavenger that operates catalytically is needed [START_REF] Trogadas | Degradation Mitigation in Polymer Electrolyte Membranes Using Cerium Oxide as a Regenerative Free-Radical Scavenger[END_REF]. Cerium oxide (CeO2) is a radical scavenger capable of in-situ selfregeneration, especially in an acidic medium. [11] 

Incorporation of cerium oxide as radical quencher

The mechanism of free radical scavenging in CeO2 revolves around the ability of cerium (Ce)

to interconvert rapidly and reversibly between the 4 + and 3 + oxidation states at moderate temperatures. Only Ce 3+ in the Ce 3+ /Ce 4+ redox couple is able to react with hydroxyl radicals.

Ce 4+ can oxidize some common components in fuel cell such as H2O2, HOO and H , while the generated Ce 3+ can be oxidized to Ce 4+ by hydroxyl radicals, creating a regenerative circulation, as shown in Figure 1.35. This regeneration of the Ce 3+ form appears to be an important factor to the CeO2 free radical mitigation ability. [START_REF] Zatoń | Current understanding of chemical degradation mechanisms of perfluorosulfonic acid membranes and their mitigation strategies: a review[END_REF], [START_REF] Rui | Understanding of free radical scavengers used in highly durable proton exchange membranes[END_REF], [START_REF] Jayakumar | A comprehensive investigation on the properties of nanostructured cerium oxide[END_REF] The following equations ( 33)-( 36) have been proposed for free radicals scavenging and Ce 3+

regeneration. The ratio of Ce 3+ /Ce 4+ can be tuned by controlling the size of ceria nanoparticles, which is very important for free radical scavenging property (high mobility of nonstoichiometric-induced oxygen vacancies in nanosized ceria materials, providing reactive sites for free radical scavenging) 

The incorporation of ceria nanoparticles into a polymer matrix without agglomeration of the particles during the synthesis process is a critical issue to be addressed. One approach is to disperse ceria NPs in a monomer phase prior to its polymerization. Even though the ceria nanoparticles were homogeneously dispersed in the PFSA membrane, the weak chemical interactions between the polymer and ceria NPs led to reduced performance of the composite material when exposed to harsh environment and mechanical stress. [START_REF] Jayakumar | A comprehensive investigation on the properties of nanostructured cerium oxide[END_REF], [START_REF] Pearman | The chemical behavior and degradation mitigation effect of cerium oxide nanoparticles in perfluorosulfonic acid polymer electrolyte membranes[END_REF] Another approach to enhance the chemical interactions at the organic-inorganic interface in the composite is the introduction of functional groups capable of stabilizing and/or self-assembling ceria NPs during their formation process through strong and stable ionic bonds [START_REF] Jayakumar | A comprehensive investigation on the properties of nanostructured cerium oxide[END_REF]. In this regard, Cargnello et al. [START_REF] Cargnello | Synthesis of Dispersible Pd@CeO 2 Core-Shell Nanostructures by Self-Assembly[END_REF] reported on a new approach to prepare highly dispersible Pd@CeO2 core-shell nanostructures. The method involved the use of carboxylic groups on the Pd nanoparticles surface to self-assemble the cerium (IV) alkoxide around the metal particles, followed by controlled hydrolysis to form CeO2. The reaction proceeds by ligand exchange between the alkoxy groups on the Ce precursor and the carboxylic moieties present at the surface of the Pd particles. To control the rates of hydrolysis and condensation and to allow fine control of the growth of the ceria layer, high density of carboxylic acids around the Pd NP was necessary.

Trogadas et al. [START_REF] Trogadas | Degradation Mitigation in Polymer Electrolyte Membranes Using Cerium Oxide as a Regenerative Free-Radical Scavenger[END_REF] investigated the effectiveness of CeO2 nanoparticles in mitigating freeradical-induced polymer electrolyte membrane degradation. Nafion was used as a PEM model and the solvent casting method was applied to produce composite membranes containing 0. The synthesis and evaluation of a sPEEK-ceria nanocomposite membrane for high durability was studied by Parnian et al. [START_REF] Parnian | High durability sulfonated poly (ether ether ketone)-ceria nanocomposite membranes for proton exchange membrane fuel cell applications[END_REF] They used a microwave induced-gel combusted method for the ceria nanoparticle preparation. Furthermore, the sPEEK membranes were prepared by the solution casting method and ceria nanoparticles were added in order to prepare a sPEEK-CeO2 In a second study [START_REF] Parnian | Effect of ceria loading on performance and durability of sulfonated poly (ether ether ketone) nanocomposite membranes for proton exchange membrane fuel cell applications[END_REF] , they varied the amount of ceria (2.5, 5, 7.5 and 10 %) within the sPEEK membranes. The overall studies have suggested that 5 % ceria represents the optimal loading in the sPEEK nanocomposite membrane, since it provides superior durability along with undiminished performance compared to pure sPEEK.

Yang and Kim [START_REF] Yang | Antioxidant proton conductive toughening agent for the hydrocarbon based proton exchange polymer membrane for enhanced cell performance and durability in fuel cell[END_REF] studied a sPEEK/organosiloxane polymer network (OSPN) as a new method to fix radical scavenger inside the membrane, Figure 1.38. A multifunctional antioxidant system was prepared to resolve the three weaknesses of the hydrocarbon type membranes, that is, the mechanical brittleness, poor chemical stability and low proton conductivity. In their study, cerium isopropoxide was fixed into OSPN structure composed of 3-glycidyloxypropyl-trimethoxysilane (GPTMS) to improve the mechanical stability and 1hydroxyethane-1,1-diphosphonic acid (HEDPA) to enhance the proton conductivity thanks to the phosphoric acid groups. The Ce/OSPN was first synthesized via the sol gel route, then introduced in the sPEEK through the formation of a semi-interpenetrating polymer network (semi-IPN) structure. The obtained composites exhibited a decrease in the system brittleness as well as an improvement of the proton conductivity. Meanwhile, other properties such as the water uptake and the tensile strength showed a slight increase. The semi-IPN membranes sPEEK /0.10/20 % displayed better oxidation stability than the pristine sPEEK by retarding the pinholes formation associated with polymer degradation. Addition of 20 wt % Ce/OSPN (at Ce/silicon mol ratio = 0.10) enhanced the elongation at break of the sPEEK membrane approximately twofold. The power density of the MEA fabricated with the semi-IPN membrane was 208 mW cm -2 , which is much higher than that of the pristine sPEEK membrane, 165 mW cm -2 . The power density loss of the same semi-IPN membranes as determined by the Fenton's test was 4.8 %, whereas those of pristine and semi-IPN membrane without cerium were 33.9 % and 34.0 %, respectively. The proton conductivities were enhanced achieving a maximum of 35.63 mS.cm -1 for sPEEK/0.10/30 %. 

Incorporation of Ce ions as radical quencher

Recent studies have shown that the addition of even small amounts of Ce or Mn as ions, oxide or metal nanoparticles was efficient in reducing the chemical degradation rate of PEMFC.

[125], [START_REF] D'urso | Towards fuel cell membranes with improved lifetime: Aquivion® Perfluorosulfonic Acid membranes containing immobilized radical scavengers[END_REF] Cerium ions are particularly promising as HO • radical scavengers, because 1 % of cerium ions with respect to sulfonic acid groups is reported to quench 89 % of HO • against 46 % for Mn 2+ ions. However, cerium ion composite membranes showed two main drawbacks: (i) cerium ions can exchange with the proton of the membrane sulfonic acid groups, thus decreasing the proton conductivity and the cell performance; (ii) cerium ions are very mobile in the operating state of the fuel cell and can therefore easily flow out of the membrane by diffusion process, ending up either in the drain water or in the electrode layer. If cerium ions remain in the electrode layer, the oxidation and reduction reactions of hydrogen and oxygen at the anode and cathode could be affected, thus deteriorating the cell performance. In order to achieve a long term effect of radical scavenging, a new method that can fix radical scavenger inside the membrane is needed. [START_REF] Yang | Antioxidant proton conductive toughening agent for the hydrocarbon based proton exchange polymer membrane for enhanced cell performance and durability in fuel cell[END_REF] C. D'Urso et al. [START_REF] D'urso | Towards fuel cell membranes with improved lifetime: Aquivion® Perfluorosulfonic Acid membranes containing immobilized radical scavengers[END_REF] developed a novel silica-supported cerium-based radical scavenger bearing sulfonic acid functionalities based on a wet impregnation technique and a thermal treatment. The material was further introduced as a filler in ePTFE reinforced membranes (named R79-02S) prepared from Aquivon PFSA dispersions. Besides, a reference membrane containing the same concentration of Ce (III) ions (2.5 % moles per moles of -SO3H groups) in the PFSA membrane was prepared. Cerium nitrate Ce (NO3)3.6H2O was added in the polymer dispersion. In this case, the authors concluded that the addition of Ce 3+ caused a decrease in the membrane conductivity due to an exchange by cerium ions of the protons of the PFSA sulfonic groups, whereas when cerium was part of the crystalline oxide network strongly anchored on a stable support, their interaction with the sulfonic acid groups was lower. The MEAs were tested at 90 °C and 30 % RH. The OCV test results at 0.7V (determination of the end of life) showed that the sulfonated silica supported -Ce exhibited a 7-fold increase in the stability under these More recently, Park et al. [START_REF] Park | Chemical stability enhancement of crown ether grafted sulfonated poly(arylene ether ketone) fuel cell membrane by cerium ion fixation[END_REF] studied the effect of introducing 18-crown-6-ether (CRE) covalently grafted on sulfonated poly(arylene ether ketone) (SPAEK) along with cerium ions.

The idea was to form a strong coordination complex between both components to capture the cerium ions and prevent their migration out of the membrane during fuel cell operation while avoiding the partial neutralization of the sulfonic acid groups by ion exchange. Grafting the CRE onto the SPAEK did not significantly affect the thermal, mechanical and water uptake behaviors of the membranes. However, it led to a significant improvement of oxidative degradation effect compared with other blending systems (cerium ions alone or introduced with non-grafted CRE) according to the Fenton's test. The proton conductivity decreased with addition of cerium, but its effect was lessened by introduction of the crown ether cage.

Conclusion and objectives of the study

The ecological and energy transition appears essential to meet growing energy needs while respecting environmental constraints. In this regard, proton exchange membrane fuel cells (PEMFC) are promising technologies for energy storage. One of their key components is the polymer electrolyte membrane (PEM) acting as both separator and proton conductor. This chapter presented a focus on the polymer electrolyte membranes and the constraints imposed by their application in fuel cells. Most of the studies showed that the environment of the proton conducting membrane used in a cell has a direct influence on its lifetime. During the operation process, the membrane could degrade chemically and mechanically, which eventually leads to the failure of the whole system.

Recall that for optimized performance, the PEM must present chemical and electrochemical stabilities; mechanical strength and stability under operation conditions; low gas permeability; high proton conductivity to support higher current densities with minimal resistive losses; zero electronic conductivity. Even though Nafion® is considered as the reference membrane for fuel cells applications, its drawbacks limit operations at temperatures below 95 °C. Hightemperature PEMFC technologies are therefore needed in order to improve fuel cells performance for large-scale development of PEMFCs. [2] Polyaromatic membranes are of great interest, and sulfonated Poly (Ether Ether Ketone) membrane (sPEEK) is among the most promising ones owing to its good thermal stability ( ) and lower cost [3]. However, sPEEK polymers are more prone to radical attack when compared to Nafion. Improving the resistance to ageing while keeping good intrinsic properties of the sPEEK membrane, such as high enough gas barrier properties, conductivity and moderate hydration properties, is necessary for the development of more efficient PEMFCs systems.

It was shown that silica played an important role in improving the performance of fuel cells by enhancing their properties. The incorporation of silica through Sol Gel method makes it possible to provide specific functions on the inorganic part to improve proton conductivity while providing a barrier to gases or methanol (depending on the final application). The incorporation of silica into membrane matrices can improve the thermal stability, mechanical resistance and water retention capacity at high temperatures. The main challenge of silica-related membranes fuel cells lies on the fact that one key property is generally improved at the expense of the others. The central objective of the MULTISTABLE project is to overcome the main bottlenecks related to polymer membranes meeting the following criteria: (i) durability 8000 h and 50000 h for PEMFC transport and stationary applications, respectively; (ii) thermomechanical properties to resist to swelling/drying cycles and operations up to 120 °C;

(iii) proton conductivity over 100 mS.cm -1 at 120 °C and 30 % relative humidity (RH); (iv) low gas permeability 5 barrer in order to avoid crossover phenomena.

Herein, the elaboration of highly stabilized hybrid membranes derived from sPEEK polymers will be carried out using an original approach based on Sol Gel (SG) chemistry and patented by our ANR partner, the SyMMES-UGA. [START_REF] Gonon | Utilisation d'un réseau polysiloxane fonctionnalisé pour stabiliser chimiquement un polymère, membrane ainsi stabilisée, son procédé de préparation et ses utilisations[END_REF] To simultaneously fulfill the specific requirements for PEM, the idea consisted in improving all the properties of the commercial host polymer electrolyte membranes thanks to the growth of a chemically and physically active SG network directly within the hydrophilic phase of a previously nanostructured membrane.

Contrary to the traditional routes involving a pre-solubilization of the polymeric membrane prior to functionalization as exemplified previously in the literature overview, this approach provides advantages in terms of proton conductivity (conservation of the nano-domains of the initial membrane), chemical stabilization (better dispersion of the active phase within the membrane) and mechanical stability (mediating the growth of the SG network using the pH gradient between the solution and the inside of the membrane). As a proof of concept, the FC operability of hybrid membranes containing thiol chemical degradation's inhibitors, prepared using this approach, was demonstrated as an efficient stabilizing strategy. [START_REF] Huynh | Sol-gel route: An original strategy to chemically stabilize proton exchange membranes for fuel cell[END_REF] In this PhD work, two stabilization pathways have been explored to increase the FC lifespan: (i) Addition of organic molecules having antioxidant properties (sacrificial type, consumed over time); (ii) Addition of redox active transition metal ions and/or oxides acting as radical scavengers (redox type, self-generated), Figure 1.40.

In the sacrificial route, an antioxidant functionality able to reduce the oxidative species (H2O2) is covalently linked to the SG precursor to grow the reactive inorganic SG network by selfassembly inside the membrane. Two chemical functions (F) have been targeted for this purpose namely, the thiourea moiety bearing one and two -Si(OR)3 polycondensable groups and the phenolic function.

In the redox route, redox active transition metals acting as radical scavengers will be incorporated within the membrane by several strategies. The first envisaged strategy was based on the incorporation of metal oxide nanoparticles (NPs) and relies on the control growth of CeO2 NPs from Ce alkoxide in the presence of carboxylic acid bearing the SG phase precursor.

This strategy was derived from Cargnello et al. [START_REF] Cargnello | Synthesis of Dispersible Pd@CeO 2 Core-Shell Nanostructures by Self-Assembly[END_REF] studies showing that carboxylic acid could coordinate and stabilize CeO2 nanoparticles (NPs), preventing them to leach out of the membrane. For the incorporation of metal ions, the incorporation of Ce ions as part of the SG network through hydrolysis/condensation of Ce salts and Si alkoxides was studied. [START_REF] D'urso | Immobilized transition metal-based radical scavengers and their effect on durability of Aquivion® perfluorosulfonic acid membranes[END_REF], [START_REF] D'urso | Towards fuel cell membranes with improved lifetime: Aquivion® Perfluorosulfonic Acid membranes containing immobilized radical scavengers[END_REF] The SG parameters (pH, temperature, reaction time and quantity of H2O) will be tuned to mediate the quality and extent of impregnation of the SG phase within the membrane. The versatility of the SG chemistry allows the easy variation of the reaction conditions and hence a control of the final chemical and mechanical properties of the final membrane.

Evaluation of the impact of these synthesis variations on the hydration and gas permeability properties as well as on the thermal stability of the final membranes will be carefully assessed to allow for the delineation of structure/property relationships towards the conception of more durable membranes. 

Commercial products and treatments

This section lists the origin and purity of the chemicals (solvents, reagents) used in the study.

Furthermore, it describes the pre-treatments applied to the commercial sPEEK membranes in order to optimize the insertion of the SG network within the core of these membranes.

Solvents

The solvents used during this thesis work are summarized in Table 2.1. The solvents used for the synthesis of the SG precursors were dried over calcium hydride (CaH2) prior to distillation and kept under argon on molecular sieve (4 Å) previously treated at 500 °C to remove any residual traces of water. : not provided by the supplier.

sPEEK membrane pre-treatment

The host membrane used in this study is a commercial sPEEK purchased from Fumatech (fumapem® E730) with an ionic exchange capacity (IEC) of 1.4 meq g -1 and a thickness of 30 μm. Prior to impregnation, the host sPEEK membranes were re-acidified at 30 °C in a 1 M HCl solution for 4 h, triple rinsed with pure water to remove impurities and ensure that all -SO3H groups were in the acidic form (E1 step). The membranes were then hydrothermally treated in liquid water at 80 °C for 72 h (sPEEK_NS, NS denotes for nanostructured) to improve the nanophase separation between hydrophilic and hydrophobic domains (E2 step). After that, they were swollen in an acidified (acetic acid addition down to pH = 4) water/ ethanol mixture (64/36 volume composition) for 24 h (E3 conditioning step) to obtain a membrane with highly segregated nanophases. [3] The concept is exposed in The immersion of sPEEK in water at elevated temperature enables molecular rearrangements that allow nanostructuring of the membrane and provides a well-defined interface between hydrophilic and hydrophobic phases. Fine-control of the nanostructuring step is mandatory to optimize sPEEK membrane fuel cell properties such as proton conductivity. [5] Therefore, it is a very important preliminary step to master before hybridization through the growth of a reactive 3D Sol-Gel (SG) network bearing chemical degradation inhibitors directly within the hydrophilic domains of the sPEEK host membrane. As evidenced by H. Mendil-Jakani et al., achieving a good nanophase separation within sPEEK based membranes leads to swelling behaviors similar to those of Nafion ® 117. [6] In this PhD work, hybrid membranes will be prepared by infusion of sol-gel precursors under conditions that allow the in-situ formation of the sol-gel network. The adequate impregnation conditions will require the control of parameters such as pH and the adequate impregnation solution preparation in which the concentration will vary according to the desired SG uptake.

An adaptation of the impregnation conditions is often necessary once the exact conditions and procedures depend on the precursor used, these will be often presented in the appendix of the chapters dedicated to each type of precursor and the optimized methodology will be presented in the main text.

Characterization Techniques

The obtained hybrid membranes were thoroughly characterized using a large panel of spectroscopic and analytical techniques: FT-IR, high-resolution solid-state CP-MAS and MAS-HPDEC 29 Si NMR, thermogravimetric and microcalorimetric analyses, in-depth determination of gas permeability properties for different gases, varying by their kinetic diameter. Studies on the hydration mechanism (sorption isotherms and kinetic analysis) were also performed. The objectives were to discuss the functional properties of the membranes (gas permeability, water sorption) as a function of the membranes chemical composition and membranes morphology (the latter has been investigated by our partner in the project, the SyMMES laboratory).

Gravimetric Measurements

The SG uptake of the hybrid membrane was calculated from gravimetric measurements of the mass of the sPEEK_NS and the mass of the hybrid membrane in the dry state. The insertion of the SG phase into the host sPEEK membrane is quantified either as the membrane's weight increase ratio labeled SG uptake, which corresponds to the weight ratio of the SG phase to the sPEEK_NS used to prepare the hybrid membrane (equation 1), or as the ratio of inserted SG versus insertable SG considering that all the precursors would have condensed within the sPEEK membrane, labeled insertion ratio (equation 2). [3] (1)

(2)

Fourier Transform Infrared Spectroscopy (FT-IR)

Every chemical bond has vibrational motion whose frequencies are in the infrared regime, so it is one of the most commonly used methods for the identification of organic and inorganic molecules based on their vibration properties. [7], [8] Infrared spectra were recorded on a Thermo Scientific Nicolet iS50 FT-IR spectrometer in transmission mode between 4000 and 400 cm -1 (resolution 4 cm -1 , 64 scans).

Nuclear Magnetic Resonance (NMR)

Solid state NMR allows for a structural determination at the molecular level of the organicinorganic hybrid materials. Herein, two techniques were applied. First, NMR analyses were performed by cross polarization magic angle spinning (CP-MAS) using a Bruker avance II-300

MHz spectrometer. The analysis is based on a polarization transfer between the protons and the adjacent atoms analyzed (Si or C). The Si atoms surrounded by protons (surface silanol groups)

will appear more intensely than the silicon atoms in the bulk of silica nanoparticles [9]. This technique was used because it allowed reducing considerably the analysis time. However, the data obtained are not quantitative. The MAS method rotation at the magic angle allows suppressing the anisotropic dipolar interactions and provides quantitative data. Therefore, for the quantitative analysis, the high power decoupling (HPDEC) technique combined with the MAS was performed on the Bruker avance III 500WB spectrometer. The experimental conditions for both analyses are presented in Solid-state NMR analyses were performed for the silicon 29 Si nuclei, because it provides useful information on the silicon nature, siloxanes (quaternary silicon) or organosiloxanes (tertiary silicon), as well as on the degree of condensation. The siloxanes ( can be identified in the spectral region between -90 to -115 ppm. Regarding the organosiloxanes ( ), specific chemical shifts are presented in Table 2.4.

Thermogravimetric Analysis (TGA)

The thermal stability of the hybrid membranes as well as the quantitative determination of the SG uptake were assessed from thermogravimetric analysis using a Mettler TGA/DSC 1 equipment from Mettler Toledo. The samples were heated under air flow (30 mL.min -1 ) at a heating rate of 10 °C.min -1 from room temperature up to 700 °C. ). The third and more important weight loss (about 74 %) in the temperature range of 430 °C -700 °C corresponds to the decomposition of the main polymer backbone [10]- [14]. Polymer decomposition occurs via a thermally driven free-radical mechanism: the degradation starts at the sulfonated aromatic rings and after scission of sulfonic acid groups, random free-radical cleavage of the polymer chains can take place [11].

Organic O Si O O Si R(H) R(H) Organic O Si O O Si Si R(H) Organic O Si O O Si Si Si
The temperatures of water evaporation, desulfonation and polymer backbone degradation were determined from the maximum temperature observed on the derivative of the mass in relation to the temperature.

The SG uptake of the hybrid membranes was determined according to equation (3) considering

SiO2 weight residue at 700 °C (complete combustion of the organic phase) and the weight of dry hybrid membrane at 200 °C (complete water desorption, before any decomposition of the organic phase) [3]:

(

where M SiO2 = 60.08 g.mol -1 and , the molar mass of the SG repeat unit of the condensed SG phase. It is important to note that the % SG measured from TGA could be overestimated due to the ultra-dry state of the membrane (m hybrid membrane at 200 °C) when compared to the mass of the hybrid membrane obtained by the gravimetric measurements, equation (1).

Moreover, calculations most often considered a total condensation (100 % of T 3 ).

Differential Scanning Calorimetry (DSC)

DSC analysis was carried out using the Mettler DSC 1 equipment, from Mettler Toledo. The experiments were performed under nitrogen atmosphere at a heating rate of 10 °C.min 

Gas transport properties

Gas permeation properties were determined on films of effective area 3 cm 2 for H2, He and CO2 (Air liquide, purity of the gases higher than 99.9%). The permeation cell consists of two compartments (upstream and downstream) separated by the membrane to be studied, Figure 2.4. The cell was thermostated at 23 °C 1 °C. A preliminary high vacuum desorption was performed to ensure that the static vacuum pressure changes in the downstream compartment are smaller than the pressure changes due to the gas diffusion [15]. Then, a two bar gas pressure was introduced in the upstream compartment. The pressure p2 in the downstream compartment was measured as function of time with a 10 torr datametric sensor. In order to solve the Fick equations under the permeation conditions, the following assumptions are necessary [16]:

The upstream concentration of the diffusing species is kept constant during the measurement The downstream concentration is negligible compared to

The membrane is initially solute free

The diffusion coefficient D is independent of the concentration of diffusing molecules Integration of Fick's second law gives access to the amount of penetrant that has passed through the membrane of thickness e after a time t:

For sufficiently long times, the exponential term becomes negligible so the equation can be simplified as follows:

(

The slope of the steady line (a) and the time lag ( ) allow determining the permeability and diffusion coefficients, respectively. The permeability coefficient is expressed in barrer unit (1 barrer = 10 -10 cm 3 STP. cm. cm -2 . s -1 . cmHg -1 ):

Where represents the gas flow in the steady state, the thickness of the membrane and the pressure gradient.

Apparent values of diffusion (D) can be obtained according to the following equation. [17] (

With: : time lag (s); e: thickness of the film (cm); D: diffusion coefficient (cm 2 .s -1 ).

For the studied membranes, values are very low and can not be measured with significant precision for helium and oxygen. Therefore, D values will only be given for CO2.The experimental uncertainty for the diffusion coefficient was considered as .

By assuming a Fickian transport, solubility coefficients can be deduced from permeability (Pe) and diffusion (D). Indeed, in this case . For permeability values, an uncertainty of was considered. The experimental error of the solubility coefficient must be carefully analyzed, as it is a function of diffusion and permeability coefficient.

Water vapor sorption

A dynamic vapor sorption analyzer, DVS Advantage (Surface Measurement Systems Ltd., London, UK) was used to determine the film water sorption properties. The experiments were carried out at 25 °C. The samples ( 25 mg) were introduced in the microbalance and pre-dried by exposure to dry nitrogen (200 mL.min -1 ) until a constant dry weight of the samples was obtained ( . A water vapor activity was imposed from 0.1 to 0.9 by an increment of 0.1. The samples water uptake was followed as a function of time, and the equilibrium was considered to be reached when changes in mass with time ( ) were lower than 0.0002 for ten consecutive minutes. The amount of molecules sorbed as a function of time was thus monitored until a sorption equilibrium was reached ( . The kinetics of water sorption and the sorption isotherm, on all the range of water activity were then determined.

Determination and analysis of the sorption isotherm

The values of the mass gain at equilibrium (G(aw)) defined as were determined at each water activity (aw). The water sorption isotherm was obtained for each sample by representing the evolution of G (aw) as a function of the water activity, The shape of the isotherm gives rise to information about the sorption mechanisms and the affinity of water for the studied material.

Study of the sorption kinetics

When the sorption is controlled by a Fickian mechanism, the water diffusion is assumed to follow Fick's second law.

where t is the time, x the position in the film and c the concentration of the sorbed molecules.

As for gas permeability, in order to solve Fick's equations some assumptions are necessary [20]:

The upstream surface equilibrium is reached instantaneously

The concentration of sorbed molecules is equal to 0 for t= 0 at the center of the film Integration of Fick's second law gives the ratio of the masses of the sorbed solute at the time and at equilibrium, denoted and , respectively, as shown in equation ( 10) below.

(

) 8 
with referring to the membrane thickness in cm and to the diffusion coefficient expressed in .

By performing a change of variable between t and t square root, the integration of the second Fick's law becomes:

At short time, when , the sum in the previous equation can be neglected and the diffusion coefficient, , can be expressed as follows:

(10)

With

The directing coefficient of the straight line , gives access to the diffusion coefficient .

(

) 11 
At the half sorption time, which corresponds to , it is possible to determine the diffusion coefficient :

Sorption kinetic studies for each activity were investigated. The water uptake at the time t ( ratioed to the water uptake at equilibrium ( versus the square root of time normalized to the film thickness, e, were drawn in order to study the sorption kinetics for the different systems.

However, water sorption in hydrophilic polymers is usually a non-ideal process leading to complex sigmoidal isotherms that cannot be considered as a Fickian mechanism [20]. The sorption rate, in our systems, was then estimated at each water activity by the half sorption time normalized to the film thickness, in order to obtain a quantitative analysis of water sorption kinetics.

Chapter 3: Elaboration of antioxidantbased hybrid sPEEK membranes using a sacrificial approach 

Introduction

As shown in the literature review (chapter 1), the development of high temperature PEMFC technologies is needed to improve fuel cell durability and performances for their widespread implementation. Improving membranes resistance to ageing while maintaining good intrinsic properties of the sPEEK membrane, such as sufficiently high gas barrier properties and moderate hydration properties, is necessary for the development of more efficient PEMFCs systems.

Herein, we will focus on the sacrificial approach which consists in the introduction of chemical degradation inhibitors within the core of the membrane. The growth of a SG phase by selfcondensation of reactive organosiloxane precursors containing different antioxidant (namely thiourea and phenolic functions) capable to reduce the oxidative species (H2O2) generated during FC operations will be investigated in detail. The effect of the sol-gel synthetic parameters variations (pH, temperature, reaction time, impregnation solution volume) will be exploited to mediate the quality and extent of the sol-gel phase within the membrane. In particular, the degree of condensation/cross-linking governing the rigidity of the oxide network would be readily mastered by controlling the number of hydrolysable/condensable groups borne by the SG precursor. Another crucial issue to be addressed will be the chemical homogeneity and/or dispersion of the reactive additives within the 3D SG network. In addition, several well-mastered characterizations will be performed at each major step of elaboration to select the optimal synthetic approach to our goals. Evaluation of the impact of the synthesis parameters variations on the hydration and gas permeability properties as well as on the thermal stability of the final hybrid membranes will be carefully assessed to allow the delineation of structure/property relationships towards the conception of more durable membranes.

Thiourea Antioxidant Function

Thiourea functional group is a powerful scavenger of hydroxyl radicals ( ), and it is believed that this kind of function can directly reduce hydrogene peroxide (H2O2). Radical addition of could occur initially at the carbon-sulfur double bond, giving rise to a radical cation and a hydroxide ion, After that step, a succession of reactions is possible. The mechanism of the chain reactions is still unknown but is believed to be mediated by sulfur peroxyl radicals. 

Membranes Fabrication Protocol

The elaboration of hybrid membranes involves a multi-step synthetic approach comprising first a pre-treatment of the commercial sPEEK membrane to remove the residual impurities and keep its initial microstructure that is a good nanophase separation between hydrophilic and hydrophobic domains. An optimization of some of the pre-treatment parameters has been undertaken and is detailed in Appendix A3.1.2. We also report in this optimization study the results of the influence of the impregnation time and of the nature of the separators on the SG uptake.

Thus, in a typical optimized protocol, the sPEEK membranes were first pre-treated following the description presented in the section 2.1.4 of chapter 2, that is, they were submitted to sequential acidification, nanostructuration and swelling (steps E1 to E3 to obtain the nanostructured sPEEK, denoted sPEEK_NS 

Impregnation: results and discussion

The quality and extent of impregnation of the SG phase within the membrane can be strongly affected by the fabrication process conditions. For instance, the pH of the SG solution should be adequately tuned to promote the hydrolysis of the SG precursor while avoiding the self-(poly)condensation outside the membrane. This was achieved by using a pH gradient between the solution and the inside of the membrane, which has a very high internal acidity (pH < 1). In order to achieve a suitable pH and to neutralize the high basicity of the thiourea groups, hydrochloric acid was added to the SG solutions down to pH 3. The optimization of the protocol parameters is described in Appendix 3.1.2.

Another crucial issue to be addressed is the chemical homogeneity and/or dispersion of the reactive inclusions within the 3D SG network, especially in the case of mixed functionalities.

The precursor concentration was fixed at 0.1 mol.L -1 based on the studies realized by N. Huynh et.al. [5]. Note that the amount of the reactive SG phase to be introduced in the membrane cannot be too high to avoid any detrimental effects on conductivity, gas permeability and water sorption.

In order to study the influence of SG uptake on the functional properties, impregnations with low SG loading (SG uptake targeted between 10 and 12 %) and high SG loading (SG uptake targeted between 20 and 30 %) were performed with a SG insertion ratio set at 90 %. The SG uptake of the hybrid membrane was quantified from gravimetric measurements of the mass of sPEEK_NS used to prepare the hybrid membrane ( and the mass of the hybrid membrane in the dry state ( . The control of the sol gel uptake was tuned by the adjustment of the volume of the impregnation solution per gram of sPEEK_NS membrane. It is important to note that the impregnation volume will also vary according to the molar mass of the SG precursor repeat unit, . This impregnation volume will be used to calculate the SG theoretical mass (mSG insertable) that will give rise to the insertion ratio, that is, the ratio between the SG inserted vs the SG insertable. The insertion ratio relies to both the precursor's concentration, the impregnation volume, and the number of superposed membranes. As exposed in Chapter 2, the SG uptake and the insertion ratio will be determined, respectively, from equations ( 1) and ( 2). The SG uptake and insertion ratio were calculated for each of the overlayed membranes.

In the following, the results presented will consider the average SG uptake and insertion ratio with their respective standard deviation for each batch of 5 overlayed membranes.

Table 3.1.1 summarizes the experimental parameters set for the membranes impregnation.

These parameters were optimized in order to have final SG uptakes as close as possible to the targeted ones. The molar mass of the SG repeat unit of the condensed SG phase, , was determined by considering a total condensation of the SG phase within the sPEEK_NS membrane. The oxygen bonds were assumed to be shared, considering 100 % of T 3 sites. Due to particularity of HTU precursor, that contains two polycondensable groups, the final was divided per 2 for keeping the final silica concentration in 0.1 mol.L -1 . Concerning the mixtures, the was determined by the weighted average of HTU and TTU considering the theoretical molar ratio of each precursor.

In order to achieve a pH 3 the HCl volume to be introduced was determined as function of the final impregnation volume, the precursor volume and its concentration. The results of average SG uptake and average insertion ratio (i.e. with 5 superimposed membranes for the conditioning and impregnation stages) as a function of the protocol step is presented for HTU and TTU hybrid membranes with low and high loaded SG in From the Figure 3.1.7 it is possible to conclude that a good homogeneity and reproducibility of the SG uptake between the overlayed membranes could be obtained whatever the nature of the SG precursor with an average SG uptake of and for HTU and TTU, respectively at E6 step. These results are in good agreement with the SG uptake targeted of 10 %. More specifically, we note that the SG precursor are well inserted with insertion ratios of for HTU and for TTU, after impregnation step (E4). These results are in rather good agreement with the 90 % insertion ratio expected. The final insertion ratio, step E6, was and for HTU and TTU, respectively, showing that the amount of precursor eluted from the membranes remains moderate. In addition, it can be observed that the insertion ratios at E6 step are similar for HTU and TTU. The loss between step E4 and step E6, seems slightly higher for TTU, than for HTU, certainly related to the functionality of the precursors. However, the difference remains moderate suggesting that the two precursors should condense similarly within the host membrane. At high SG loading a good homogeneity and reproducibility of the SG uptake between overlaid membranes were observed, with low variation of the SG uptake as function of the protocol step.

At E6 step the SG uptake for HTU was and of for TTU hybrid membranes. Concerning the insertion ratios, the final values obtained for HTU and TTU were and , respectively. A higher standard deviation of the insertion ratios for HTU with respect to TTU hybrid membranes was observed.

Making a comparison between the precursors behavior obtained at low and high loading, it appears from Table 3.1.2 that at the final E6 step, the average SG uptakes were quite similar for the two precursors. Moreover, it could be observed that it was possible to have similar insertion ratios independently of the precursor and of the final (low or high) loading rate that was targeted. HTU/TTU 25/75 mixtures, on the other hand, exhibited the lowest insertion ratio (average), but this result is still acceptable for carrying further analysis. In the case of this mixture, the different insertion ratio values observed between the mono component HTU and TTU systems and the mixture could perhaps be attributed to a mixture effect, meaning that when put together in given proportions, both precursors can present a variation on the hydrolysis and condensation rates within the host sPEEK membrane. Further investigations are necessary to validate this hypothesis. At low SG load, the SG uptake and insertion ratios are, globally, very close either for monocomponent hybrid membranes or their mixtures. An exception is observed for HTU/TTU 25/75 mixtures that presented lower insertion ratios, which can be attributed to a mixture effect as discussed. The differences between the systems are reinforced at high SG uptake with mixtures presenting an insertion ratio of about 2.05 times lower than the mono-components due to the much higher volumes used in the mixtures impregnations. However, it could be observed that for all membranes, the final SG uptakes were close to the targeted ones and similar, independently of the precursor type (HTU or TTU) and monocomponent or mixtures, meaning that comparison between the membrane properties for similar SG uptakes within the membranes will be possible. 

Hybrid Membrane Characterization

The obtained hybrid membranes were characterized using a large panel of techniques such as Fourier-transformed infrared spectroscopy (FT-IR), and MAS-HPDEC 29 Si NMR. Note that, for the selected membranes thermogravimetric (TGA) and microcalorimetric (DSC) analyses were also performed, as well as in depth gas transport study (gas permeability coefficients for different gases). For carbon dioxide (CO2), the permeability, diffusion and solubility coefficients were determined due to high enough time lag values. Moreover, the hydration mechanism (sorption isotherms and kinetic analysis) was investigated.

Solid state MAS-HPDEC 29 Si NMR measurements

The evolution of the degree of condensation of the SG phase for the HTU and TTU hybrid membranes and their mixtures was investigated by solid-state 29 Si NMR using the magic-angle spinning (MAS) and high power decoupling (HPDEC) methods. The acquisition parameters for quantitative analysis are detailed in Chapter 2. Hybrid membranes with high SG uptake were chosen for analysis in order to have a better detection. At first and for all studied membranes, the absence of T 1 and T 0 sites proved that uncondensed molecular precursor was not present in the hybrid membrane. Only T 2 and T 3 sites were identified in the final hybrid membranes.

Therefore, the extent of condensation of the SG phase can be expressed as the ratio , a value of 0 % and 100 % corresponding, respectively, to the presence of only and sites within the membranes. From the results analysis leading to the values reported in Table 3.1.3, it was possible to conclude that the extent of condensation is higher when working with precursor bearing one Si (OR)3 group. The extent of condensation for TTU hybrid membranes was of the order of 85 % versus 64 % for HTU hybrid membranes. The same trends were observed for the mixtures, meaning that mixtures containing a higher percentage of TTU achieved a better condensation degree, with a value of 79.9 % for HTU/TTU 25/75 mixtures.

An example of spectral decomposition can be found in Appendix 3.1.3. It is important to have in mind, especially for the membranes containing HTU/TTU mixtures, that the precursor condensation within the membrane carries many possibilities, these include the hypothesis of the precursor co and auto-condensation. Each shared oxygen bond can be different. The HTU/TTU mixtures may then be very complex. For example, the TTU precursor can co-condense with HTU in the two silica sites available, the HTU precursor can autocondense and the presence of a statistical mixture of both precursors can be considered as well as the co-existence of 2 separated phases consisting of pure HTU-based phase and pure TTUbased phase. For this reason, one single morphology is difficult to propose for each precursor and the real molar ratio composition of the mixtures within the hybrid membranes is hard to estimate with precision.

Morphological Analysis

The morphology of the monocomponent hybrid membranes prepared were studied by our partners at the SyMMES laboratory at Grenoble, based on Atomic Force Microscopy (AFM), TEM-EDX (TEM images were made on a TEM JEOL 3010 with a high voltage of 300 KV)

and Small Angle Neutron Scatering (SANS) analyses. The main conclusions drawn by these analyses will be reported hereafter. of the SG domains could not be determined, but it could be assumed that the SG domain size was smaller or equal to the ionic channel size. The other observed hump on SANS profiles represents SG domains in strong interactions with sPEEK named sPEEK/SG domains whose size is too large to be in the ionic channels (angular range at smaller angles to the sPEEK ionomer peak). Therefore, the SANS analysis performed on dry membranes allowed to conclude that the sPEEK/SG domains are in the inter-bundle region of sPEEK membrane. The position of both hybrid peak and hump remained the same when increasing the SG uptake but their intensities increased, indicating that the amount of sPEEK/SG domains in the ionic chanels and interbundle increased but the volume of these domains did not evolve when increasing the SG uptake.

Concerning TTU hybrid membranes, as for HTU, no contrast was evidenced by TEM and AFM analyses (Figure 3.1.13 a and Figure 3.1.13 b). Thus in this case also, the morphology analyses let conclude that the SG domains were in good interaction with the polymer. As for HTU, the presence of the hybrid peak evidenced by SANS analysis indicated the presence of the SG phase in the ionic channels of the sPEEK matrix, (Figure 3.1.13 c). Moreover, sPEEK/SG domains were located in the inter-bundle areas of the sPEEK membranes. These domains were larger in the TTU hybrid membranes than in the HTU due to the hump position observed in a smaller angular range for TTU when compared to HTU. The hump intensity increased when increasing the SG uptake but its position remained the same, indicating a higher amount of sPEEK/SG domains in the interbundle areas. Contrary to HTU, the amount of sPEEK/SG domains in the ionic channels did not evolve. Moreover, SANS analyses performed at dry and hydrated states showed that when the membrane changed from dry to hydrated state, the diffusion profiles evolved differently. The investigation of the swelling behaviour at hydrated state (not shown here) indicated a volume reduction of the sPEEK/SG domains in the inter-bundle areas for hybrid membranes with low SG uptake (7 %). On the other hand, at high SG uptake (20 %) the sPEEK/SG domains volume increased. From these observations, the hypothesis of a sPEEK/SG phase inversion was rised when increasing the SG uptake. Thus, some similarities and some differences were evidenced concerning the morphology as a function of the SG precursors. Whatever the SG phase, HTU or TTU, SG domains were formed in the ionic channels and inter-bundle areas but they developed differently in these two areas inducing the density fluctuations in the membrane which led to the two signals observed on SANS profiles. As no constrat was evidenced by AFM and TEM, an intimate mixing between the SG phase and the sPEEK matrix was hypothesized. Concerning the possible interactions between the polymer and SG, it could be noticed that the thiourea group present in both precursors could bring affinity towards the SO3H groups as well as the ether and cetone groups beared by sPEEK, explaining the high mixing degree between the SG domains and the polymer, considering both its ionic and non ionic phases. The SG domains formed from TTU bearing phenyl groups could also interact with the phenyl groups of the sPEEK membrane (

). This difference associated with the difference in the functionality of the precursors could probably explain the presence of an increasing amount of TTU-based SG domains in the inter-bundle region as the SG uptake increased and as a consequence the sPEEK/SG phase inversion phenomenon evidenced when the amount of SG became significant in the membrane.

The following sections will be focused on the membranes thermal analysis, gas and water transport properties with the aim to establish structure-properties relations.

Thermogravimetric analysis

The main degradation of the sPEEK host membrane, SG precursors and hybrid membranes was studied by TGA analysis under air flow (30 mL.min -1 ) at a heating rate of 10 °C.min -1 from room temperature up to 1000 °C. Nevertheless, as the weight losses were stable between 700 °C and 1000 °C, the representations were stopped at 700 °C. the precursor organic chain degradation as evidenced by the derivative signal, which was composed of three peaks. It could also be noticed that the temperature of the third peak which was the most intense one was located at slightly higher temperature for the hybrid membranes (especially for the hybrid membranes based on HTU) when compared to sPEEK_NS (Table 3.1.4) and respective precursor. This indicated a better stabilization of the sulfonic acid groups due to the presence of the SG phase. Increasing the SG uptake emphasized the shift.

Lastly, the derivative double peak observed between 500 °C and 700 °C for sPEEK_NS was slightly modified after SG adding as the intensity of the first peak tended to increase. Compared to sPEEK_NS membrane, hybrid membranes logically presented a higher value of the residual mass, that increased according to the SG uptake, Table 3.1.4. From equation (3) presented in Chapter 2, the SG uptake of the hybrid membranes were also determined from the TGA analysis and the obtained results are presented in Table 3.1.5.

(

It is important to remind that , represents the molar mass of the SG repeat unit of the condensed SG phase. For high loaded membranes, the % SG was calculated considering on one hand 100 % T 3 and on the other hand the T 2 and T 3 % intensities obtained from 29 Si NMR HPDEC analysis. As observed in Table 3.1.5, as a majority of T3 was observed for the monocomponent membrane, no big difference of the % SG was observed. For hybrid membranes with low SG uptake, it was made the assumption for a with 100 % of T 3 sites as it should be easier to obtain high condensation rate. Good agreement between the SG uptake and % SG obtained from TGA measurements was observed. Silica composition within hybrid membranes was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). The % SG was re-calculated from the silica composition, also showing a good agreement with the SG uptake determined from the gravimetric measurements, Table 3.1.6. The thermogravimetric analysis of the hybrid membranes with SG uptake comprised between 6.5 and 17 % revealed that, whatever their composition, the thermal stability of the host sPEEK membrane was not significantly modified by the presence of the SG phase enabling the hybrid membranes to operate at fuel cells operating under high temperatures. The ICP analysis confirmed the good homoneity of the HTU and TTU hybrid membranes.

HTU/TTU mixtures

The thermal behavior of the hybrid membranes based on HTU/TTU mixtures was also studied for high loaded HTU and TTU hybrid membranes and their mixtures. From all the thermogravimetric analyses it was possible to note that the amount of water sorbed was quite similar for all membranes regardless of their composition in the considered range.

The degradation of the organic parts of the SG phases was clearly observed in addition to the sPEEK desulfonation on the derivative curves of the mass losses in the temperature range from 200 to 400 °C. At high SG load, when HTU was majority present, it could be observed that the temperature of the peak derivative at high temperature (range 450-700 °C) was lower, Figure 3.1.18. This result was surprising but reproducible. As expected, higher residual masses were obtained for HTU/TTU 75/25 mixtures when compared to HTU/TTU 50/50 at low SG load, being respectively of 4.8 and 1.7 %, Table 3.1.7.

Concerning the % SG values, they have been calculated assuming a corresponding to 100 % of T 3 and a composition of the SG phase corresponding to the proportion of the HTU and TTU precursors introduced within the membranes (Table 3.1.8). As previously discussed, it is hard to predict with precision the real molar ratio composition of SG phase within the hybrid membranes. The SG values calculated from TGA data were in good agreement with the SG values determined from gravimetric analysis. The glass transition temperature value of sPEEK_NS was in good agreement with values reported in the literature [6], [8][9][10]. The literature shows that the presence of an inorganic particles dispersed in a polymer continuous phase most frequently leads to two different trends on Tg value: either no impact is observed, or an increase of the glass transition temperature is observed due to a restriction of chain mobility in the presence of the inorganic rigid particles [8], [11][12][13]. It has to be observed that our sPEEK matrix has already a high Tg value. Moreover, the SG phases in situ synthesized in our systems are composed of organic and inorganic parts whose condensation degree can vary as evidenced by MAS-HPDEC 29 Si NMR studies. It means that the SG domains could not be considered as rigid as purely inorganic domains as already shown by Huynh et al. [5], on sPEEK membranes hybridized with mercaptopropyl (trimethoxysilane) as SG phase.

Looking at the results summarized in Table 3.1.9 it could be seen that, compared to sPEEK_NS, hybrid membranes based on TTU exhibited similar Tg value at low SG content and slightly lower Tg at high SG uptake. In that case, we have evidenced that the condensation degree of the inorganic moieties was rather high. The inorganic domains were located in the sPEEK ionic channels but also in the inter-bundles, the part of the last ones increasing as the SG amount increased. Moreover, the SG domains could not be distinguished by TEM analysis, suggesting a high degree of interaction between the different components. The slight decrease of Tg observed at high SG content suggested a "plasticizing effect" induced by the presence of the SG. It has to be reminded that the detailed morphology analysis performed by our SyMMES partner evidenced a phase inversion phenomenon at high TTU content.

Concerning the membranes based on HTU, an increase of Tg value was observed due to the presence of the SG phase as soon as 7 % SG uptake. This result underlined that the SG domains dispersed in both ionic channels and inter-bundles, as evidenced by SANS analysis, led to a restriction of the polymer chain mobility. The morphological analysis performed by our SyMMES partner evidenced also that the number of the SG domains increased in the ionic channels as the SG content increased. Tg value remains equal to 213 °C. Then, it appeared that the additional SG domains located in the ionic channels did not lead to significant further increase of Tg value.

From the results shown in Table 3.1.9, it could also be evidenced that the Tg value of the mixed hybrid membranes based on HTU and TTU was similar to sPEEK matrix suggesting that the opposite effects of the 2 precursors on polymer chain mobility compensated each other.

Functional Properties

Detailed studies of gas permeability and water sorption were performed for the developed materials. The thermodynamic and kinetic mechanisms involved were discussed as a function of the materials composition and morphology and the structure-property relationships were established for each type of diffusing molecule.

Before discussing the obtained results, the basis of transport in dense polymer and heterogeneous membranes will be briefly presented.

Basis of transport in dense polymer and heterogeneous membranes

Transport of small molecules in dense polymer films

The transport of gas through a dense polymer can be explained by the free volume theory, the free volume being defined as the difference between the volume actually occupied by the material and that occupied by the atoms and bonds. These free volumes are potential sorption sites for dissolved small molecules, which can move within the polymer from one sorption site to another. The polymer structure is then an important parameter to be taken into account in order to understand the polymer-penetrant interactions and provide also a better understanding of the diffusion mechanism.

In a general way, mass transport in a polymer can be defined as the property of the material to be penetrated and crossed by gas molecules. It is described by a solution-diffusion mechanism.

At a given temperature, the transport of a gas molecule through a homogeneous, non-porous polymer matrix in a permeation mode can be decomposed into a three-step process [14] as

shown in Figure 3.1.19.
Adsorption of the gas at the upstream face of the polymer membrane Diffusion/solution of the gas through the material cross-section under the influence of the applied driving force (pressure gradient, which corresponds to a chemical potential gradient) Desorption at the downstream face of the film (side of lower partial pressure) In a Fickian transport mechanism, the time necessary to reach interfacial equilibrium is much shorter than the diffusion process, which is then the governing process of the transport mechanism.

Fick's law of diffusion

The Fick's first law establishes the relation between the flux of substance diffusing through a membrane and the concentration gradient between the both sides of the membrane.

In the case of a thin film (as shown in Figure 3.1.19), the diffusion is considered unidirectional, occurring only on direction x of the space (going from the upstream to the downstream face of the membrane). Fick's first law can be written as: The second Fick's law describes the mechanism as a function of time and can be expressed as:

(5)

If is the thickness of the polymer membrane, under assumption of steady state and constant diffusion coefficient, the gas flux equals to:

With concentration of gas dissolved at the downstream and upstream face of the membrane, respectively.

D is a kinetic parameter that will be expressed in cm 2 /s and J is the flux in steady state expressed in cm 3 STP.cm -2 . s -1 .

The Solubility Coefficient (S)

The solubility coefficient S, expressed in cm 3 STP/cm 3 .cmHg, has a thermodynamic origin and depends on the polymer-penetrant interactions, on the polymer free volume as well as the ability of the gas to condense. [14], [16] At a given temperature, the local concentration C of the gas dissolved in the polymer can be related to the pressure p by:

Sorption experiments are generally used to follow, at a given pressure and temperature, the concentration of the molecules sorbed as a function of time until the sorption equilibrium is reached. The representation of the concentration of the molecules sorbed at equilibrium (C ) as a function of the pressure is called the sorption isotherm. The different sorption isotherm shapes and thus sorption modes encountered with polymers will be briefly presented hereafter. The Henry isotherm is based on weak polymer-penetrant interactions. This isotherm being linear, S is constant. It can be obtained for gases and vapors in weak interactions with the polymer.

The Langmuir isotherm describes the sorption taking place on specific sites. A plateau is reached when all the sites are occupied (saturation).

The dual mode isotherm is often encountered for gas sorption in glassy polymers. It is often encountered for CO2. In this case S is a function of p.

The Flory Huggins isotherm describes the sorption of vapors in weak interactions with the polymer, which is able to swell. Hence the sorption isotherm is composed of a first linear part followed by a significant increase of the sorption capacity which is interpreted by the formation of penetrant clusters within the polymer.

The BET II isotherm results from the contribution of the Langmuir and Flory-Huggins mechanisms. It is a sigmoidal shape isotherm, which is concave to the abscissa at low activities and convex at higher activities. The interactions between the solute and the polymer are strong, as consequence, the polymer matrix must have specific sorption sites. Moreover, it has to be able to swell as penetrant clusters are formed at higher pressure. This isotherm type is most commonly found in the case of water sorption in hydrophilic polymers.

The permeability (P)

The permeability coefficient (P) is defined as follows:

With pressure gradient applied to the membrane, e: the thickness of the membrane and J the flux measured in the stationnary state. In a Fickian mechanism, the permeability coefficient is the product of the solubility coefficient (S) and the diffusion coefficient (D).
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The permeability reflects then the dynamics of the penetrant-polymer system and the penetrantpolymer interactions. It depends on the nature of the polymer, the type of the gas studied and the temperature. It is an intrinsic property of the polymer.

The permeability coefficient is expressed in Barrer unit:

Along with the material, the diffusing molecule also plays an important role on the permeability coefficient.

Nature of the Gas

As exposed previously, the permeability is governed by two factors: solubility and diffusion, which are also closely linked to the nature of the permeant. The solubility is sensitive to the nature of the gas, more precisely its critical temperature (Tc: temperature above which a gas can no longer be liquefied by compression). A high critical temperature indicates a gas that is more condensable and with high solubility. Thus, the higher the critical temperature of the gas, the greater the solubility. [15] In the absence of strong specific interactions between polymer and diffusing molecules, the diffusion coefficient will depend on the kinetic diameter of the diffusing molecule, quantity and size of the free volumes and the molecular mobility of the polymer. Thus, a large molecule will require larger void size or greater molecular mobility of the medium to diffuse. 

Transport in heterogeneous materials

We will briefly remind in this bibliographic part, the main bases concerning transport mechanisms taking place in membranes made of inorganic impermeable fillers dispersed within a dense polymer matrix. It is indeed expected that in our studied systems, the inorganic part of the SG phase could act as an impermeable phase.

Tortuosity effect

Dispersing impermeable domains within the continuous polymer phase can significantly influence the transport properties, as the added domains act as a diffusion barrier. As shown in The tortuosity factor ( ) is defined as the ratio of the distance extended due to the presence of impermeable elements over the path length across the neat polymer, distance

In an ideal binary system, the potential effects of the filler/matrix interface (third phase), are not taken in account. This means that sufficiently strong interactions between the dispersed phases and the continuous phase are supposed to take place to have no defects at the interface.

Moreover, it is assumed that these interactions are not strong enough to modify the properties at the boundaries of each phase and that the presence of the dispersed phase does not modify the properties of the continuous phase. [14] In the case of ideal binary system, the solubility can be expressed by: (11) With: : solubility in the neat polymer; : volume fraction of the fillers.

The effective diffusivity in the nanocomposite can be expressed as follows:

Where is the diffusivity in the neat polymer.

Considering a Fickian transport mechanism, the permeability coefficient of the composite material can be expressed as: (13) Where is the permeability of the neat polymer. The relative effective permeability can then be defined as: (14) According to these considerations and from the equation above, the addition of impermeable fillers has the effect of decreasing the permeability. The aspect ratio (L/w) of the impermeable species play a considerable role on tortuosity.

The relative effective diffusion coefficient can be defined as:

(15)

Potential role of filler/matrix interphase on the transport properties

Composites can in fact be considered as a 3-phase system, the third phase being the area around the filler, where the diffusion properties could be different from those of the matrix [15], As shown in Figure 3.1.22.Wache and Picard [18], [19] defined the diffusion rate in the interfacial zone as and the diffusion rate in the polymer as . When the ratio is lower than 1, the interphase will be diffusive and thus unfavorable to the barrier properties, while a weakly diffusive interphase (ratio ) will favor the barrier properties, due to a strong interphase slowing down the molecule's diffusion. Thus, the increase of the barrier properties induced by the tortuosity effect created by the filler can be counterbalanced by an antagonistic effect of diffusive interfaces if the filler/matrix interactions are not strong enough.

Inorganic preformed nanoparticles are usually used in combination with polymer matrices to increase the barrier properties. The high density of these nanoparticles make them often considered as impermeable to small molecules. Thus, they have an impact on the diffusion coefficient through a tortuosity effect and on the solubility coefficient due to a lower amount of permeable phase. Increased barrier properties have been obtained for (nano)composites made with polyamide and lamellar fillers [19], Nafion/silica fillers [13], [20][21][22][23][24]or Nafion/lamellar fillers [25], [26] as example.

In other composites, such as elastomers with lamellar zirconium phosphate (α-ZrP) fillers, decrease or increase of gas permeability were observed as a function of the filler surface modification and thus of the type of interphase between the filler and the matrix. [27] Only few literature data can be found concerning the permeability of composite materials based on a matrix ionomer in which the inorganic phase was in situ created.

Huynh et al. [5] investigated the growth of a SG phase within a host sPEEK membrane by selfcondensation of (3-mercaptopropyl) trimethoxysilane (MPTMS), with the aim to improve the properties of the host sPEEK membrane. Table 3.1.12 summarises the permeability values they obtained for He, H2 and CO2 with SG uptakes varying from 7.2 to 27.1 %. Higher permeability values were obtained for the hybrid membranes with respect to sPEEK_NS leading the authors to conclude that the formation of the SG phase within the sPEEK membrane could lead to additional diffusion paths available for penetrants, especially for CO2 which has higher polarity than H2 and He. It will be interesting to investigate the gas transport behavior of our sPEEK hybrid membranes based on HTU, TTU and HTU/TTU mixtures.

Gas permeability in HTU and TTU based hybrid membranes

The gas permeability coefficients were determined in anhydrous state for membranes with SG uptakes ranging from 0 to 20 %. The control of the hydrogen permeability is essential for the proper operation of the cell. The study was enlarged to helium (He) and carbon dioxide (CO2) in order to vary gases polarity and kinetic diameter. It has also to be noted that, for CO2, the diffusion coefficient could be determined due to high enough time lag value. Assuming a Fickian transport, the solubility coefficient could then be deduced from the law .

The goal of studying the gas permeability relies on the one hand on the membrane selection for further fuel cell tests and on the other hand on the establishment of structure-properties relationships. In an application point of view, different criteria have been taken into account to get reliable data such as detection of defects, potential fragility of the membranes and validation according to a reference criterion (hydrogen permeability of the investigated membranes hydrogen permeability of Nafion).

HTU and TTU monocomponent hybrid membranes

The H2, He and CO2 permeability coefficients measured for sPEEK_NS membrane (SG uptake 0 %) and HTU and TTU hybrid membranes are shown in Figure 3.1.23.

The hydrogen permeability measured at anhydrous state for sPEEK_NS membrane was 2.56 barrer, thus in good agreement with the values reported in the literature [5], [11], [28]. The gas permeability values determined for sPEEK membranes are lower than those measured on Nafion membranes. [29][30][31][32][33] Due to its perfluorinated structure, Nafion exhibits a higher degree of phase separation than sPEEK. It has been shown that at anhydrous state, the gas diffusion mainly takes place in the hydrophobic phase and in the hydrophobic/hydrophilic interfacial region for Nafion, the hydrophobic phase being the main contributor at anhydrous state. [32], [34] For sPEEK, the phase separation degree is less marked than for Nafion, the chain mobility is low due to the rigidity of the polymer backbone. sPEEK exhibits rather low gas permeability values and it can be suspected that the ionic phase as well as the interfacial region can contribute to the gas transport mechanism at anhydrous state. -The gas permeability coefficients of hydrogen and helium are close to each other. These gases present similar kinetic diameters, 2.34 and 2.65 , respectively. Their small size and low interaction capacity explain their faster diffusion (time lag too small to be measured for the membranes) and relatively high permeability level.

-Whatever the gas, three domains can be observed. Compared to the reference sPEEK, the permeability of the hybrid membranes first decreases as the SG uptake increases up to 7 %, then a plateau seems to be reached with constant permeability value for SG uptake between 7 and 15 % followed by a slight increase of the permeability above 15 % SG uptake. At 7 % SG uptake similar gas barrier coefficients could be observed for both HTU and TTU systems, (respectively 1.7 and 1.5 barrer for H2). Above 15 % SG uptake the permeability increase was higher for HTU hybrid membranes than for TTU hybrid membranes. For all gases, the permeability value of the membranes based on HTU with 20 % SG was higher than sPEEK_NS (2.9 barrer for H2, as example). Concerning the TTU hybrid membranes, it could be noticed that whatever their composition, better gas barrier properties than the sPEEK_NS were obtained.

For a better understanding of the gas transport mechanism, the diffusion (Figure 3.1.24) and solubility (Figure 3.1.25) coefficients for CO2 were investigated. The transitory state in this case is long enough to determine with sufficient precision the time-lag and as consequence the diffusion coefficient. The diffusion coefficient is a kinetic parameter that reflects the penetrant mobility in the polymer phase. It is then related to the free volume, the molecular mobility in the polymer phase and potential tortuosity effects. The gas solubility in dense polymer membranes generally results from two contributions: a dissolution phenomenon in unrelaxed holes and interactions between the diffusing molecule and specific polymer sites. [35] The evolution of the CO2 diffusion coefficient as a function of the SG uptake followed the same trends as the permeability, while the solubility coefficient remained quite constant in the range of % SG uptakes considered. It was then clear that the permeability was governed by the diffusion mechanism within the membranes.

To establish structure-gas transport properties, it is first important to remind that the permeation experiments were performed at 23 °C 1 °C, which means that the gas permeation properties were measured in the glassy state at a temperature far from the glass transition of the studied membranes. Although little changes in the Tg values were observed for the different systems, this should not have a significant influence on gas transport.

The morphologies observed for HTU and TTU-based membranes will, however, have a great influence on the gas barrier properties of the hybrid membranes.

The decrease of both permeability and diffusion coefficients for SG uptakes up to 7 % whatever the SG type (HTU or TTU) could be assigned to a tortuosity effect created by the SG domains.

Indeed, in that SG range, a high condensation degree of the SG phase was expected leading to inorganic domains with high density and then low permeability. SANS analyses showed that at low SG uptake, SG domains were located in both the ionic phase and inter-bundles for HTU and TTU-based membranes. The SG domains were in strong interactions with the polymer. It could then be assumed that a tortuosity effect took place slowing down the gas diffusion within the ionic channels and inter-bundles regions, in a same extent whatever the SG precursor.

Moreover, as shown by TGA analysis, as the inorganic part of the SG domains remained low, no significant effect was observed on the solubility.

When the SG amount increased above 15 %, the permeability and diffusion coefficients increased. This trend was already evidenced in the work of Huynh et al. [5] and it was assigned to the creation of diffusive pathways within the materials. For our membranes, it could be noticed that the permeability and diffusion increase was higher for HTU than for TTU hybrid membranes. For TTU, as shown by SANS analysis, the number of SG domains in the ionic channels did not vary as a function of the SG content. It could then be considered that the ionic channels still contributed to decrease the overall permeability. However, with increasing SG amount, SG domains also located in increasing amount in the inter-bundles regions leading to a phase inversion at 20 % SG uptake. Looking at the permeability evolution, it could be deduced that the diffusion in the inter-bundles regions increased. It could be suggested that the increased amount of SG domains in the inter-bundles regions which were in strong interaction with the surrounding sPEEK chains were detrimental to the initially present polymer-polymer interactions in their vicinity, leading to increase the diffusion without significant change in solubility. Concerning HTU-based membranes, which exhibited higher permeability and diffusion coefficients than TTU-based membranes, it could be first underlined that, as shown by MAS-HPDEC 29 Si NMR analysis, the condensation degree of the inorganic HTU domains was lower than for TTU leading to less dense domains in the case of HTU. For HTU, the amount of SG phase increased within the ionic channels. It could be hypothesized that above a critical amount of SG domains, and due to the specific structure of the SG precursor (organic segment linked to two -Si(OR)3 groups), the organic part located between the inorganic domains could lead to some more continuous and diffusive pathways. In this case, it could then be considered that the ionic channels became finally more gas permeable.

HTU/TTU MIXTURES

Mixtures of the two precursors were also investigated. The evolution of gas permeability as a function of the TTU molar ratio in the HTU/TTU mixture is presented in Compared to the mono-component HTU and TTU hybrid membranes, mixtures presented a decrease in the gas barrier properties. From Figure 3.1.26 it could be seen that increasing the SG uptake led to a shift in the permeability toward higher values. As previously discussed, in these systems auto-condensation of both structures might happened at the same time or the inorganic phase can co-condense as well. The fact that for mixtures the permeability values were higher than for the monocomponent hybrid membranes showed that HTU/TTU systems could not be considered as the simple additive contribution of the monocomponent hybrid systems. It could then be hypothesized to have a part of the inorganic phase in co-condensation.

However, as we did not have information on the morphology of these membranes, it was difficult to go deeper in the analysis of the gas transport properties. It could finally be observed that the permeability values were higher than that of sPEEK_NS.

Comparison of the investigated membranes through relative permeability

In order to provide an overview of the influence of the nature of the SG phase, the relative permeability (ratio between the hybrid membranes permeability and the sPEEK_NS) has been plotted for all the studied gases as function of the SG uptake for mono-component HTU and Considering fuel cell application and having in mind that lower permeability values are beneficial for a proper fuel cell functioning, it appeared that the monocomponent membranes were the most interesting ones. 

Water Sorption

During PEMFC operation, water is formed at the cathode, so the ability of the membrane to uptake water is an important asset to be discussed. [36] The shape of the isotherm gives rise to information about the sorption mechanisms and the affinity of water for the studied material.

The sorption isotherms of the different membranes were studied along with the sorption kinetics for each activity. These different studies allowed thus to analyse, on one hand the thermodynamic behavior of the systems (polymer-penetrant interactions) and on the other hand how fast water could diffuse within the membranes. The water sorption properties were determined at 25 °C in the entire range of water activity, following the experimental protocol described in Chapter 2.

sPEEK_NS membrane

From the equilibrium mass uptake of water vapor at different water vapor activities, the water sorption isotherm can be constructed for sPEEK_NS, The obtained water sorption isotherm is in agreement with those reported in the literature [11], [28], [37]. It exhibited a sigmoidal shape in agreement with the BET type II sorption mechanism, in the Brunauer-Emmett-Teller classification, as usually observed for sulfonated polymers. The concave part observed at low activities is assigned to the role of the Langmuir sites: for ionomers, it is analyzed as the water sorbed in the primary hydration sphere of the ionic groups.

In the range of water activity between 0.3 and 0.6 the Henry sorption mode is prevalent, with a linear increase of water uptake. Finally, at high water activities the convex curve is associated to the formation of water clusters. [28] As seen in chapter 2, the integration of Fick's second law gives the ratio of the masses of the sorbed solute at the time and at equilibrium, denoted and . When performing a change of variable between t and t square root, the slope of the steady line gives access to the diffusion coefficient. 

Mono-component HTU and TTU hybrid membranes

The different sorption isotherms for Thiourea based hybrid membranes along with the sorption kinetics were studied in the range of activity between 0 and 0.97 and compared to the reference sPEEK_NS membrane. All hybrid membranes exhibited BET type II isotherms, meaning that the water sorption mechanism was not drastically modified by the presence of the SG phases.

For the hybrid membranes at low SG uptake, it could be deduced from the isotherms expressed as the amount of water sorbed per gram of sPEEK, that adding SG domains, independently of their nature and location, could be considered as adding impermeable domains without modification of the sPEEK behavior. Indeed, the isotherms expressed as gram of water sorbed by gram of sPEEK defined a single curve superimposed with that of sPEEK_NS. At high SG uptake, different behaviors were observed as a function of the SG nature. For TTU-based hybrid membranes, the isotherm expressed as water sorbed per gram of sPEEK was still superimposed with that of sPPEK_NS. In this case, the number of SG domains was limited in the ionic channel as the supplementary ones were located in the interbundles. On the other hand, for HTU based membrane, according to SANS results, the number of SG domains in the ionic channels increased as the amount of SG increased. This made the ionic channels less available for water sorption leading to a shift of the isotherm towards lower values.

In order to have a complete understanding of water transport within the hybrid membranes, the The normalized half sorption time curves as a function of the water activity had the same general shape whatever the studied system, with an increase of the half sorption time at high water activity associated to the formation of water clusters. All values of normalized half sorption times were higher for the hybrid membranes when compared to sPEEK_NS. This indicated a slowdown of the diffusion rate for all the hybrid membranes with respect to sPEEK_NS.

Looking more precisely at the effect of the SG amount, it could be observed that independently of the precursor type, the kinetics were slower for the membranes containing low SG uptake and faster for high SG uptake. The behavior was similar at low SG uptake for TTU and HTU whereas at high SG uptake, faster kinetics were observed for HTU compared with TTU. These behaviors could here again be explained by the SG domains structure and location. At low SG uptake, as already discussed, the SG domains were located in the ionic channels and interbundles and their inorganic part which was assumed to be highly condensed acted as impermeable phase leading to a tortuosity effect and a decrease of the water diffusion rate. At high SG uptake, the amount of SG phase increased in the ionic channels for HTU leading to decrease the amount of water sorbed. As for gases, it could be suspected that at high SG uptake, paths being more diffusive were formed in the ionic channels. For TTU membranes, the reincrease of the water diffusion rate could be assigned, as for gases, by the formation of more diffusive paths in the inter-bundles regions that could also contribute to water transport.

HTU/TTU mixtures

The water sorption isotherms along with the kinetics were studied for HTU/TTU 50/50 at low Concerning the half sorption times, it was seen that a slowdown of the diffusion compared to sPEEK_NS membrane was achieved for both low and high loaded HTU/TTU 50/50 hybrid membranes. As observed for mono component HTU and TTU hybrid membranes, faster kinetics could be seen when increasing the SG uptake but yet they remained slower than the sPEEK_NS. 

General Discussion on gas and water transport and further relation with other functional properties

From the results obtained on gas and water transport properties, it could be concluded that similar trend was observed as a function of the SG uptake for both gas and water vapour transport, consisting in an increase of barrier properties at low SG uptake mainly related to a slow down of diffusion and then a re-increase of diffusion rate at higher SG amounts. At low SG content, the transport behaviour (gas permeability, gas diffusion, water sorption expressed per gram of sPEEK and water diffusion) did not depend on the SG precursor whereas it was not the case at high SG content. More specifically, the diffusion rate re-increase was systematically higher for the membrane prepared with HTU. The lower degree of condensation of HTU at high SG uptake as well as the different morphologies evidenced as a function of the SG nature could explain the differences observed in the transport behaviour. In particular, it was concluded that the increase of the amount of SG phase in the ionic channels (HTU case) led to higher gas and water diffusion rate than the increase of the amount of SG nanodomains in the inter-bundles regions (TTU case). Moreover, the water solubility which was similar at low SG uptake independently of the SG nature decreased more significantly at high SG uptake for HTU than for TTU. The behaviour observed for water vapour at 25 °C was in good agreement with water liquid sorption results obtained by our SyMMES partner at room temperature. As shown by Thus from an application point of view, the membranes combining low gas permeability and interesting conductivity values were :

-HTU and TTU monocomponent hybrid membranes with low SG uptake (7.0 %) that presented H2 permeability coefficients of 1.7 and 1.5 barrer, respectively, and ionic conductivities between 52 and 54 mS.cm -1 .

-HTU/TTU 50/50 mixtures at low SG uptake that presented H2 permeability coefficient of 2.27 barrer and ionic conductivity of 57 mS.cm -1 .

At high SG uptake (15 %) only TTU hybrid membranes did not present a decrease in the gas barrier properties (1.5 barrer for H2) neither a decrease in the ionic conductivities (54 mS.cm -

Conclusion

Hybrid membranes containing thiourea functions have been successfully synthezised using the SG approach. The impregnation protocol applied here has led to good reproductibility of the SG uptake for both HTU and TTU precursors with good homogeneity of SG uptake at each step of the impregnation protocol at low and high load of SG.

The thermal stability of the sPEEK was not modified by the presence of the SG network, enabling hybrid membrane to operate at high temperature fuel cell. Concerning the glass transition temperature, no effect was observed when using TTU whereas an increase in Tg values was obtained when using HTU precursor which has two Si(OR)3 groups. Compared to sPEEK_NS, membranes mixtures did not present great variations on the glass transition temperature. All hybrid membranes presented hydrogen permeability in agreement with the reference criterion meaning inferior to Nafion permeability (5 barrer). In all the range of SG uptake studied, TTU hybrid membrane presented hydrogen permeability lower than the sPEEK_NS membrane.

At low SG uptake, HTU and TTU hybrid membranes exhibited similar gas transport behavior (respectively 1.7 and 1.5 barrer for H2), with permeabilities lower than those measured for the sPEEK_NS (2.56 barrer for H2). At high SG uptake, HTU hybrid membranes presented higher permeability values than TTU hybrid membranes. The CO2 diffusion evolution followed the same trends as that of the permeability. The relationship between structure and properties were discussed for both HTU and TTU-based membranes.

HTU/TTU hybrid membranes presented higher gas permeabilities when compared to the monocomponent HTU and TTU. Further in depth discussion was difficult to be carried out because we did not dispose the analysis of the membranes morphology.

Thiourea hybrid membranes water sorption isotherms exhibited a sigmoidal shape in agreement with the BET type II sorption mechanism as for sPEEK_NS membrane. This result showed that the water sorption mechanism was mainly governed by the sPEEK matrix. The amount of water sorbed by the hybrid membranes decreased when the SG uptake increased. A slowdown of the kinetics could be seen for the hybrid membranes when compared to sPEEK_NS. At higher SG uptakes, faster kinetics ( but yet slower than sPEEK_NS) were observed.

A good correlation between water vapor sorption at 25 °C and liquid water sorption measured at room temperature could be observed for the monocomponent HTU and TTU hybrid membranes and the HTU/TTU 50/50 mixtures. Hybrid membranes with low SG uptake exhibited good gas barrier properties and proton conductivities, meaning that they are suitable to be further tested in fuel cells. At high SG uptake ( 15.0 %) only TTU hybrid membranes did not present a significant decrease in proton conductivity and kept good gas barrier properties being theoretically suitable for fuel cell tests. The fuel tests performed by our partners at the LEMTA laboratory on selected hybrid membranes will be presented and discussed in Chapter 5, in order to evaluate the best stabilisation pathways towards more durable membranes. 

A3.1.2. Membranes Fabrication: Protocol Optimization

The thiourea pre-hydrolysis solutions were prepared in the same solvent mixture used for the membranes conditioning. However, due to the basicity of the thiourea groups, the pH of this solution reached a value of 8.0 for a SG precursor concentration of 0.1 M, which was not suitable for homogeneity considerations. Indeed, at this high pH, the SG precursor in the presence of water could oligomerize in the solution, hence preventing its infusion within the membrane. To lower the pH to 3, the addition of HCl was thus necessary. The pH value of 3 was determined from experiments previously carried out by our partners at the SyMMES laboratory.

First, the effect of the temperature of the acidification step (E1) was investigated. Due to the large temperature variations in the laboratory, 14 °C in winter and 30 °C in summer, a comparative study was undertaken to evaluate their influence on the SG uptake and insertion ratio in the later stages of elaboration. Two batches of membranes were prepared simultaneously, with acidification at 14 °C and 30 °C, respectively, with the other processing steps unchanged. As shown in Figure A3.1.6 and Table A3.1.2., better average SG uptake and improvement on the insertion ratio were observed in all steps of the protocol with acidification step performed at 30 °C, with lower standard deviation. Table A3.1.2. Insertion ratio and standard deviation as a function of the acidification temperature for each processing step.

Protocol step E4 E5 E6

Insertion ratio average at 30 °C (%)

Insertion ratio average at 14 °C (%)

The influence of the membrane nanostructuration (step E2) is also a key parameter to explore as it can improve the nanophase separation between hydrophilic and hydrophobic domains.

Membranes with and without the E2 nanostructuring step (80 °C for 72 h in water) were prepared and the results are displayed in Figure A3.1.7. and Table A3.1.3. for respectively the SG uptake and SG insertion ratio. The results revealed that including a nanostructuration of the membrane in the synthetic protocol is crucial in order to achieve constant SG uptake at each stages whereas in its absence a marked decrease in the SG uptake was observed at the condensation (E5) and hydrothermal treatment steps (E6), which is indicative of some leaching of uncondensed or partially condensed SG species. The average SG uptake after the final hydrothermal treatment step (E6) was found to be with an insertion ratio of when the nanostructuration was applied, while these values were significantly lower, and respectively, for the membranes prepared without nanostructuration. Table A3.1.3. Insertion ratio average and standard deviation comparative for nanostructured and no nanostructured-membranes at each step of elaboration.

Protocol step E4 E5 E6

Insertion ratio average with E2 (%)

Insertion ratio average E2 free (%)

During the conditioning and impregnation steps, Even though, at the final step (E6), the SG uptake and the insertion ratio were lower when applying PTFE separators, a better homogeneity of the results was obtained within the membranes on the same batch. In addition, a better aspect of the final membranes could be observed.

Table A3.1.4. Insertion ratio average and standard deviation comparative as a function of the processing steps using LDPE and PTFE separators.

Protocol step E4 E5 E6

Insertion ratio average with LDPE (%)

The higher homogeneity in the case of PTFE separators can be evidenced from the observation of the membranes in the wet state, after the hydrothermal treatment, E6. At this step, it is possible to observe different zones on the hybrid membrane. These areas can be more or less 

A3.1.3. Hybrid Membranes Characterization

FTIR and solid-state CP-MAS 29 Si NMR analyses were carried out for hybrid membranes containing high SG load. A3.1.5. The peak at 3400 cm -1 is attributed to OH vibrations. Concerning the thiourea functional groups, the characteristic bands are: 1559 cm -1 (N-C-N along with vibrations C=S and N-H); 1498 cm -1 (υ C-N), 1442 and 695 cm -1 (υ C=S), in agreement with Ferrari et al. [4] The peak at 3070 cm -1 was assigned to the contribution of CH units of the aromatic rings of sPEEK. The typical thiourea groups bands, attended at 1559, 1498 and 1442 cm -1 , are difficult to identify due to the intensity of the bands of the reference sPEEK membrane. On the other hand, the could be seen in the hybrid membrane, shoulder between 800 and 1.100 cm -1 , indicative of the presence of the SG phase within the membrane. As for HTU hybrid membranes, the presence of NH from thiourea groups could be observed through the bands at 3400-3200 cm -1 . Moreover, characteristics peaks corresponding to the thiourea function were identified in the region of absorbance between 1559 and 1498 cm -1 and the presence of the precursor was characterized by the presence of bands between 1100-800 cm -1 . 

A3.1.3.2.2. Solid state MAS-HPDEC 29 Si NMR

A TTU hybrid membrane with high SG loading, 20 % SG uptake, was also studied by solid state MAS-HPDEC 29 Si NMR, Figure A3.1.14. As for HTU membranes, the SG precursor was not present, with only T 3 and T 2 sites identified within the hybrid membrane at respectively -67.6 and -58.9 ppm. 

Phenolic-based Antioxidant Function

The attack by radical species such as the hydroxyl radical (HO • ) on the proton exchange membrane (PEM) leads to chain breakdown of the ionomer and eventually to cell failure. This radical induced degradation is one of the main factors limiting the lifetime of the membrane electrode assembly (MEA). Although Hydrogen peroxide (H2O2) by itself is not a strong oxidant, it has been recognized as an important intermediate, as it can undergo impurity catalyzed decomposition, unleashing the much more aggressive HO • radical. H2O2 is formed at the cathode from the two-electron reduction of O2. However, the H2 and O2 crossover-driven creation of reactive intermediates is considered, under most operation conditions, to be a more significant source of radicals. Hereby, H2 and O2 interact on the surface of the Pt catalyst to form H2O2 or directly HO • and HOO • radicals. Also, the hydrogen radical (H • ) has been detected which could play an important role in the membrane degradation.

The improvement of the oxidative stability of PEMFCs by organic antioxidants arises from their effective consumption of free radicals generated during fuel cell operation [1]. In addition, thanks to their ability to rapidly react with reactive radicals, organic antioxidants are able to terminate chain reaction between the radicals and the polymer by converting them into more stable radicals or radical resonance structures. [2], [3] Therefore, organic radicals scavengers such as phenols [1]- [5], vitamin E [6] and flavonoids [7], have been used as additives to improve the chemical stability of polymer membranes.

Among flavonoids, quercetin can act as a potent free radical scavenger, having the catechol group and the hydroxyl group contributing to the antioxidant properties of this molecule, Rui et al. [7] studied the use of querecentin as additive to prevent the chemical degradation of Nafion-based PEM. Nafion/querencentin composite membrane was fabricated using the solution casting method. The authors showed that 1 wt % querencentin load could improve fuel cell performance by significantly reducing the membrane chemical degradation. The querencentin is oxidized to its quinone form by consuming the reactive oxygen species. In addition, it can be regenerated by supplying hydrogen to create a reducing environment. The regeneration ensures the protection of PEMs, hence increasing their lifetime. The hydrogen crossover of the Nafion/quercetin sample after 216 h was equal to that of the Nafion reference after just 24 h.

Yao et al. [6] reported the use of α-tocopherol ( ), the most abundant component of vitamin E, which acts as a free radical scavenger. The reversibility of such compounds enables a chemical circulation system, which ensures the effective recycling of but also allows efficient protection of proton exchange membranes, permitting a long-term operation.

The molecule in the PEMFC reacts easily with radicals to form -tocophenoxonium cations ( ), which can be reduced by permeated H2 gas to form . This The properties of these hybrid membranes were further characterized in terms of water uptake, ion-exchange capacity (IEC), proton conductivity and accelerated oxidative stability testing using hydrogen peroxide. They showed that the water uptake and IEC were not affected by the incorporation of organic radical scavengers. SPES50-BQ and SPES50-HQ exhibited proton conductivities very similar to the reference SPES membrane, in the range 10 -3 to 10 -1 S.cm -1 , for RHs varying from 20 to 90 %, The OCV durability test showed lifetimes exceeding 1400 h for composite membranes, whereas pristine SPES50 failed after 750 h, Figure 3.2.5. After the OCV test, the IEC values of SPES50-BQ and SPES50-BPY were very similar to the original SPES50, being respectively of 1.93, 2.00 and 1.96 meq.g -1 . However, a decrease in the average molar weight was observed and attributed to the degradation of the sulfonic acid groups and ether linkages in the polymer backbone. In a follow-up study, Shin and co-workers [3] prepared Nafion membranes with the (BQ) organic radical scavengers that showed good performances on SPES membranes. To demonstrate the oxidative stability of Nafion-BQ composite membranes, they conducted an OCV-holding stability test at 90 °C and RH 30 % and compared hydrogen gas crossover before and after the OCV-holding test. The gas crossover current density at 0.5 V in the Nafion-BQ membrane after 500 h was much smaller than that of the Nafion (NR211) membrane, indicating that the incorporated BQ improved the long-term durability of the membrane. It should also be noted that upon incorporation of organic antioxidants in the membrane, no significant change in the ion exchange capacity (IEC) was observed.

Phenolic type antioxidants have been shown to be effective in improving the chemical stability of the membranes such as Nafion® and sPEEK-based, without sacrificing the ionic conductivity of the PEMs [3]. Thus, the introduction of organic antioxidants allows the possibility of improving the durability of electrolyte membranes for fuel cells.

Organic free radical scavengers (FRSs) for PEMFC applications usually consist of phenolic functional groups or benzoquinone derivatives, which easily form semi-quinone species via facile one-electron transfer. Most of the FRSs showed good radical scavenging performances in PEMFC devices. However, it has been shown that they can dissolve out during long-term operation [8]. Recently, to address the migration problem of organic FRSs, Buchmüller et al.

reported on an antioxidant covalent anchoring strategy to attach phenolic derived molecules to the poly(ethylene-alt-tetrafluoroethylene) (PTFE) membrane. [2], [5] A synthetic pathway to introduce polymer-bound antioxidants into radiation grafted fuel cell membranes was reported by Buchmummer et al. [5]. A model antioxidant, tyramine, was covalently attached to a linker monomer, which was cografted with styrene onto a poly(ethylene-alt-tetra-fluoroethylene) (ETFE), in order to obtain an ETFE base grafted with polystyrenesulfonic acid (ETFE-g-PSSA). Two potential linkers, vinylbenzyl chloride (VBC)

and glycidyl methacrylate (GMA), were chosen. After co-grafiting with styrene, the linker units were functionalized with tyramine, Figure 3.2.6. The grafting level was adjusted to achieve an ion exchange capacity (IEC) of around 1.6 mmol.g -1 . The effect of the attached tyramine was studied in the fuel cell. These chemically stabilized membranes were compared to reference grafted membranes of similar IEC. All antioxidant containing membranes degraded substantially less compared to non-stabilized materials, which was shown by in situ (voltage loss) and post-test analysis (IEC loss). The linker was shown to have important influence on the performance of the synthesized membranes, whereas the phenol type antioxidant was demonstrated to effectively reduce damage due to oxidative attack (loss of grafted chains). It was concluded from the polarization curves that GMA(Tyr) and PSSA membranes showed promising performance compared to commercial benchmark PFSA materials. Furthermore, the high frequency resistance (HFR) and cell voltage indicated better proton transport in GMA(Tyr) membranes compared to PSSA materials. for GMA(Tyr) of a graft level of 55 %. [5] In a second study, Buchmuller et al. [2], reported on the stability of the GMA (Tyr) grafted membrane. The membrane exhibited an ion exchange capacity loss of 35 % after 144 h of the OCV test (80 °C, 250 kPa), whereas the control membrane without tyramine group lost its IEC after 12 h of the OCV test.

Herein, with the aim of improving the sPEEK membranes chemical stability, hybrid membranes impregnated with phenol type antioxidant were studied. The phenol type antioxidant (2,6- 

Bis(1,1-dimethylethyl)-4-[2-triethoxysilyl) vinyl] phenol),

Membranes Fabrication Protocol

As presented in section 3.1.1, in a typical optimized protocol, the sPEEK membranes were first pre-treated following the description presented in the section 2.1.4 of chapter 2, that is, they were submitted to sequential acidification, nanostructuration and swelling (steps E1 to E3, Figure 2.1) prior the impregnation of the desired SG precursors. Significant changes in the composition of the SG impregnation solution were necessary since the phenolic SG precursor was not soluble in the acidified water: ethanol (64:36 v:v) solution used for the membranes swelling, and this at room temperature and at 60 °C. The obtained phenolic-based precursor was a very dense oil and its complete solubilization was very hard to achieve. For this reason, in order to obtain homogenous precursor solutions, important changes in the protocol were necessary. Thus, the pre-hydrolysis solution was carried out stepwise. The precursor was first solubilized in ethanol 96°, then water was added dropwise. The water: ethanol volume composition allowing the complete solubilization was 10:90. The obtained solution presenting a pH of 6, the pH adjustment to 4 was done by adding acetic acid. After 2 hours of stirring at room temperature, a visually homogeneous solution was obtained. The membranes were immersed into the SG precursor solution for the impregnation step (E4). After 25 h at 30 °C, the membranes were removed from the solution, dried and further submitted to a postcondensation step (24 h at 80 °C under nitrogen atmosphere, step E5) to achieve higher degree of polycondensation of the SG phase within the membrane. Finally, an additional hydrothermal post-treatment step (72 h in water at 80 °C) and a second acidification were performed to respectively elute uncondensed SG oligomers and ensure that all sulfonic groups were in the acidic form (E6). The full scheme of the phenolic-based membranes hybridization process is presented in Figure 3.2.9. As described previously for the thiourea functional SG precursors, prior gravimetric analysis, the membranes were rolled under tension with CELGARD ® paper for the drying steps to ensure the minimum of defects and the smoothest surface, a key issue for reliable gas permeation measurements. The important increase of ethanol in the pre-hydrolysis solution had an impact on the membrane thickness. It is worth noting that the hybrid membranes presented a final thickness of the order of 15 μm, meaning twice smaller than the pristine sPEEK membrane (average thickness of 30 μm).

Reference sPEEK membranes were prepared following all the synthetic steps as presented in 

Impregnation Results

As for thiourea, the precursor concentration was fixed at 0.1mol.L -1 based on the studies realized by N. Huynh et.al. [9]. The control of the sol gel uptake was tuned by the adjustment of the volume of the impregnation solution per gram of sPEEK membrane. The membranes weight increase was quantified either by the SG uptake or by the insertion ratio following respectively the equations ( 1) and ( 2) presented in Chapter 2. In a first experiment, hybrid membranes containing phenolic functionality were prepared with a SG uptake targeted at 20 % (Appendix 3.2.3). The gravimetric measurements demonstrated that, after the impregnation step (E4), the obtained SG uptakes were in good agreement with the targeted ones. For a targeted SG uptake of 20 %, the SG uptake obtained after E4 was of . From the post-condensation step (E5) however, a decrease could be seen achieving a value of at the end of the protocol (E6 step), meaning the half of the 20 % targeted. In order to verify if the reactions kinetics could be improved, impregnations were performed at 50 °C (instead of 30 °C) but the same trends were observed. These results are presented in Appendix 3.2.3. These observations allowed us to conclude that a phenomenon related to the steric bulkiness of the SG precursor could occur, preventing to reach an optimal condensation of the SG phase within the host membrane. Aiming to obtain final SG uptakes comparable to thiourea hybrid membranes, impregnations were performed with SG uptakes targeted of 15, 20 and 30 %.

Table 3.2.1 summarizes the experimental conditions used for the membranes impregnation.

The volume added varied from 12.2 to 24 μL according to the volume of impregnation solution to be prepared. The molar mass of the SG repeat unit of the condensed SG phase, , was determined by considering a total condensation of the SG phase within the sPEEK_NS membrane. The oxygen bonds were assumed to be shared, considering 100 % of T 3 sites. The weight increase was similar for the overlaid membranes, which indicates a good homogeneity of the SG uptakes. At step E4, the obtained average SG uptakes were , and for targeted SG uptakes of 15, 20 and 30 %, respectively.

For the SG uptakes targeted at 15 and 20 %, the obtained average SG uptakes were in good agreement with the targeted values, whereas, when working with 30 %, the obtained average SG uptake achieved was half of that targeted. In this case, an impact on the membrane aspect was also observed. From Figure 3.2.11, one can see that, at E6 step, the obtained hybrid membrane presented regions that were darker than others, indicating the presence of SG precursor and/or of corresponding lower oligomers on the membrane surface. One possible explanation could be that, at high level of SG targeted (30 %), the steric hindrance of the phenol SG precursor would prevent it from completely penetrating into the film. The SG precursor remaining in the pre-hydrolysis solution could then partially condense and deposit on the surface of the membrane.

At E6 step, the obtained SG uptakes were , and for targeted SG uptakes of 15, 20 and 30 %, respectively. The similar values of SG uptakes obtained at the end of the protocol for the different batches could be attributed to the non-optimal condensation of the SG phase within the host sPEEK membrane, implying the lixiviation of uncondensed precursor after the second hydrothermal treatment and re-acidification steps. The obtained insertion ratios support the hypothesis of a non-optimal condensation within the host membrane. At step E4, the obtained insertion ratios were in good agreement with the 90 % set To conclude, the difficulty in solubilizing the SG precursor led to important changes in the impregnation solution composition, which had a marked impact on the thickness of the hybrid membranes as well as on their aspect, with most of the time the presence of precursor spots on their surface, especially at high SG uptake targeted. Steric hindrance problems limited both high insertion ratios and optimal condensation of the SG phase within the host sPEEK membrane. For this reason, under our conditions, we failed to achieve SG uptakes higher than 12 %.

Morphological characterization and thermal analysis

SEM-EDX analysis

SEM-EDX analyses were performed by our partners at the SyMMES laboratory in order to verify the presence and the homogeneous dispersion of the SG phase within the sPEEK membranes. All the constraints related to the precursor solubilization and steric hindrance have led to final membranes not always homogeneous, especially when working with high SG uptake. We have therefore selected visually the most homogeneous membrane (SG uptake of 8.2 %) for further analysis. The in-depth studies of the phenolic-based hybrid membranes morphology through TEM-EDX and SANS analysis were not performed by our partners at the SyMMES laboratory. For this reason, discussions concerning the functional properties will be somewhat limited. It is important to note that the membranes further investigated had a visually homogeneous aspect and a SG uptake equal to 8.2 %.

Thermogravimetric and microcalorimetric analysis

The thermal stability of membranes is one of the most important factors to evaluate for high temperature fuel cells applications. TGA analyses were carried out for the SG precursor, reference sPEEK and phenolic-based hybrid membranes having a SG uptake of 8.0 %, Figure

3.2.13.

As seen for the sPEEK_NS membranes in Chapter 3.1, three weight losses could be distinguished for the sPEEK reference membrane. The first weight loss (6.9 %) in the temperature range of 25 °C -160 °C is related to water and/or ethanol evaporation. The second weight loss (18.7 %) observed between 160 °C -430 °C, corresponds to the desulfonation step.

The third and more important weight loss (74.4 %) in the temperature range of 430 °C -700 °C is due to the decomposition of the main polymer backbone.

Concerning the phenolic SG precursor, the main degradation step corresponding to 48.2 % weight loss was observed in the temperature range between 150 and 400 °C followed by an additional weight loss (19 %) between 400 and 530 °C. At 580 °C, the precursor degradation was not complete but due to the aluminum crucible used for the analysis it was not possible to rise the temperature above 580 °C.

In the case of the phenolic-based hybrid membrane, the overall shape of the weight loss curves remained the same as compared to the reference sPEEK membrane, Figure 3.2.13. The amount of water sorbed for the hybrid membrane (6.4 %) was similar to that of the sPEEK reference membrane (6.9 %),Table 3.2.3. The second weight loss, attributed to both the desulfonation of the sPEEK membrane and to the partial decomposition of the phenolic fragment, was shifted towards lower temperatures, from 346 °C and 343 °C to 286 °C, for the phenolic-based hybrid membranes. Inversely, the mass loss derivative in the range 430-700 °C showed a shift of 36 °C towards higher temperatures (from 588 to 624 °C) for the decomposition of the polymer backbone. It seems that the presence of phenol favors desulfonation at lower temperature by reaction with sulfonic acid groups but has a stabilizing effect on the polymer backbone. At 700 °C, while no residue was obtained for the reference sPEEK membrane, hybrid membrane exhibited a residual mass of 1.1 % corresponding to SiO2, which is in agreement with the presence of a SG phase in this material. From equation (3) presented in Chapter 2, the SG uptake of the hybrid membranes was also determined from the TGA analysis. For the studied hybrid membrane with 8.0 % SG uptake, the % SG obtained from TGA measurements was of 6.1 % indicating that these results were rather in good agreement. The differences can be attributed to the low values of residual mass measured by TGA and applied for the calculation which could increase the imprecision. for the phenol precursor, reference sPEEK and phenol hybrid membrane with 8.0 % SG uptake. From the thermal analysis, it was possible to conclude that the stability of the hybrid membranes containing phenolic moieties meets all the requirements to operate at high temperature.

The glass transition temperature (Tg) of phenolic-based hybrid membrane with a SG uptake of 8.0 % was determined by DSC analysis and compared to the sPEEK reference membrane in Compared to the sPEEK reference membrane, a decrease of 13 °C in the glass transition temperature could be observed for the phenol hybrid membrane with 8.0 % SG uptake. This underlined an increase in polymer chain mobility for this hybrid membrane.

Functional Properties

The gas permeability coefficients for different gases were measured for the hybrid membrane with 8.5 % SG uptake and the reference membrane. For carbon dioxide (CO2), the permeability, diffusion and solubility coefficients were determined due to long enough time lag values.

Moreover, the hydration mechanism (sorption isotherms and kinetic analysis) was investigated.

Gas permeability

The gas permeability coefficients were determined in anhydrous state for hybrid membranes with 8.5 % SG uptake. Hydrogen (H2), helium (He) and carbon dioxide (CO2) transport properties were investigated. The permeability values obtained and their comparison with the reference sPEEK membrane are presented in Table 3.2.5. Considering the measurements uncertainties, all membranes presented similar gas permeability values. From an application point of view, it is noteworthy that all membranes exhibited hydrogen permeability coefficient lower than 5 barrer, meaning lower than Nafion which was suitable for the selection criterion: hydrogen permeability Nafion permeability.

As for the permeability, the CO2 diffusion (D) and solubility (S) coefficients of the hybrid membrane were similar to those measured on sPEEK reference membrane, Table 3.2.6. Table 3.2.6. CO2 diffusion and solubility coefficients values for sPEEK reference membrane and phenolic-based hybrid membrane with 8.5 % SG uptake.

Sample

SG uptake (%) D (10 -10 cm 2 .s -1 ) S (cm 3 STPcm -2 . cmHG) sPEEK reference 0 3.12 0.12 Hybrid Phenol 8.5 2.59 0.14

Water Sorption

The sorption isotherm was studied at 25 °C along with the sorption kinetics in all range of water activity for phenol hybrid membrane with 7.5 % SG uptake, Figure 3.2.16. The sorption rate was estimated at each water activity by the half sorption time normalized to the film thickness.

As expected, the water sorption isotherm corresponded to a BET II sorption mechanism. The water gain at the water activity of 0.95 was equal to 0.2. The evolution of the half sorption time normalized to the film thickness was in agreement with the sorption isotherm shape with a small variation in the water activity range up to 0.4 and then an increase of the half sorption time (t 0.5 .e -1 ) associated with the formation of water clusters at high water activity. 

Comparisons between Thiourea and Phenolic-based hybrid membranes

From an application point of view, it is important to study the hydrogen permeability and the ability of the membranes to uptake water. For this reason, the comparison between the monocomponent thiourea based hybrid membranes (HTU and TTU) and phenolic-based hybrid membranes will be carried out hereafter.

Regarding hydrogen gas permeability, at low SG uptake, the phenolic-based hybrid membranes presented slightly higher values than the corresponding thiourea-based hybrid membranes as shown in Figure 3.2.17. The H2 permeability measured for phenolic-based hybrid membrane was, however, comparable to the ones measured for the mono-component HTU and TTU hybrid membranes at high SG uptake (20 %), being respectively of 2.2, 2.9 and 2.1 barrer. This value is however still in agreement with the reference criterion making this membrane suitable for fuel cell application. All the hybrid membranes in fact exhibited hydrogen permeabilities lower than that reported for Nafion, that is lower than 5 barrer. Another important functional property to consider is the ionic conductivity, which was studied by our partners at the SyMMES laboratory. Phenolic-based hybrid membranes with 8.4 % SG uptake presented a proton conductivity of about 60 mS.cm -1 . This value was higher than those measured for the mono-component thiourea hybrid membranes that presented a proton conductivity between 52 and 54 mS.cm -1 at 7.0 % SG uptake, approximately. As the phenolic hybrid membranes were not all homogenous, especially at high SG uptake, the study of the proton conductivity and water liquid sorption at room temperature as a function of SG uptake was not possible.

Conclusion

The preparation of phenolic hybrid membranes could not be achieved by simply applying the optimal protocol implemented for thiourea membranes due to the lack of solubility of the SG precursor, especially when adding water. Thus, its solubilization was carried out stepwise by first adding ethanol 96° followed by dropwise addition of the minimum of water to prevent any precipitation. A homogenous pre-hydrolysis solution containing the SG precursor was obtained with a water: ethanol volume composition of 10:90. The large increase in volume of ethanol led to much thinner hybrid membranes with 15 μm thickness. Due to the sterical hindrance of the SG precursor, issues limiting both high insertion ratios and optimal condensation within the membrane were observed, inducing SG loss and SG uptakes not exceeding 12 %. All these constraints have led to hybrid membranes not always homogeneous in terms of the SG phase dispersion. Characterisations were only focused on homogeneous hybrid membranes, meaning with SG uptake close to 8.0 %. In this case, better thermal stabilities were observed for the phenolic-based membrane when compared to the sPEEK reference as evidenced by TGA analysis. DSC analysis showed that the Tg was significantly lower for the hybrid membrane when compared to the reference sPEEK.

The gas permeability coefficients were similar for the studied hybrid membrane when compared to the reference sPEEK membrane. The H2 permeability coefficient satisfied the performance criterion being lower than 5 barrer (Nafion's H2 permeability). For hybrid membranes with 8.5 % SG uptake, the H2 gas permeability coefficient measured was 2.2 barrer. This coefficient was slightly higher than those measured for the monocomponent HTU and TTU hybrid membranes at 7.0 % SG uptake (1.7 and 1.5 barrer, respectively) but similar to the ones measured at 20 % SG uptake (2.9 and 2.1 barrer, respectively). The water sorption isotherm exhibited a sigmoidal shape in agreement with the BET type II sorption mechanism. HTU and phenolic-based hybrid membranes with similar SG uptakes sorbed the same amount of water. Good proton conductivities were measured for the phenolic hybrid membranes with 8.4 % SG uptake (60 mS.cm -1 ). From an application point of view, phenolic-based hybrid membranes meets all the requirements to be operable under fuel cell conditions.

A3.2.1. Synthesis of organosilane bearing a phenolic function

The synthesis of SG precursor carrying a phenol function was readily achieved using the pallado-catalyzed Heck reaction as shown below: Even though some differences could be observed on the thermal stability profile of the reference phenol membrane, the results obtained showed that they are perfectly suited for high temperature fuel cell applications.

Differential scanning calorimetry (DSC) was performed to study the influence of the pretreatment on the glass transition temperature (Tg). An increase of about 10 °C was observed for the sPEEK reference phenol compared to sPEEK_NS membrane. Considering the high amount of ethanol used during the swelling and impregnation steps, a plasticization effect could have occurred, thus increasing the Tg. 

A3.2.4. Hybrid Membranes Characterization

FT-IR measurements were carried out for reference sPEEK and hybrid membranes with 8.0 % SG uptake and presenting a homogenous distribution of the SG phase within the membrane.

The characteristic infrared bands and assignments are given in Figure A3.2.3 and in the Table A3.2.5.

As expected, the FTIR spectra show the typical broad bands in the O-H stretching region (3400 -3200 cm -1 ) in both reference sPEEK and hybrid membranes. The phenolic associated groups 

Introduction

Lifetime is always one of the main concerns of proton exchange fuel cell membranes.

Membranes failure caused by chemical degradation can lead to the crash of the whole fuel cell system. Proton exchange membranes with enhanced chemical durability can be obtained via the addition of free radical scavengers [1]. Some effective approaches have been reported for the preparation of modified proton exchange membranes derived from Nafion [2]- [12] or hydrocarbon based PEMs [13]- [16] by introduction of transition metal species as reversible and stable redox quenchers of hydroxyl and hydroperoxyl radicals. Due to the effectiveness in the membrane's mitigation degradation, cerium in its ionic or oxide form, has been considered as one of the most promising radical quenchers to be applied in order to increase MEA durability. The relative ease of undergoing a reversible redox reaction between Ce 3+ and Ce 4+

states is the key to the scavenging properties. The Ce 3+ /Ce 4+ redox couple is able to react with either hydroxyl or hydroperoxyl radicals, by the mechanism described in the equations ( 1)-( 3).

[2], [9], [17], [18] Fast reduction of Ce 4+ via reaction with H2O2 ensures rapid reactivation of Ce 3+ (4). [19] (1)

Herein, we present preliminary studies carried out in order to apply both metal oxide and metal ions as radical scavenger with the aim of producing more durable hybrid membranes based on sPEEK to operate under high temperatures.

Metal oxide as radical scavenger

The incorporation of ceria nanoparticles into a polymer matrix without agglomeration of the particles during the synthesis process is a critical issue to be addressed. [1] Even though ceria nanoparticles are homogeneously dispersed in the final system, the weak chemical interactions Chapter 4: Elaboration of radical scavenger-based hybrid sPEEK membranes using a redox approach 284 between the polymer and ceria NPs led to reduced performance of the composite material when exposed to harsh environment and mechanical stress. Reinforced fillers, which are used to improve the mechanical properties of PEMs, can be suitable for the immobilization of ceria, such as organosiloxane polymer network (OSPN) [20] and polydopamine coated ePTFE. [21] 4.1.1. Metal oxide as radical scavenger: Impregnation results

Cerium alkoxides are well suited as precursors, but to prevent undesired precipitation/aggregation of cerium nanoparticles in a non-controlled way, it was necessary to mediate their reactivity. It has been shown that their hydrolysis and condensation reaction can be tuned by the inclusion of carboxylic acids, which can partially substitute alkoxide moieties on the cerium site, forming strong bridging bidentate coordination complexes [22], [23]. By using an organosilane wherein the organic side chain contains a carboxylic acid functional group in conjunction with a cerium alkoxide, we should be able to both form the SG network while simultaneously controlling the growth of the cerium oxideNPs, Despite these disappointing results, we decided to pursue this path starting from homogeneous Ce/carboxylic acid neat solutions for the impregnation of the membranes, with the idea that the residual water within the membrane after the swelling would be sufficient to allow for the hydrolysis/condensation of the SG precursor. Cerium IV t-butoxide was preferred over its isopropoxide counterpart owing to its less oligomeric structure and the functionalized 5triethoxysilylpentanoic acid was used as the SG precursor with an acid: Ce molar ratio of 5, based on the Shirase et al. [23] studies.

After following the pre-treatment protocol (steps E1 to E3) as presented in chapter 2 (Figure were not dried, we assumed that the water present in the membrane was enough to allow for the precursor to hydrolyze. After the impregnation step (E4), the obtained SG uptake was 10 %, in agreement with the targeted one, however the presence of clusters could be seen on the membrane surface. The membranes were then submitted to a post-condensation step (24 h at 80°C under nitrogen atmosphere, E5) followed by a second hydrothermal treatment and acidification (step E6) as in the optimized protocol described in the previous chapters. The up following steps caused a great decrease in the SG uptake achieving only 4.1 % at E6 step. The insertion ratio decreased from 87 % at step E4 to 36 % at step E6, 

Metal ions as radical scavengers

In literature, the cerium precursor (mainly cerium salts, tetravalent cerium alkoxides) is usually added into the ionomer dispersion in a certain ratio, via mechanical mixing, followed by the casting process. However, Ce 3+ ion doped PEMs showed two primary issues. First the proton Chapter 4: Elaboration of radical scavenger-based hybrid sPEEK membranes using a redox approach 289 conductivity can be reduced due to the formation of ionic interactions between cerium ions and sulfonate groups, secondly cerium can easily migrate out of the PEMs, not only decreasing antioxidation ability but also causing the degradation of the Pt/C catalyst [1], [25]. Much effort has been invested to limit the cerium ions mobility within the membrane in order to achieve better free radical scavenging efficiency. Coordination structures capable of sequestering and chelating cerium ions have been studied in order to reduce the neutralization of sulfonic acid functions and limit the leakage of Ce 3+ ions out of the membrane. Once cerium is captured the bonding with sulfonic acid groups is prevented, thus improving the ion conductivity. As discussed in Chapter 1 , the use of 15-crown-5-ether/Ce [26] and 18-crown-6 ether/Ce [27] has been efficiently applied to sPEEK membrane in order to immobilize cerium ions during fuel cell operation.

To avoid the partial neutralization of the polymer sulfonic acid groups and/or migration outside the membrane during fuel cell operation, we envisioned another approach involving the incorporation of Ce ions as part of the SG network through hydrolysis/condensation of Ce and Si alkoxides, 

Membranes Fabrication Process

Prior to the impregnation of the desired SG precursors, the membranes were pre-treated following the description of the section 2.1.4. They were submitted to sequential acidification, nanostructuration and swelling (steps E1 to E3, Figure 2.1). Solutions containing cerium salts and the SG phase precursors were prepared, separately, in the same solvent mixture as the one used for the membranes swelling and left two hours under stirring at room temperature. The membranes were immersed into this solution, by lot of 5, using polytetrafluoroethylene (PTFE) separators, in order to achieve a better homogeneity of the final SG uptake within the overlaid membranes. The adjustment of the volume of the impregnation solution was calculated by mg of sPEEK_NS overlaid membranes according to the SG uptake targeted and the SG precursor concentration (0.1 mol. L -1 ). The impregnation (E4) is the critical step of the protocol in which the precursor will finish hydrolyzing and condense within the membrane. The membranes were removed from this solution, dried and further submitted to a post-condensation step (24 h at 80 °C under nitrogen atmosphere, step E5) to achieve higher degree of gelation of the SG phase.

Finally, an additional hydrothermal post-treatment step (72 h in water at 80 °C) and a second acidification were performed to respectively elute uncondensed SG oligomers and ensure that all sulfonic groups were in the acidic form (E6). The full scheme of the hybridization process is presented in 

Impregnation of SG precursors: Results and discussion

Two sources of SG precursor have been studied: tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS), owing to their differences in hydrolysis and condensation kinetics.

The SG uptake and insertion ratio for each membrane was determined using, respectively equations ( 1) and ( 2) presented in chapter 2. The discussions will be carried out by considering the average SG uptake and respective average standard deviation between the 5 overlaid membranes.

First, a protocol optimization was carried out in the absence of cerium by using TEOS as SG precursor. Impregnations time of 20 and 30 h was studied with low SG loading (10 % targeted) and is detailed in Appendix 4.1.3.1. The obtained average SG uptake and insertion ratios at E6 step were very similar for both impregnation times. Following this observation, impregnations with TMOS were carried out with an impregnation time of 20 h. Table 4.1 summarizes the SG uptakes and insertions ratios obtained at E6 step for the impregnation carried out with TEOS and TMOS in the absence of Ce precursor. The discussions concerning the impregnations performed in the presence of Ce salt will now be presented for both TEOS and TMOS as SG precursors.

Impregnation of SG precursor in the presence of Ce salt: Results and Discussion

Impregnations were carried out with TEOS and TMOS in the presence of cerium nitrate hexahydrate ( with a Si:Ce molar ratio of 5 in order to keep the same ratio as the one studied for cerium oxide NPs. The pre-hydrolysis solution was prepared as follows:

first the cerium salt was dissolved in the acidified water: ethanol (v:v 64:36, pH 4) solution followed by the addition of the SG precursor. As for all other studied precursors, a concentration of 0.1 mol. L -1 was used.

Bernards et al. [29] showed that the dimerization rate of silicon alkoxides in methanol is very low, for this reason, herein the use of ethanol was preferred over methanol. Having an alcohol that is different from the alkoxide carried by the silane can promote the dimerization due to the presence of mixed alkoxides and in our conditions, the oligomer formation is necessary in order to entrap the Ce in the SG network. Note that the exchange of alkoxy groups observed when an alcoholic solvent with an alkoxy group different from the alkoxy group of the silane may influence the later hydrolysis rate. Given that, differences in the behavior can be observed when using TEOS or TMOS as SG precursor in presence of Ce.

Impregnation of TEOS in the presence of Ce salt

First, the results obtained by using TEOS as SG precursor will be presented and discussed.

Table 4.2 summarizes the conditions for the membrane impregnation using TEOS and ( for a SG uptake targeted of 10 %. Note that, the impregnation volume was determined from the SG precursor concentration, the molar mass of the SG repeat unit of the condensed SG phase , and the SG uptake targeted. It means that only the Si concentration was considered (0.1 mol. L -1 ) for the impregnation volume determination. From this volume, the mass of Ce to be added in the pre-hydrolysis solution was determined considering the Si:Ce molar ratio chosen. The results of the average SG uptake and insertion ratio are presented in The weight increase for the 5 overlaid membranes was very similar, indicating a good homogeneity of the SG uptakes and insertion ratios. At step E4, the SG uptake was in good agreement with the targeted one (10 %), with an average of . A loss of the SG uptake was observed in the following steps achieving an average of at E6 step.

Concerning the average insertion ratios, they vary from at step E4 to at step E6. SEM-EDX analysis performed by our partners from the SyMMES laboratory showed that the Ce was not homogeneously distributed within the membrane. Figure 4.8 shows that the highest amounts of Ce were present on the surface of the membrane rather than in its core. A possible explanation for this behavior is that in the presence of ethanol, TEOS dimerization is fast, meaning that a self-condensation of the SG phase can take place in the solution avoiding the Ce ions to be entrapped in the SG network Following these observations, impregnations were carried out using TMOS as SG precursor, due to its faster hydrolysis kinetics.

[29]

Impregnation of TMOS in the presence of Ce salt

In order to study the influence of the SG uptake and of the Ce content, impregnations with 5,10 and 30 % SG uptake targeted were performed using a Si:Ce molar ratio of 5:1, followed by an impregnation with SG uptake targeted of 15 % and a Si:Ce molar ratio of 5:2. The optimized conditions are presented in Table 4.4. As for TEOS, the impregnation volume was determined considering the Si concentration (0.1 mol.L -1 ), the molar mass of the SG repeat unit of the condensed SG phase and the SG uptake targeted. From this volume, the Ce salt mass to be added in the impregnation solution was determined from the Si:Ce molar ratio. The average SG uptakes and insertion ratios at the different protocol steps are presented in The weight increase was very similar between the overlaid membranes, which resulted in a good homogeneity of the obtained results. A progressive decrease of the SG uptake was observed for the different batches impregnated either with low or high SG loadings. The losses obtained between steps E4 and E5 are expected, because of the loss of the alkoxy groups. At E6 step, the obtained SG uptakes were , and for targeted SG uptakes of 5, 10 and 30 %, respectively. Note that if not all the Ce is integrated into the SG network, it can react with the sulfonic acid groups of the host sPEEK membrane, which could explain the observed losses at E6 step due to the hydrothermal treatment but more likely to the final acidification. Since cerium can exist as a counterion to the sPEEK sulfonate groups, leaching could be considered as a natural result of ion exchange.

Concerning the insertion ratios, one can see that the higher the targeted SG uptake, the lower the insertion ratio. At step E4, for targeted SG uptakes of 5, 10 and 30 %, the determined insertion ratios were, respectively, of , , and . At E6 step, the obtained insertion ratios were , and for 5, From these impregnations results, it was seen that increasing the SG uptake led to a decrease in the insertion ratio. The literature data have shown that a cerium content greater than 2.5 % can improve the oxidative resistance of the membranes. [30] For this reason and in order to optimize the impregnation results while keeping a Ce content close to 3.0 %, impregnations were performed with a SG uptake targeted at 15 % and a Si:Ce molar ratio of 5:2. The obtained results are presented in Average SG uptake and insertion ratio as a function of the protocol step along with the theoretical cerium content.

Protocol Step E4 E5 E6

Average SG uptake (%)

Average Insertion ratio (%)

Theoretical cerium content (%) 3.5 3.7 2.9

As observed previously, a significant reduction in SG uptakes could be observed between stages E4 to E6. After the impregnation step (E4), the obtained SG uptake was in accordance with the SG uptake targeted being of .8, at step E5, this value decreased to due to the loss of the alkoxy groups after the post-condensation step. At E6 step, the mean SG uptake further decreased to .

Regarding the insertion ratios, from step E4, the obtained averages were low, being

. At steps E5 and E6, the obtained values were respectively and .

These results support the idea that increasing the amount of Ce decreases the insertion of the SG phase within the membrane. One hypothesis could be put forward to account for the decrease in the insertion ratio: increasing the Ce amount could lead to incomplete insertion of Ce in the SG phase in formation and as a consequence, the residual Ce can react with the sulfonic groups. This could result in little gelation of the SG phase within the membrane due to the increase of the internal pH of the membrane. From the impregnation results it could be concluded that increasing the targeted SG uptake resulted in a decrease of the insertion ratio. The theoritical cerium contents were comparable when working with 5 and 10 % SG uptake being respectively of 1.27 % and 1.51 %.

Impregnations with 30 % and 15 % SG uptake targeted were carried out for molar ratios of 5:1 and 5:2, respectively. These variations allowed achieving theoretical cerium contents of about 3.0 %. The higher the Ce content, the lower was the insertion ratio, which could be attributed to greater exchanges with the sulfonic groups leading to low gelation of the SG phase. Thermogravimetric (TGA) and microcalorimetric (DSC) analyses were focused on the homogeneous membranes, meaning that only the membranes in the batch of 10 % SG uptake targeted and impregnated with TMOS were studied. In this case the average theoretical cerium content within the membrane was 1.51 %.

The main degradation of the sPEEK_NS membrane and hybrid membranes was studied by TGA analysis under air flow (30 mL.min -1 ) at a heating rate of 10 °C.min -1 from room temperature up to 1000°C. The TGA curves and their derivatives are presented in Figure 4.12.

The thermal stability of the sPEEK_NS membrane was compared to the hybrid membranes impregnated with TMOS and with TMOS: Ce with a cerium theoretical content of 1.51 %. As seen in Figure 4.12, the first noticeable weight loss, for all examined hybrid membranes, is observed between 50 and 160 °C (7 %) and it is attributed to the evaporation of adsorbed water.

The weight loss observed was quite similar for all the studied membranes. A second weight loss could be observed for the sPEEK_NS membrane (17.4 %) and the membrane impregnated with TMOS (20.0 %) between 300 and 400 °C, which is assigned to the decomposition of SO3H.

For the hybrids with 1.5 % theoretical cerium content, the mass loss is extended over a wider temperature range and is more gradual. This behavior could be due to interactions between Ce and the SO3H groups in the sPEEK membrane. The weight loss that occurs between 300 and 400 °C is the most critical, not only because this is the temperature range wherein failure is initiated, but also because this is the temperature range where the membrane loses its ion exchange functionalies from which its important properties derive. [31] In this region, from Figure 4.12, one can note that the maximum of the decomposition peak is at lower temperatures for sPEEK_NS membrane when compared to the hybrid membranes. As presented in Table 4.8, the temperatures of the decomposition peaks were found at 328 °C for sPEEK_NS membrane, 345 °C for TMOS hybrid membranes and 358 °C for Ce containing membranes with 1.51 % theoretical cerium content. In addition, it can be seen that in the presence of Ce the peak was strongly modified. This supports the idea of having Ce interacting with the sulfonic acid groups.

The third and more important weight loss is attributed to the decomposition of the polymer main chain. The derivative double peak observed between 500 °C and 700 °C for sPEEK_NS was slightly modified after the SG addition with both hybrid membranes decomposing faster than the sPEEK above 500 °C. On the other hand, the final mass loss stage for the host sPEEK membrane is shifted to higher temperatures when compared to TMOS and TMOS: Ce (NO3)3 hybrid membranes, with the maximum of the derivative peak at temperatures of 585 °C, 540 °C and 554 °C, respectively. The determined mass residues, at 1000 °C, increased from 1.27 to sPEEK_NS to 7.87 % for membranes with 1.51 % cerium content. Compared to the reference sPEEK membrane, the hybrid membrane impregnated with TMOS presented the same glass transition temperature. However, when 1.51 % cerium content was introduced, a great increase of the Tg could be noticed, which could reflect interactions between Ce and SO3H.

Water uptake and proton conductivity

The water retention capacity of PEMs is one important property because it directly affects proton conductivity and dimensional stability. The liquid water uptake was determined by gravimetric measurements, at room temperature, after the additional hydrothermal posttreatment performed at E6 step (72 h in water at 80 °C), Figure 4.6. Excess water on surfaces was removed from the membranes using absorbent paper just before weighting. The hybrid membrane water uptake in liquid water was calculated as follows:

(5)

The average water uptake obtained for the different hybrid membranes with cerium content varying from 1.27 to 3.16 % are presented in Table 4.10.

The sPEEK_NS membrane presented a water uptake of 375 %. Compared to the sPEEK_NS, a reduction of the water uptake was observed for the hybrid membranes. The decrease was of 30 %, 72 % and 52 % for cerium contents of 1.27, 1.51 and 3.0 %, respectively. The proton conductivity was determined for the hybrid membranes impregnated with TMOS:Ce and cerium content of 1.5 %. The results provided by our partners at the SyMMES laboratory showed a proton conductivity of 55 mS.cm -1 versus 70 mS.cm -1 for the sPEEK membrane. The decrease observed in the proton conductivity could be attributed to interactions between Ce and SO3H, if the Ce introduced is not entrapped in the SG network it can be able to exchange with protons.

Conclusions and future work

The use of transition metal species as reversible and stable redox quenchers of hydroxyl and hydroperoxyl radicals is particularly appealing for fuel cells applications. Herein, preliminary studies were carried out by applying two strategies: the use of metal oxide and the use of metal ions as radical scavengers.

In the first strategy the objective was to produce under acidic conditions well dispersed and uniform cerium oxide nanoparticles embedded within the membrane, however the insolubility of the cerium isopropoxide and butoxide made difficult the preparation of the pre-hydrolysis solution which led to work in neat. Impregnations carried out using the optimized protocol did not lead to the fabrication of visually homogeneous membranes.

Concerning the second strategy, two sources of SG precursors were studied: TEOS and TMOS.

Impregnations with TEOS at low SG load (10 %) were carried out with a Si:Ce molar ratio of 5. SEM-EDX analysis showed that Si and Ce were not homogeneously dispersed within the hybrid membranes. The possible explanation for this behavior is that in presence of ethanol, TEOS dimerization is fast, meaning that a self-condensation of the SG phase can take place avoiding the Ce ions to be entrapped in the SG network.

Impregnations with TMOS at low SG load and Si:Ce molar ratio of 5 led to homogeneous distribution of both Si and Ce within the hybrid membrane. TGA analysis showed in this case great changes in the hybrid membranes behavior, especially in the temperature range corresponding to desulfonation. A significant increase in the Tg value was observed. The amount of water sorbed at room temperature was lower when compared to the sPEEK_NS membrane. A decrease in the proton conductivity was observed for this membrane when compared to sPEEK membrane, being respectively of 55 and 70 mS.cm -1 . All these observations could be attributed to the existence of interactions between cerium and SO3H groups in the sPEEK membrane. Further increase in the SG uptake and Ce content did not lead to the fabrication of homogeneous membranes. This was attributed to interactions of Ce with sulfonic acid groups, changes in pH and low gelation of the SG phase.

It is known that when ceria leached out in fuel cell, the device can no longer function properly, for this reason, the immobilization of cerium is necessary in order to achieve more durable systems. The introduction and stabilization of Ce ions as discret host-guest coordination complex along with the SG precursor is a good alternative. The literature shows that the presence of crown ether has a stabilizing effect on the mobility of cerium; based on this in our case we could combine the incorporation of cerium in the SG phase with the presence of crown ether, as shown in Considering the weighting uncertainties, it seems that increasing the impregnation time from 20 to 30 hours has no significant influence on the SG uptake and insertion ratio. Table A4.2.1.1.

shows the obtained average SG uptake and insertion ratio obtained at E6 step along with the average deviation. Under our conditions, the SG uptake and insertion ratio using TEOS as SG precursor were nearly half those targeted and comparable for impregnation times of 20 and 30 Table A4.1.2. Average SG uptake and insertion ratio for TMOS hybrid membranes.

Protocol step E4 E5 E6

Average SG uptake (%)

Average insertion ratio (% )

Making a comparison between the impregnation results obtained for TEOS and TMOS it was seen that at E6 step slightly higher average SG uptake and insertion ratio were obtained for TMOS. These differences might arise from the fact that TMOS presents a hight ratio of hydrolysis when compared to TEOS, especially in a medium containing ethanol as demonstrated by Bernards et al. [29] Table A4 

Introduction

The elaboration of antioxidant-based hybrid sPEEK using a sacrificial approach has been successfully achieved. Homogeneous thiourea-based hybrid membranes were obtained which allowed discussions in the entire range of SG uptake studied, varying from 7.0 to 20 %, for the monocomponent HTU and TTU hybrids as well as their mixtures. In the case of phenolic-based hybrid membranes, the discussions were restricted to SG uptakes around 8.0 % due to homogeneity problems related to the difficulty in solubilizing the synthesized SG precursor.

For all hybrid membranes synthesized in this PhD work, the thermal stabilities did not question their application in Fuel Cells operating at high temperatures. In addition, good gas barrier properties were obtained for all hybrid membranes studied that met the criterion: hybrid membranes H2 permeability < Nafion H2 permeability. More specifically, the H2 permeability coefficient measured for HTU and TTU at low SG uptake (7.0 %) was equal to 1.7 and 1.5 barrer, respectively, which was lower than the one measured for the sPEEK_NS membrane (2.56 barrer). For the monocomponent HTU and TTU hybrid membranes, it was observed that above 15 % SG uptake an increase of the H2 permeability occurred and a more important effect was observed for HTU than for TTU hybrid membranes. These differences in behavior were attributed on the one hand to the lower degree of polycondensation observed for HTU-based membranes as evidenced by HPDEC 29 Si NMR analysis and on the other hand, to the differences in their morphologies that were studied by our partners at SyMMES laboratory.

From SANS analysis, it was shown that for TTU, the amount of SG phase in the ionic channels did not vary as a function of the SG content. It could then be considered that the ionic channels still contributed to decrease the overall permeability. However, with increasing SG amount, SG domains also located in increasing amount in the inter-bundles regions leading to a phase inversion at 20 % SG uptake. For HTU, the amount of SG phase increased within the ionic channels. It could be hypothesized that above a critical amount of SG, and due to the specific structure of the SG precursor (organic segment linked to two -Si(OR)3 groups), the organic parts between the inorganic ones could lead to some more continuous and diffusive pathways.

In this case, it could then be considered that the ionic channels became finally more gas permeable. The HTU/TTU mixtures presented H2 permeability coefficients higher than the sPEEK_NS membrane but still lower than Nafion membrane. For all hybrid membranes, gas permeation was mainly governed by gas diffusion.

The water sorption isotherm exhibited a sigmoidal shape in agreement with the BET type II sorption mechanism, in the Brunauer-Emmett-Teller classification. For the HTU and TTU hybrid membranes at low SG uptake (around 7.0 %), it could be deduced from the isotherms expressed as the amount of water sorbed per gram of sPEEK, that adding SG domains, independently of their nature and location, could be considered as adding impermeable domains without modification of the sPEEK behavior. Indeed, the isotherms defined a single curve superimposed with that of sPEEK_NS. The normalized half sorption time curves as a function of the water activity had the same general shape whatever the studied system, with an increase of the half sorption time at high water activity associated to the formation of water clusters. All values of normalized half sorption times were higher for the hybrid membranes when compared to sPEEK_NS. This indicated a slowdown of the water diffusion rate for all the hybrid membranes with respect to sPEEK_NS.

Concerning phenolic-based hybrid membranes, in order to solubilize the SG precursor, the ethanol volume of the impregnation solution was considerably increased which resulted in thinner hybrid membranes. Their thickness was about 15 μm which was twice thinner than Thiourea-based hybrid membranes. Following the protocol changes, reference sPEEK membranes were prepared in the same conditions. The H2 permeability coefficient measured for the new reference sPEEK membrane was 2.4 barrer, showing that the differences in the pretreatment did not lead to important changes in the sPEEK gas transport properties. The fact that the precursor was hard to solubilize made it difficult to obtain homogeneous hybrid membranes, especially when increasing SG uptake. Membranes with SG uptake around 8.0 % were found to be homogeneous from SEM-EDX analysis. The H2 coefficient permeability measured for phenolic-based hybrid membrane with 8.5 % SG uptake was 2.2 barrer which was very similar to the one measured for the reference sPEEK membrane. Compared to the monocomponent HTU and TTU hybrid membranes, phenolic-base counterparts presented a slightly decrease in the gas barrier properties.

As expected, for phenolic-based hybrid membranes, the water sorption isotherm corresponded to a BET II sorption mechanism. The amounts of water sorbed for HTU and phenolic-based hybrid membranes were similar. The evolution of the half sorption time normalized by the film thickness was here again in agreement with the sorption isotherm shape. The normalized half sorption time values were similar to those obtained with thiourea hybrid membranes at low SG amount.

The elaboration of radical scavenger based-hybrid sPEEK membranes using a redox approach was successfully achieved when using metal ions as radical scavenger. The synthesis of hybrid membranes bearing metal ions trapped within the SG phase in formation was possible using TMOS as SG precursor and Ce(NO3)3.6H2O as Ce salt. The presence of the SG phase was only homogeneously detected within TMO:Ce hybrid membranes with SG uptakes between 6 and 7.0 % and when applying a Si:Ce molar ratio of 5. Increasing Ce content led to inhomogeneous hybrid membranes, which was attributed to a change in the internal pH and consequently a low gelation due to interactions of Ce with the -SO3H groups of the membranes. The synthesis of membranes bearing cerium oxide NPs as radical scavenger was not possible due to difficulties in solubilizing cerium alkoxides even in the presence of chelating agents such as silane containing carboxylic acids. In view of the obtained results and in order to put in perspective the use of the synthesized membranes in fuel cells systems, ionic conductivities, water uptake and swelling capacity were studied for hybrid membranes with SG uptakes between 7 and 8.0 %, by our partners at SyMMES laboratory, Table 5.1.

The conductivity of the membranes was measured in the hydrated state, at room temperature, after swelling for 72 h at 80 °C in liquid water, re-acidification for 4 h in a 1M HCl solution and triple rinsed with pure water. The liquid water uptake was then measured at room temperature by gravimetric measurements after removing the excess of water from the membranes surface using absorbent paper.

In order to assess the role of the different stabilizing functional groups on the improvement of sPEEK membranes properties, hybrid membranes were prepared by using a SG precursor without a reactive function. The commercially available n-propyltriethoxysilane was chosen as SG precursor and will be referred to as PTES in the following. The preparation of PTES-based membranes along with their characterization can be found in Appendix A5. A comparison was also made with the hybrid membranes prepared by Huynh et al. [1] bearing a Thiol ((3mercaptopropyl) trimethoxysilane) SG phase. It is important to note that the commercial host sPEEK membrane used in their work was not from the same batch as the one used here. Looking at the hybrid membranes synthesized in this work, a decrease in the proton conductivity was observed when compared to sPEEK_NS membrane. The hybrid membranes presented similar values of proton conductivities with slightly higher values observed for phenolic-based hybrid membranes and PTES-based membrane. The proton conductivity values were slightly lower than those obtained in the work of Huynh et al. [1] for thiol-based membranes. These results show that having or not a reactive SG phase did not significantly modify the conductivity. A decrease in liquid water uptake was observed for thiourea-based hybrid membranes and TMOS: Ce membranes while phenolic-based hybrid membranes kept the same water uptake than sPEEK_NS membranes and PTES hybrid membrane showed an increase in water uptake. Compared to sPEEK membranes, a high liquid water swelling capacity was observed for TTU and phenolic-based hybrid membranes followed by HTU/TTU 50/50 mixtures and Thiol-based hybrid membranes. HTU and PTES hybrid membranes presented similar water swelling capacities and TMOS:Ce hybrid membranes presented a more important decrease in the water swelling capacities.

From all these results, it could be seen that the proton conductivity was similar for all the studied hybrid membranes with SG uptakes between 7 and 8.0 %. A high liquid water swelling capacity was observed for TTU and phenolic-based hybrid membranes and the fact that phenolic-hybrid membranes presented thickness twice smaller than the other hybrid membranes, 15 μm versus 30 μm, did not present an obstacle for the study of the functional properties.

The membranes chemical stability, studied by our partners at SyMMES laboratory, will be presented and briefly discussed hereafter. Depending on their performances in accelerated ageing tests, a selection of hybrid membranes has been made to be studied under fuel cells conditions. The membranes operability in fuel cells was investigated by our partners at LEMTA laboratory.

Membrane chemical stability

In order to study the efficiency of the SG phase to mitigate oxidative attacks, accelerated ageing tests were performed in H2O2 solutions (prepared by mixing 30 wt % H2O2 solution with pure water) by our partners at the SyMMES laboratory. The chemical attack was thermally activated at 80 °C for 24 h. The aging was controlled by the H2O2 concentration ranging from 0.1 to 1 wt% while keeping a constant volume of oxidizing solution (2 mL) per mg of dry hybrid membrane. The extent of the degradation of the sPEEK phase in the hybrid membrane was quantified by its weight loss (gravimetric measurement after drying). In order to provide a better understanding of the degradation mechanism, the gravimetric swelling measurement was performed in liquid water at 25 °C after ageing.

Non-reactive SG-phase

First of all, the chemical stability of the membranes impregnated with a non-reactive SG phase was investigated. As aforementioned, it was done in order to study the role of the different stabilizing SG phases. PTES hybrid membranes with SG uptake of 7. From the water uptake, it was concluded that the sPEEK membranes presented an over-swelling after ageing was performed with H2O2 concentration higher than 0.5 wt % while PTES hybrid membranes over-swelled for H2O2 concentrations higher than 0.4 wt %. After ageing at low hydrogen peroxide concentration, water uptake was more important for PTES hybrid membrane than for sPEEK membrane (~25 % more).

From the dry weight loss, it could be seen that a higher weight loss was observed for the PTES hybrid membrane. Significant mass loss (~5 %) was observed after ageing performed with H2O2 concentration higher than 0.4 wt % H2O2 for both sPEEK and PTES membranes, which is correlated with the over-swelling.

These results led to the conclusion that the addition of a non-reactive SG phase does not chemically stabilize the sPEEK membrane. It will therefore be possible to better understand the stabilization provided by the different functionalized SG phases.

Sacrificial route

Thiourea, phenolic and thiol-based hybrid membranes were studied with SG uptakes of 7.0, The ageing results analysis allowed us to conclude that:

-Thiourea, thiol and phenolic-based hybrid membranes did not present an over-swelling, contrary to sPEEK membrane that over-swelled after ageing performed with H2O2 concentration higher than 0.5 wt %.

-Significant mass losses were observed for sPEEK membranes after ageing performed with H2O2 concentration greater than 0.4 wt %. The decrease of mass loss became significant for H2O2 concentration greater than 0.7 wt % for thiourea and phenolic-based hybrid membranes.

The mass losses observed for the hybrid membranes were significantly lower than those observed for sPEEK, underlining the interest of the sacrificial approach for the chemical stabilization of membranes.

After studying the ability of the sacrificial SG phase to stabilize the sPEEK membrane, hybrid membranes bearing a redox SG phase have been studied by our partner at the SyMMES laboratory.

Redox route

Hybrid membranes impregnated with TMOS and Ce(NO3)3 (molar ratio 5 :1) were studied. The hybrid membrane studied presented a SG uptake of 7.0 % and a theoretical cerium content of As shown from Figure 5.3 an increase in water uptake was observed after ageing carried out with a H2O2 concentration greater than 0.2 wt % for the hybrid membrane TMOS: Ce whereas in the case of the sPEEK membrane, this increase in water uptake was only observed at concentration of H2O2 superior to 0.5 wt %. The hybrid membrane exhibited mass losses between 5 and 10 % for a H2O2 concentration range of 0.1 wt % to 0.6 wt %. The hybrid membrane became brittle after ageing performed with a H2O2 concentration higher than 0.6 wt %. This result indicates that the fragmentation of the hybrid membranes took place at lower H2O2 concentration when compared to the sPEEK membrane. The SG phase bearing metal ions as radical scavenger studied in this work did not provide chemical stabilization of the sPEEK membranes. Different factors could be at the origin of this result such as too low Ce content within the membranes or even Ce elution during the tests.

From the ageing results, it could be seen that membranes impregnated with a non-reactive SG phase with 7.4 % SG uptake did not allow to chemically stabilize the host sPEEK membrane.

The same was observed for TMOS: Ce hybrid membranes with 7.0 % SG uptake with membranes becoming more fragile at lower H2O2 concentration compared to sPEEK. In this case, the incorporation of metal ions as radical scavenger did not seem to have a stabilizing effect.

Conversely, thiourea and phenolic-based hybrid membranes with 7.0 and 8.2 % SG uptake, respectively, did not over-swell after ageing with H2O2. In addition, the dry mass losses observed for these hybrid membranes were significantly lower than those observed for sPEEK,

showing the full potential of the sacrificial approach on the stabilization of sPEEK membranes.

The operability of these membranes in fuel cell could then be studied. Polarization curves and MEA ageing were studied by our partners at LEMTA laboratory.

Membranes operability in fuel cell (LEMTA results)

Polarization curves

Polarization curve is a benchmark measurement for evaluating the overall performance of PEMFCs. This curve represents the evolution of cell voltage as a function of current density and allows evaluating the performance losses due to activation overvoltages, ohmic losses and concentration overvoltages.

The polarization curves were evaluated between 1 V and 0.4 V. The measurements were performed by our partners at LEMTA laboratory by imposing current density steps of 50 seconds and measuring the corresponding voltage. The curves presented hereafter were obtained with a single cell with a surface equal to 7.22 cm 2 (1.9 cm × 3.8 cm) supplied with oxygen and hydrogen constant flow rates. The H2 and O2 flow rate was respectively of 12.54 and 6.27 L.h -1 . The operating temperature in the stack was maintained at 70 °C and the relative humidity fixed at 80 %.

sPEEK reference membranes

The performances of the sPEEK_NS membrane (Blanc TTU-HTU) used to prepare the thiourea-based hybrid membranes and the sPEEK reference used to prepare phenolic-based hybrid membranes (Blanc phenol) were studied and compared to sPEEK membranes impregnated with a non-reactive SG phase (PTES), The analysis of the polarization curves showed that at low current density the performances of the different membranes were similar. At high current density, however, the reference thiourea membrane "blanc TTU-HTU" gave the best stack performance.

Hybrid membranes performances

The monocomponent HTU and TTU hybrid membranes and HTU/TTU 50/50 mixtures at low SG loading were studied and compared to the sPEEK_NS membrane (Blanc TTU-HTU), The analysis of the polarization curves allowed us to conclude that TTU and HTU/TTU 50/50 hybrid membranes with, respectively, 6.5 and 4.4 % SG uptake, presented the best stack performances, which were very similar to the sPEEK_NS membrane. HTU hybrid membranes with 5.6 % SG uptake did not present good performances and at 7.6 % SG uptake presented a zero current. Looking at the results presented in Table 5.1, it could be observed that the proton conductivities of the thiourea-based hybrid membranes were very similar, so the fact that TTU and HTU/TTU mixtures presented similar performance was rather logical. However, no explanation could be found to the fact that at 7.6 % SG uptake HTU hybrid membranes presented zero current. For TTU hybrid membranes, as presented in Chapter 3.1, increasing the SG uptake did not cause the conductivity to decrease, for this reason these membranes were also evaluated at higher SG load. However, a decrease in their performances was observed.

Phenolic-based hybrid membranes were also studied and compared to the reference sPEEK membrane, From the polarization curves, one can see that the phenolic-based hybrid membranes presented interesting stack performances: at high current densities, their performances exceeded those of the sPEEK reference membrane (Blanc Phenol).

The polarization curves showed that sPEEK membranes bearing a sacrificial SG phase could improve the fuel cell performance, especially in the case of the phenolic-based hybrid membranes. Figure 5.7 shows the polarization curves of the mono-component hybrid membranes exhibiting the best cell performances namely, TTU hybrid membranes with 6.5 % and 18.7 % SG uptake, HTU hybrid membranes with 5.6 % SG uptake and phenolic-based hybrid membranes with 12.2 % SG uptake. As seen in Table 5.1, the proton conductivity of monocomponent HTU and TTU hybrid membranes was slightly lower than the phenolic-based hybrid membranes being respectively of 54 mS.cm -1 and 60 mS.cm -1 , which could contribute to explain better performances for the phenolic-based hybrid membranes especially at higher current densities. 

5.2.2.MEA ageing

The study of in-situ membrane degradation requires the repetition of the chemical stress, generated through the open circuit voltage (OCV) sequences and the mechanical stress, created by cycling in relative humidity and the successive swelling-drying of the membrane. These two sequences aim at reproducing the stress undergone by the membranes in the real operating conditions. Moreover, the electrodes and membrane ageing can be followed through the evolution of the membrane-electrode assembly state and its characterization.

The basic principle of the accelerated aging test is to supply the cell with gases at relatively low relative humidity (50 %), at constant flow rate. The flow rate is adjusted to have a stoichiometry of 1.5 on the hydrogen and oxygen side at high current, so as to properly hydrate the MEA. The gas flow rate was kept constant as well as the temperature (80 °C). The test stop condition is set at hydrogen permeation through the membrane greater than 50 mA.cm -2 . This value undoubtedly corresponds to advanced degradation of the membrane. The accelerated stress test performance for the selected membranes is presented in The results analysis allowed us to conclude that the SG phase can improve the durability of the sPEEK membranes, except in the case of the TTU hybrid membranes with 18 % SG uptake that presented more significant performance losses. One possible contribution to this behavior was the decrease in the gas barrier property observed for TTU hybrid membranes with SG uptakes above 15 % as was seen in Chapter 3.1.

The OCV losses of the phenolic-based hybrid membrane with 12.2 % SG uptake and TTUbased hybrid membrane with 7.0 % SG uptake were very similar. The most durable membrane was the HTU hybrid membrane with 5.6 % SG uptake. All studied hybrid membranes presented better durability than the sPEEK membrane. The accelerated stress test allowed to establish the durability of the hybrid membrane that followed the order: HTU 5.6 % > Phenol 12.2 % > TTU 7 % > sPEEK > TTU 18 %.

From the accelerated ageing tests in H2O2 solutions, it was seen that HTU, TTU and phenolicbased hybrid membranes with moderate SG uptake could chemically stabilize sPEEK membrane. The results obtained from MEA ageing showed that a good correlation between exsitu and in-situ experiments could be achieved. From the polarization curves, it was seen that

Conclusion

In order to put into perspective the operability of the synthesized hybrid membranes in PEMFC applications many criteria were taken into account to select the hybrid membranes.

From Chapter 3.1, it was seen that thiourea-based hybrid membranes were suitable to be studied in fuel cells. The hybrid membranes respected the performance criterion H2 permeability < Nafion H2 permeability. It was also shown that the increase in SG uptake within the membranes led to a loss of their functional properties such as a decrease in their proton conductivity and a loss of gas barrier properties, except for TTU-based hybrid membranes. For this reason, in this chapter, the discussions were mainly focused on hybrid membranes with SG uptakes of 7.0 %. The monocomponenet HTU and TTU hybrid membranes showed good gas barrier properties, with H2 permeability coefficient of 1.7 and 1.5 barrer, respectively, which were lower than those measured for sPEEK_NS membranes (2.56 barrer). The HTU/TTU mixtures presented higher H2 permeability coefficients than the sPEEK_NS membrane. The proton conductivities were similar for monocomponent HTU and TTU hybrid membranes (52 mS.cm -1 ) and HTU/TTU 50/50 hybrid membranes (54 mS.cm -1 ). Only TTU-based hybrid membranes did not present a decrease in the proton conductivity at higher SG loading and for this reason, their performance in fuel cells was also studied for SG uptake equal to 18%.

From Chapter 3.2, it was seen that Phenolic-based hybrid membranes with 8.0 % SG uptake could be suitable to be studied in fuel cells. The changes in the impregnation protocol led to obtaining hybrid membranes with final thickness of 15 μm. Good proton conductivities (60 mS.cm -1 ) were obtained. The H2 permeability coefficient measured was of 2.2 barrer, which was very similar to the sPEEK reference membrane (2.4 barrer).

From Chapter 4, it could be concluded that only membranes impregnated with TMOS:Ce(NO3)3 and with SG uptake of about 7.0 % presented a homogeneous distribution of the SG phase within the membrane. These membranes presented good proton conductivities (55 mS.cm -1 ), however, the accelerated ageing tests showed that the redox route studied did not allow stabilizing the sPEEK membrane. For this reason, membranes bearing metal ions as radical scavenger were not suitable to be studied in fuel cells.

The accelerated ageing test showed the promising potential of the sacrificial approach on stabilizing sPEEK membranes. The mass losses observed for the hybrid membranes were significantly lower than those observed for the sPEEK_NS membranes. In addition, the hybrid membranes limited the over-swelling after ageing in H2O2.The effectiveness of the active SG phase to mitigate oxidative attacks was confirmed by the study of a SG phase bearing nonreactive function. It was shown that PTES hybrid membranes could not chemically stabilize sPEEK membranes.

The polarization curves showed that all selected hybrid membranes for fuel cell tests presented a good performance. The best performances were observed for the phenolic-based hybrid membranes followed by TTU-based hybrid membranes with 6.5 and 18.7 % SG uptake, and HTU hybrid membranes with 5.6 % SG uptake. These membranes were further studied in MEA ageing, which allowed to establish the durability trend of the hybrid membranes: HTU 5.6% > Phenol 12.2% > TTU 7% > sPEEK > TTU 18 %. The results obtained from MEA ageing showed a good correlation between ex-situ and in-situ experiments for phenolic and TTU-based hybrid membranes.

Taken together, these results showed that the best compromise between functional properties and FC application was found for HTU and TTU hybrid membranes with low SG uptake. In addition to their good performances in fuel cell, good gas barrier properties and proton conductivities, they have a thickness that is reported to be suitable in terms of mechanical stability (30 μm). Furthermore, it could be deduced from the water sorption isotherms, that introducing SG domains, independently of their nature and location, within the core of the membrane could be considered as adding impermeable domains without modification of the sPEEK behavior. All values of normalized half sorption times were higher for the hybrid membranes when compared to sPEEK_NS. This indicated a slowdown of the diffusion rate for all the hybrid membranes with respect to sPEEK_NS, the slowdown being more important at low SG uptake.

A5. Introduction

In order to assess the role of the different stabilizing functional groups on the properties improvement observed for the sPEEK hybrid membranes, membranes impregnated with a nonreactive SG phase were studied as a reference. For this purpose, commercially available npropyltriethoxysilane was chosen as SG phase precursor, due to the presence of the propyl chain like that present in thiourea precursors. A good homogeneity of SG uptakes between superposed membranes was obtained for both low and high SG loading. At step E4, the obtained SG uptakes were in good agreement with the targeted ones, being of , and for 10 and 30 % SG uptake targeted, respectively. At step E6, after hydrothermal treatment and re-acidification, a slight decrease in the SG uptakes to respectively and Insertion ratios were 

A5.2.2. FTIR

Once the homogeneity of the hybrid membranes was confirmed, infrared spectroscopy in the transmission mode was performed in order to identify the Si-O-Si groups of the SG phase in the hybrid membranes expected in the range of 1010-800 cm -1 . Comparison between the FT-IR spectra of the sPEEK_NS and PTES hybrid membrane is presented in FigureA5.5 and the vibrations assignment is given in Table A5.3. The peak at 3400 cm -1 could be attributed to OH vibrations. The peak at 3070 cm -1 was assigned to the contribution of the CH units of the aromatic rings of sPEEK. The peaks at 2958 cm -1 , 2930 cm -1 and 2872 cm -1 were attributed to the C-H stretching vibration of propyl groups, but the corresponding C-H bending vibrations expected at 1464-1372 cm -1 were difficult to identify due to the overlapping of the C=C aromatic bands of the sPEEK membrane. The peak at 1220 cm -1 is characteristic of the stretching vibration of Si-C. On the other hand, the could be seen in the hybrid membrane, shoulder between 800 and 1.100 cm -1 , indicative of the presence of the SG phase within the membrane. 

A5.3. Thermogravimetric analysis and microcalorimetric analysis

From TGA analysis it was seen that no significant change in thermal properties was observed between the sPEEK_NS and PTES hybrid membranes containing SG uptakes of 7.0 % and 20.0 %. Weight loss due to water evaporation, observed between 25 and 160 °C slightly decreased as the SG amount increased in the membranes, indicating a lower amount of water in the hybrid membrane when stored at ambient relative humidity, Table A5.4. The weight loss associated with desulfonation phenomenon and evidenced between 160 and 430 °C was slightly shifted to lower temperatures for the PTES hybrid membranes, Table A5.4. The derivative double peak observed between 500 and 700 °C was modified after introduction of the SG phase with the decomposition peaks being shifted towards lower temperatures, Figure A5.6. The residual mass observed at 700 °C was slightly inferior to PTES hybrid membrane with 7.0 % SG uptake when compared to that of sPEEK_NS membrane, these values were respectively of 1.05 and 1.27 %. Increasing the SG uptake logically led to an increase of the residual mass that was of 2.62 % , meaning 2.5 times superior to the one obtained with SG uptake of 7.0 %. 

A5.4. Functional Properties

A5.4.1. Gas permeability

The permeability of the hybrid membranes could not be measured due to an instantaneous increase in pressure on the downstream side of the permeation cell that instantly exceeded the measuring range of the pressure sensor. This was attributed to the possible presence of defects within the hybrid membrane. In addition, as seen in Figure A5.3, the obtained hybrid membranes presented a wrinkled aspect, which made it difficult to choose proper area for the measurements.

A5.4.2. Proton conductivity

The proton conductivity of the membranes impregnated with low PTES SG load was measured by our partners at the SyMMES laboratory and presented a value of 59 mS.cm -1 . This value was lower than for the sPEEK membrane that presented a proton conductivity of 70 mS.cm -1 .

Conclusion

The preparation of PTES-based membranes could be achieved by applying the optimal protocol implemented for thiourea-based hybrid membranes. SEM-EDX analysis showed a good homogeneity of the SG phase dispersion within the membrane. From TGA analysis it was seen that the thermal stabilities remained quite similar for sPEEK and PTES-based hybrid membranes. DSC analysis showed that the Tg did not suffer any variation. Due to the possible presence of defects within the hybrid membrane it was not possible to measure the gas permeability coefficient. A decrease in the proton conductivity was observed for the hybrid membranes when compared to the sPEEK membrane.

General Conclusion and Perspectives

The objective of this work was to design highly stabilized hybrid membranes, derived from sPEEK polymers, based on Sol Gel chemistry. The direct introduction of SG precursors bearing chemical degradation inhibitors into the hydrophilic domains of the host sPEEK membrane was achieved via the growth of the active 3D SG network, without polymer dissolution step, in order to improve all the properties of the commercial PEM. To achieve this objective, two stabilization pathways have been explored: (i) Addition of SG precursors having antioxidant properties (sacrificial type, consumed over time); (ii) Addition of redox active transition metal ions and/or oxides acting as radical scavengers (redox type, self-generated). In the sacrificial route, two functions having antioxidants properties, namely thiourea and phenol, have been identified. For the redox route, cerium derivatives either in the form of cerium oxide nanoparticles or cerium ions have been selected as radical quenchers to improve the chemical stability of the sPEEK membrane. Optimization of the SG parameters such as pH, temperature, reaction time and quantity of H2O was carried out for each of the studied approaches in order to mediate the extent and quality of impregnation of the SG phase within the membrane.

Sacrificial approach

In the case of thiourea functions, two SG precursors, varying by their structural features were studied, N-phenyl,N' [3-(triethoxysilyl)propyl]thiourea (TTU) and N,N'bis [3-(triethoxysilyl)propyl]thiourea (HTU), bearing respectively one -Si(OR)3 group and two -Si(OR)3 condensable groups. Mixtures of both precursors were also investigated. The SG uptake, defined as the weight ratio of the SG phase to the sPEEK_NS membrane used to prepare the hybrid membrane, was ranging from 7.0 to 20.0 % and a good reproducibility was obtained.

As evidenced by HPDEC 29 Si NMR analysis, higher extent of polycondensation was achieved for TTU hybrid membranes (84 %). The influence of the SG phase on the thermal, hydration and gas permeability properties of the membrane was evaluated in order to establish structure/properties relationships for the design of more durable membranes. It was seen that the thermal stability of the sPEEK membrane was not modified by the presence of the SG network, enabling the hybrid membranes to be used in fuel cells operating at high temperature.

The mono-component HTU and TTU hybrid membranes presented similar gas barrier properties at low SG uptake, more specifically the H2 permeability coefficients measured were respectively of 1.7 and 1.5 barrer, meaning lower than those measured for the sPEEK_NS membrane (2.56 barrer). At high SG uptake, HTU hybrid membranes exhibited higher permeability coefficient than TTU hybrid membranes, which was attributed to the different location and structure of the SG domains and extent of polycondensation. Compared to their mono-component counterparts, HTU/TTU mixed hybrid membranes exhibited higher permeability but still less than 5 barrer (Nafion H2 permeability) and gas permeation was mainly governed by gas diffusion. For the HTU and TTU hybrid membranes at low SG uptake, it could be deduced from the water isotherms, expressed as the amount of water sorbed per gram of sPEEK, that the introduction of SG domains, independently of their nature and location, could be considered as introducing impermeable domains without modification of the sPEEK behavior. All values of normalized half sorption times were higher for the hybrid membranes when compared to sPEEK_NS. This indicated a slowdown of the diffusion rate for all the hybrid membranes with respect to sPEEK_NS. Mono-component HTU and TTU hybrid membranes at 7.0 % showed a proton conductivity (52 ms.cm -1 ) that was lower than that measured for sPEEK_NS membrane (70 mS.cm -1 ).

The preparation of phenolic-based hybrid membranes required significant modifications in the impregnation protocol, mainly in the composition of the pre-hydrolysis solution (H2O / ethanol volume ratio) in order to solubilize the SG precursor. These changes resulted in thinner hybrid membranes (15 μm thickness). Hybrid membranes with SG uptake of about 8.0 % were found to be homogeneous. The measured H2 gas permeability coefficient was 2.2 barrer, which was comparable to the HTU and TTU hybrid membranes with 20 % SG uptake (2.9 and 2.1 barrer, respectively). HTU and phenolic-based hybrid membranes with similar SG uptakes (around 7 %) exhibited similar water sorption isotherms and comparable water sorption kinetics. A proton conductivity of 60 mS.cm -1 was measured for phenolic-based hybrid membranes.

Redox approach

The use of transition metal species as reversible and stable redox quenchers of hydroxyl and hydroperoxyl radicals have been studied by two strategies using either cerium oxide nanoparticles or cerium ions as radical scavengers.

In the first approach, the challenge was to produce well-dispersed and uniform cerium oxide nanoparticles from cerium alkoxides under acidic conditions. The generation of CeO2 NPs in acidic medium in a controlled manner is not trivial as all the literature reports are using strong basic conditions to obtain highly dispersed ceria NPs. We found that cerium alkoxides were not soluble in alcoholic/water solutions regardless of their relative composition. The use of encumbered Ce(OtBu)4 (less oligomeric) in combination with carboxylic acid functionalized silane to produce more soluble mixed alkoxide/carboxylate cerium complexes also did not allow us to obtain homogeneous hybrid membranes.

In the second studied strategy, only impregnations with TMOS as SG precursor and Ce(NO3)3

as Ce salt at low targeted SG load (Si:Ce molar ratio of 5) led to the production of homogeneous hybrid membranes with Si and Ce well-dispersed within the core of the membrane as evidenced by SEM/EDX analyses. Hybrid membranes with 7.0 % SG uptake exhibited a proton conductivity of 55 mS.cm -1 , which was somewhat lower compared to the reference sPEEK membrane (70 mS.cm -1 ).

Performance and durability of the obtained hybrid membranes

All the studied hybrid membranes with SG uptakes between 7.0 and 8.0 %, presented similar proton conductivities. The morphological analysis showed that thiourea-based hybrid membranes were highly homogeneous in all range of SG uptake studied, however, increasing SG uptake led to a decrease in the proton conductivity, excepted for TTU-based hybrid membranes. For this reason, the discussions concerning the accelerated ageing tests were mainly focused on hybrid membranes with 7.0 % SG uptakes. Following the membranes homogeneity, besides thiourea-based hybrid membranes, phenolic-based with 8.2 % SG uptake and hybrid membranes bearing Ce metal ions as radical quencher with 7.0 % SG uptake were suitable to be studied in accelerated ageing tests. The accelerated ageing results showed that thiourea and phenolic-based hybrid membranes with 7.0 and 8.2 % SG uptake, respectively, did not over-swell when exposed to H2O2. In addition, the dry mass losses observed for the hybrid membranes were significantly lower than those observed for sPEEK, underlining the interest of the sacrificial approach on stabilizing sPEEK membranes. Inversely, the incorporation of cerium ions as radical scavengers did not lead to a noticeable stabilizing effect on the chemical degradation of the membranes. Following these observations mono-component HTU, TTU and phenolic-based hybrid membranes with moderate SG uptakes were selected to be studied in fuel cells conditions. TTU-based hybrid membranes with high SG uptake (18 %) were also studied in fuel cells conditions since they kept good proton conductivities when increasing the SG uptake which was not observed for HTU-based hybrid membranes.

From the polarization curves, better performances were observed for the phenolic-based hybrid membranes followed by TTU-based hybrid membranes with respectively 6.5 and 18.7 % SG uptake, and finally HTU hybrid membranes with 5.6 % SG uptake. These membranes were further studied in MEA ageing, which allowed us to determine the durability of the hybrid membranes in real conditions: HTU 5.6 % > Phenol 12.2 % > TTU 7 % > sPEEK > TTU 18

%.

The best trade-off between functional properties and fuel cell performance was observed for HTU and TTU-based hybrid membranes with low SG uptake, which represents promising results for application in fuel cells systems.

SG chemistry is a powerful tool allowing easy variation of the reaction conditions and hence the fine-tuning of the chemical and mechanical properties of the final hybrid membrane. A stabilizing solution combining different antioxidant functions such as HTU and phenol can be envisioned. The morphological study of the synthesized membranes bearing Ce metal ions as radical scavenger as well new strategies to increase the amount of cerium within the membrane could also be put into perspective along with the chemical stability study of these membranes.

The use of ceria crown ether to sequester cerium into the network is an important approach to be evaluated.

Finally, a stabilizing solution combining antioxidant functions and redox systems could be envisioned to achieve optimal chemical stability (H2O2 reduction and radical scavenging) and performance (higher proton conductivity) through cross-hybridized approaches.
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 11 Figure 1.1. PEMWE/PEMFC couple.[4]
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 1212 Figure 1.2. The anode side is the negatively charged electrode and the cathode side is the positively charged electrode. Each of the electrodes comprises a catalytic layer (CL), where the electro-catalyst (mainly platinum nanoparticles) is dispersed on a nanoporous support (mainly carbon-based support) to promote charge transfer kinetics by lowering the activation energy of the proton transfer. The more openly porous transport layer (PTL) acts as a current collector.The MEA is surrounded by gas manifold bipolar plates (BPPs) on each side, composed of graphite or graphite-polymer composite, which direct and distribute the gases into the flow channels and electronically connect the cathode to the anode of the adjacent cell in the case of a PEMFC stack.[3] 

  (a) chemical and electrochemical stability in the operating system; (b) mechanical strength and stability under operation conditions; (c) thermal stability; (d) good barrier properties against gas; low permeability to reactive species; (e) high proton conductivity to sustain large current densities with a minimal resistive loss; (f) no electronic conductivity; and (g) low production cost. PEMs are therefore one of the major components for the fuel cell operations, which is why the short lifespan of the membranes currently used constitutes a real technological barrier. Generally, PEMs can be classified into three major groups based on the materials used during the synthesis of the polymers: (1) perfluorinated and partially perfluorinated; (2) nonfluorinated hydrocarbons (aliphatic or aromatic structures); (3) acid-base complexes.
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 14131 Figure 1.3.General structure of perfluorosulfonic membranes. Adapted from Ref.[12] 
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 14 Figure 1.4. (a) Nafion ® chemical structure (sulfonic acid form); x= 6.56, y= 1. (b) Clusternetwork model for dry Nafion ® .[16] 
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 15 Figure 1.5. Schematic view of an elongated polymeric aggregate (a) with the sulfonic groups being outside of the cylindrical core and (b) with the pendant chains towards the exterior.

  Nafion. For all proton conductivities, approximately 80.3 % of all recordings, and 87.1 % of the highest values of all reports fall between 1.0 and 21.5 S.m -1. The US department of energy (DOE) has established a standard of 10.0 S.m -1 at 95 °C, which is a potentially applicable standard in fuel cell development. Figure1.6 shows the dependence of Nafion proton conductivity as a function of the temperature for a relative humidity (RH) of 100 %. The increase in proton conductivity is a result of both the increase in diffusivity and ionic mobility with temperature elevation, with a maximum reached at 80 °C. However, above 80 °C, the proton conductivity significantly drops, which is mainly due to the loss of liquid water in Nafion membranes. Therefore, the operating temperature around 80 °C is probably the most favorable for Nafion membrane-based fuel cells.

Figure 1 . 6 .

 16 Figure 1.6. The temperature dependence of the proton conductivity at relative humidity of 100%.The dots represent outliers, the line is the best fit using Arrhenius equation, and the dash lines are for eye guide.[20] 

Figure 1 . 7 .

 17 Figure 1.7. Pressure dependence of gas solubility in dry Nafion measured barometrically at 35

Figure 1 . 8

 18 Figure 1.8 also shows that an increase of the temperature is detrimental to gas barrier properties.

Figure 1 . 8 .

 18 Figure 1.8. Permeability through the Nafion® 117 membrane for oxygen and hydrogen gases at different relative humidity: ( ) at 80 °C, ( ) 60 °C, ( ) 40 °C for Oxygen (a) and Hydrogen (b).[27] 

Figure 1 . 9 .

 19 Figure 1.9. (a) Proton conductivities of V-SPEEK films cast from DMAc measured at different temperatures, (b) proton conductivities of V-SPEEK79 (DS 0.79) films cast from DMAc andDMF.[START_REF] Xing | Synthesis and characterization of sulfonated poly(ether ether ketone) for proton exchange membranes[END_REF] 

Figure 1 . 10 .

 110 Figure 1.10. Differences of microstructure between Nafion and sPEEK.[14],[START_REF] Fazal | Nanomaterial-incorporated sulfonated poly(ether ether ketone) (SPEEK) based proton-conducting membranes: properties and applications[END_REF] 

  humidity (RH), temperature and load cycling (start-up and shutdown) can all cause a dimensional change in the membrane and lead to cracks and pinhole formation. Following pinhole formation, high hydrogen crossover causes accelerated radical formation and further polymer decomposition. The degradation pathway continues until the membrane, thinned and weakened by radical attack, can no longer withstand mechanical stress leading to the MEA failure. Figure 1.11 summarized the different factors, which could severely impact the fuel cell membrane degradation.

Figure 1 . 11 . 1 . 3 . 1 .

 111131 Figure 1.11. Factors impacting PEM degradation. [51]

Figure 1 .

 1 12 summarizes the radical mechanism on Nafion membranes.

Figure 1 . 12 .

 112 Figure1.12. Radical attack mechanisms on Nafion polymer structure.[START_REF] Zatoń | Current understanding of chemical degradation mechanisms of perfluorosulfonic acid membranes and their mitigation strategies: a review[END_REF] 

Figure 1 . 13 .

 113 The radical attack starts at the end of the side chain on the C-S bond. Then, the polymer decomposition proceeds with progressive shortening of the side chain and HF emission. The incorporation of a new weak -COOH group accelerates the degradation allowing the unzipping reaction to occur on both side and main chains.

Figure 1 . 13 .

 113 Figure 1.13. Radical attack on C-S bond. [51]

Figure 1 . 14 .

 114 Figure 1.14. Sulfonyl radical formation mechanism. [51]

Figure 1 . 15 .

 115 Figure 1.15. Mechanism of side chain C-O bond scission by HO radical attack. (a) Direct attack; (b) Attack resulting from the bonding weakening after C-S bond cleavage. [51]

Figure 1 . 16 .

 116 Figure 1.16. Mechanism of chain scission by radical attack at the tertiary carbon. [51]

Figure 1 . 17 and

 117 Figure 1.18 show the chemical degradation mechanisms of hydrophilic and hydrophobic unities of a sPEEK membrane, respectively.

Figure 1 . 18 .

 118 Figure 1.18. Chemical degradation of hydrophobic blocks of a sPEEK membrane. Adapted from Ref. [52].

Figure 1 . 19 .

 119 Figure 1.19. Conductivity of composite membranes as a function of the silica content at different temperatures. [106]

Figure 1 . 20 .

 120 Figure 1.20. Polarization curves (a) and power density curves (b) of PFSA/silica composite membranes with 25 μm thickness. [106]

Figure 1 .

 1 21 (a)-(c). The proton conductivities were then measured at 80 °C and low relative humidities, Figure 1.21(d). The proton conductivities measured at 100 % RH were enhanced with the raise of the temperature for all the membranes, Figure 1.21 (a)-(c). After the incorporation of pure SiO2 or the modified mesoporous silica, proton conductivities were enhanced for the hybrid membranes (Figure 1.21

Figure 1 . 21 .

 121 Figure 1.21. Proton conductivities of the pristine Nafion membrane and the (a) Nafion/SiO2, (b) Nafion/P-P-SiO2 and (c) Nafion/N-P-SiO2 hybrid membranes as a function of the temperature at 100% RH and (d) as a function of relative humidity at 80 °C with inorganic fillers content of 2, 5, 8 and 11 wt %. [107]
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Figure 1 . 22 .

 122 Figure 1.22. (a) Molecular structures of cysteine, serine, lysine and glycine, (b, c) fabrication process of carboxyl acid functionalized SiO2 and d) fabrication process of amino acid functionalized SiO2. [108]

Figure 1 . 23 .

 123 Figure 1.23. (a) Proton conductivities and (b) methanol permeabilities for pristine Nafion and the different composite membranes. [108]

  voids and prepare a dense membrane. Polarization curves of single cells were recorded under different conditions for the recast of Nafion, sPEEK and the Nafion impregnated with sPEEK/SiO2. At high temperature and low humidity condition (120 °C and 40% RH), the Nafion impregnated with sPEEK/SiO2 nanofiber composite showed a maximum power density of 170 mW.cm -2 , while the sPEEK membrane failed immediately and the Nafion presented a power density of 71 mW.cm -2 , Figure1.24. A better water retention and resistance to swelling were achieved. The proton conductivity was also better than the cast films, Figure1.25.
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 124125 Figure 1.24. Power density curves of Nafion impregnated SiO2/sPEEK composite nanofiber membranes, recast Nafion and sPEEK films at (a) 75 °C and 100 % RH and (b) 120 °C and 40% RH.[START_REF] Lee | SiO2/sulfonated poly ether ether ketone (SPEEK) composite nanofiber mat supported proton exchange membranes for fuel cells[END_REF] 
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 1261 Figure 1.26. (a) Proton conductivity at different temperatures and AIT content and (b)polarization curves for sPEEK (MS) and sPEEK/AIT 2 wt % (MSAIT2).[START_REF] Salarizadeh | Influence of aminefunctionalized iron titanate as filler for improving conductivity and electrochemical properties of SPEEK nanocomposite membranes[END_REF] 

Figure 1 . 27 .

 127 Figure 1.27. (a) Water uptake at different temperatures for sPEEK, PVA, Nafion and the different composite membranes and (b) polarization curves for Nafion, SP90/PV10/TE and SP70/PV30/TE.[START_REF] Sahin | The development of Speek/Pva/Teos blend membrane for proton exchange membrane fuel cells[END_REF] 

Figure 1 . 28 .

 128 Figure 1.28. (a) Strain stress curve and (b) polarization curves for SPP/SiO2 membranes with varying silica content. [83]

Figure 1 . 29 .Figure 1 . 30 .

 129130 Figure 1.29.Preparative procedure for the sPEEK/APTES organic-inorganic hybrid membranes.[START_REF] Xue | Acid-base hybrid polymer electrolyte membranes based on SPEEK[END_REF] 
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 131143 Figure 1.31. Preparation of cross-linked hybrid membranes.[START_REF] Lin | Novel hybrid polymer electrolyte membranes with high proton conductivity prepared by a silane-crosslinking technique for direct methanol fuel cells[END_REF] 

Figure 1 . 32 .

 132 Figure 1.32. Preparation of nanocomposite membrane by solution casting method.[START_REF] Roy | Polymeric Nanocomposite Membranes for Next Generation Pervaporation Process: Strategies, Challenges and Future Prospects[END_REF] 
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 133134134 Figure 1.33. Evolution of performance at 0.55 A.cm2 of MEA made from Nafion 212 ( ),sPEEK (■) and hybrid membranes with 4 % ( ) and 15.7 % ( ) SG uptake.[START_REF] Huynh | Sol-gel route: An original strategy to chemically stabilize proton exchange membranes for fuel cell[END_REF] 

Figure 1 . 35 .

 135 Figure 1.35. Scavenging mechanism of CeO2 and regeneration of Ce 3+ active sites. [51]

5 , 1 and 3 Figure 1 . 36 .

 513136 wt % of cerium oxide. Polarization curves were obtained with Nafion and composite Nafion-CeO2 based MEAs. Tests were performed at 80 °C and 75 % RH (1 atm pressure), with air and oxygen as the oxidants and hydrogen as fuel. The proton conductivity mS.cm -1 , was not impacted by the addition of CeO2. However, incorporation of CeO2 nanoparticles within a recast Nafion membrane resulted in lowering the fluoride emission rate (obtained from accelerated degradation test) by more than an order of magnitude, showing the potential of CeO2 to enhance membrane durability.Zhao et al.[START_REF] Wang | Synthesis of Nafion/CeO2 hybrid for chemically durable proton exchange membrane of fuel cell[END_REF] reported a Nafion-stabilized CeO2 nanoparticles by the self-assembly technique. Cerium chloride was dissolved in Nafion solution to obtain 1, 3, 5 and 10 wt % of CeO2 in Nafion ionomer. TEM micrographs of the Nafion/CeO2 membranes were compared to the ones prepared by the sol-gel method, The average particles size was found to be in the range of 3-6 nm for CeO2 contents of 1,3 and 5 wt %, but a further increase to about 10-15 nm with a large variety of distribution in size was observed when CeO2 content was raised to 10 wt %. In the presence of Nafion ionomer, self-assembly would occur via electrostatic forces, between the positively charged CeO2 and the negatively charged SO3 -end groups of Nafion, Figure1.36f. In the case of the sol-gel method, the excess of water in the solution led to reducing the steric hindrance effect of Nafion ionomer, resulting in significant grain growth of the ceria nanoparticles for a ceria content of 5 wt %, Figure1.36e.Single cell assembled with composite proton exchange membranes prepared from Nafion/CeO2 hybrid membranes with low CeO2 contents (1, 3 wt %) had performance similar to or slightly higher than that of the pristine Nafion membrane. These results further demonstrate the water retention of the self-assembled ceria nanoparticles and indicate that the hybrid membrane is much less sensitive to the change in the RH of the reactant gases. At 60 °C and 100 RH %, the proton conductivities of the self-assembled Nafion/CeO2 hybrid membranes with ceria content of 1 wt %, 3 wt %, 5 wt %, were 0.107, 0.105, 0.104 S.cm -1 , respectively, close to that of pristine Nafion membrane (0.11 S cm -1 ). The decrease of the relative humidity from 100 % to 25 % RH, did not impact the conductivity of the self-assembled hybrid membranes at low CeO2 concentrations (1, 3 and 5 wt %) while Nafion membrane presented a proton conductivity of 0.008 S.cm -1 under the same conditions. The self-assembled Nafion/CeO2 hybrid membranes displayed excellent radical scavenger ability under hydroxyl radical corrosion condition.

Figure 1 . 36 .

 136 Figure 1.36. High resolution TEM images of the self-assembled Nafion/CeO2 composites with ceria content of 1 wt % (a), 3 wt % (b), 5 wt % (c) and 10 wt % (d); image of the Nafion/ CeO2composites prepared from conventional sol-gel method with ceria content of 5 wt % (e); schematic diagram of the formation of self-assembled Nafion/CeO2 composites (f).[START_REF] Wang | Synthesis of Nafion/CeO2 hybrid for chemically durable proton exchange membrane of fuel cell[END_REF] 

( 2 .

 2 5 wt %) nanocomposite membrane. Accelerated durability tests of the different membranes were studied under harsh conditions, 90°C and 30 % RH for 230 h, Figure 1.37. The resultsshowed that the sPEEK-CeO2 nanocomposite membrane had significantly lower OCV decay rate, indicating superior chemical stability when compared to the sPEEK membrane. The polarization and power density curves at 90 °C and 100 % RH, showed a very similar electrochemical performance for both membranes, pure sPEEK and sPEEK-2.5 % CeO2.

Figure 1 . 37 .

 137 Figure 1.37. (a) Polarization and power density curves for sPEEK and sPEEK-2.5% CeO2 nanocomposite membrane at 90 °C and 100 % RH with H2/O2 flow rates of 200/400 sccm and (b) OCV decay at 90 °C and 30 % RH with H2/O2 flow rates of 100/200 sccm of pure sPEEKand sPEEK 2.5% CeO2.[START_REF] Parnian | High durability sulfonated poly (ether ether ketone)-ceria nanocomposite membranes for proton exchange membrane fuel cell applications[END_REF] 

Figure 1 . 38 .

 138 Figure 1.38. Synthetic scheme of Ce/OSPN.[START_REF] Yang | Antioxidant proton conductive toughening agent for the hydrocarbon based proton exchange polymer membrane for enhanced cell performance and durability in fuel cell[END_REF] 

conditions, Figure 1

 1 

Figure 1 . 39 .

 139 Figure 1.39. Lifetime of R79-02S (blue line) and R79-02S + Ce scavenger supported onto sulfonated silica (radical scavenger loading: 1 % mol Ce/mol -SO3H, red line).[START_REF] D'urso | Towards fuel cell membranes with improved lifetime: Aquivion® Perfluorosulfonic Acid membranes containing immobilized radical scavengers[END_REF] 
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 140 Figure 1.40. Synthetic routes of stabilizing chemical functions.
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 21421 Figure 2.1. Pre-treatment conceptual scheme of commercial sPEEK membrane.

Figure 2 . 2 .

 22 Figure 2.2. Representative thermogravimetric weight loss curves and derivatives plots for reference sPEEK membrane.

  -1 from 0 to 280 °C. The analysis was performed in three steps. The first step involved heating the membranes from 25 °C to 150 °C and keeping an isotherm at 150 °C. The second step consisted in cooling the membrane from 150 °C to 25 °C, with a cooling rate of 10 °C.min -1 . These two steps were performed in order to get rid of water from the samples. Finally, the membranes were heated from 25 °C to 280 °C and the glass transition temperature ( ) was determined from the onset temperature on the third scan, as no clear onset temperature was identified on the DSC spectra for the two first steps. For the sPEEK_NS membranes, a glass transition temperature of 204 °C was determined, as demonstrated in the Figure2.3.

Figure 2 . 3 .

 23 Figure 2.3. Differential scanning calorimetry (DSC) thermogram for reference sPEEK membrane for Tg (glass transition temperature) determination.

Figure 2 . 4 .

 24 Figure 2.4. Gas permeation device.

Figure 2 . 5 .

 25 Figure 2.5. Time lag method.
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Figure 2 . 6 .

 26 Figure 2.6. Principle of water vapor sorption isotherm.: mass change with time; t: time; G(aw): mass gain; : water activity.[16] 
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 311311 Figure 3.1.1. Formation of the dimeric radical cation of thiourea. [2]

Figure 3 . 1 . 2 .

 312 Figure 3.1.2. Disulfide formation. [2]

Figure 3 . 1 . 3 .

 313 Figure 3.1.3. Peroxyl formation in presence of oxygen. [2]

Figure 3 . 1 . 4 . 1 .Figure 3 . 1 . 5 .

 3141315 Figure 3.1.4. Radical decomposition of thiourea in the presence of oxygen.[2]

Figure 2 . 1 )

 21 prior the impregnation of the desired SG precursors. Solutions of SG thiourea based precursors were prepared, separately, in the same solvent mixture as the one used for membranes swelling and adjusted to pH 3 by adding hydrochloric acid (HCl 37 %). The addition of HCl was necessary once in presence of thiourea the acidified water/ ethanol solution presented an increase of pH reaching a value of 8. The SG precursor concentration was fixed at 0.1 mol.L -1 . After two hours of stirring at room temperature, the membranes were immersed into this solution, by lot of 5, using polytetrafluoroethylene (PTFE) separators between them in order to achieve a better homogeneity of the final SG uptake within the overlaid membranes. The adjustment of the volume of the impregnation solution was calculated by mg of sPEEK_NS overlaid membranes according to the SG uptake targeted. The impregnation is the critical step of the protocol where the SG precursor bearing the reactive functional groups will hydrolyze and self-condense within the membrane (E4). After 25 h at 30 °C, the membranes were removed from the solution, dried and further submitted to a post-condensation step (24 h at 80 °C under nitrogen atmosphere, step E5) to achieve optimal degree of polycondensation of the SG phase. Finally, an additional hydrothermal post-treatment step (72 h in water at 80 °C) and a second acidification were performed to respectively elute uncondensed SG oligomers and ensure that all sulfonic groups were in the acidic form (step E6). The full scheme of the HTU and TTU membranes hybridization process is presented in Figure3.1.6. At each stage of elaboration, prior gravimetric analysis, the membranes were rolled under tension with CELGARD ® paper for the drying steps. We have seen that this treatment was necessary to provide membranes with the minimum of defects and the smoothest surface, a key issue for reliable gas permeation measurements and further tests in real conditions of use performed by our partners at LEMTA laboratory in the consortium.
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 316 Figure 3.1.6. Optimized conditions for the preparation of hybrid membranes bearing thiourea functionalities.

Figure 3 . 1 . 7 and

 317 Figure 3.1.8, respectively.

Figure 3 . 1 . 7 .

 317 Figure 3.1.7. (a) Average SG uptake and (b) average insertion ratio as a function of the protocol step for thiourea hybrid membranes impregnated with low SG loading.

Figure 3 . 1 . 8 .

 318 Figure 3.1.8. (a) Average SG uptake and (b) average insertion ratio as a function of the protocol step for thiourea hybrid membranes impregnated with high SG loading.

3 . 1 . 9 and

 319 study mixed systems and different precursors ratios, impregnations with mixtures of the thiourea precursors were also carried out. The relative theoretical HTU/TTU molar ratios chosen were: 50/50, 75/25 and 25/75. The results of SG uptake average and insertion ratio average (i.e. with 5 superimposed membranes for the conditioning and impregnation stages) as a function of the protocol step for low and high loaded membranes are presented in the Figure Figure 3.1.10, respectively.
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 319 Figure 3.1.9. (a) Average SG uptake and (b) average insertion ratio as a function of protocol step for HTU/TTU mixtures with different precursors ratios with low SG load.

Figure 3 . 1 . 10 .

 3110 Figure 3.1.10. (a) Average SG uptake and (b) average insertion ratio as function of protocol step for HTU/TTU mixtures with different precursors ratios with high SG load.

Figure 3 . 1 .

 31 Figure 3.1.11 summarizes the results expressed as SG uptake at step E6 as a function of insertion ratio at the same step for the monocomponent systems and mixtures. Both low SG and high SG loading are considered.

Figure 3 . 1 . 11 .

 3111 Figure 3.1.11. Average SG uptake as function of the average insertion ratio at the final step (E6) for (a) low loaded and (b) high loaded thiourea hybrid membranes.

Figure 3 . 1 .

 31 Figure 3.1.12. a) TEM-EDX images of cryo-ultramicrotomed cross-sections of HTU hybrid membranes with 28 % SG uptake b) SANS spectra of dry HTU hybrid membranes for increasing amount of HTU (SyMMES results)

Figure 3 . 1 . 13 .

 3113 Figure 3.1.13. (a) TEM-EDX images of cryo-ultramicrotomed cross-sections of TTU hybrid membranes with 18 % SG uptake, b) AFM of TTU hybrid membranes with 18 % SG uptake and c) SANS spectra of dry TTU hybrid membranes for increasing amount of TTU (analyses performed at SyMMES laboratory).

Figure 3 . 1 .

 31 14 shows the mass loss curves for sPEEK_NS membrane, TTU and HTU precursors and their derivatives.

Figure 3 . 1 . 14 .

 3114 Figure 3.1.14. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for sPEEK_NS membrane, HTU and TTU SG precursors.

Figure 3 . 1 . 15 .

 3115 Figure 3.1.15. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for low loaded HTU and TTU hybrid membranes compared with sPEEK_NS.

Figure 3 . 1 . 16 .

 3116 Figure 3.1.16. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for high loaded HTU, TTU hybrid membranes compared with sPEEK_NS.

3 . 1 .17 and Figure 3 . 1 . 18 .

 313118 for low and high SG load and compared to the mono-component hybrid membranes. The obtained thermogravimetric weight loss curves and derivative plots are presented in Figure Table 3.1.7 summarizes the values of the temperatures corresponding to the maximum of the different derivative peaks and the corresponding weight losses values.

Figure 3 . 1 . 17 .

 3117 Figure 3.1.17. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for low loaded HTU and TTU hybrid membranes and their mixtures.

Figure 3 . 1 . 18 .

 3118 Figure 3.1.18. Representative thermogravimetric weight loss curves (a) and derivative plots (b)
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 3119 Figure 3.1.19. Schematic representation of the unidirectional diffusion mechanism through a polymer membrane.[15]

Figure 3 . 1 . 20 .

 3120 Figure 3.1.20. Typical isotherm plots of sorbed concentration versus pressure [17].

Figure 3 . 1 .

 31 Figure 3.1.21 the penetrating molecules must go around the impermeable domains, which lengthens their diffusion path by a tortuosity effect.

Figure 3 . 1 . 21 .

 3121 Figure 3.1.21.Distance traveled by a penetrant in the neat polymer (d2) and in the filled polymer (d1), adapted from Ref. [15].

Figure 3 . 1 . 22 .

 3122 Figure 3.1.22. Diffusion phenomena at the filler/matrix interphase.
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 3123 Figure 3.1.23. Evolution of the gas permeability for HTU and TTU hybrid membranes as a function of SG uptake for (a) H2, (b) He and (c) CO2.

Figure 3 . 1 . 24 .

 3124 Figure 3.1.24. Evolution of carbon dioxide (CO2) diffusion coefficient as a function of the SG uptake for HTU and TTU hybrid membranes.

Figure 3 . 1 . 25 .

 3125 Figure 3.1.25. Evolution of carbon dioxide (CO2) solubility coefficient as a function of SG uptake for HTU and TTU hybrid membranes.

Figure 3 . 1 .

 31 26 for the three studied gases: H2, He and CO2.

Figure 3 . 1 . 26 .

 3126 Figure 3.1.26. Evolution of gas permeability as a function of the percentage of TTU in the mixture for (a) Hydrogen, (b) Helium and (c) Carbon Dioxide.

Figure 3 . 1 . 27 .

 3127 TTU hybrid membranes and HTU/TTU 50/50 mixture, The relative gas permeability values varied from 0.55 to 1.53. Considering the uncertainties, the relative permeability values did not depend on the nature of the gas. The differences between the relative permeability of the different membranes increased for SG uptake above 15 % following the trend: TTU membranes < HTU membranes< HTU/TTU membranes.

Figure 3 . 1 . 27 .

 3127 Figure 3.1.27. Relative permeability in function of SG uptake for (a) Hydrogen (H2), (b) Helium (He) and (c) Carbon dioxide (CO2).
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 3128373128 Figure 3.1.28. Water sorption isotherm expressed as water uptake as a function of the water activity for sPEEK_NS membrane.

Figure 3 . 1 .

 31 29(a)shows the normalization for sPEEK_NS membranes at low water activities (from 0.2 to 0.3). From this representation, it was possible to conclude a non-linear behavior of the sPEEK_NS membrane in the Mt/Meq range below 0.6, meaning that the water sorption mechanism could not be considered as Fickian. For this reason, in order to have access to quantitative information concerning the water sorption kinetics, we used the time at half sorption,[38]. The square root of the half sorption time normalized to the membrane thickness is represented as a function of the water activity in Figure3.1.29(b). The higher this kinetic factor, the slowest the water diffusion. It could be observed that the water sorption kinetics was slower at high water activity in agreement with water cluster formation.[11],[28] 

Figure 3 . 1 . 29 .

 3129 Figure 3.1.29. Plots of the normalized water vapor uptake (a) at the time t ratioed to the water uptake at equilibrium versus the normalized square root of time at the water activity 0.2 to 0.3 and (b) normalized square root of time at half sorption as a function of water activity.

Figure 3 . 1 .

 31 Figure 3.1.30 shows the obtained water sorption isotherms for HTU and TTU hybrid membranes impregnated with low and high SG load. The sorption isotherms were represented in their raw form, e.g. as the mass gain in function of the water activity and as the water sorbed per gram of sPEEK. The second representation implicitly assumed that water was not sorbed by the SG domains.

Figure 3 . 1 . 30 .

 3130 Figure 3.1.30. Water sorption isotherms expressed as (a) mass gain in function of the water activity and (b) mass of water per gram of sPEEK_NS as a function of water activity for sPEEK_NS and TTU hybrid membranes impregnated with low and high SG load. Water sorption isotherms expressed as (c) water uptake in function of the water activity and (d) as mass of water per gram of sPEEK_NS as a function of water activity for sPEEK_NS and HTU hybrid membranes impregnated with low and high SG load.

  water sorption kinetics was studied through the square root of the half sorption time normalized to the membrane thickness at each water activity. The normalized half-sorption time values were compared to those determined on sPEEK_NS membrane, Figure 3.1.31.

Figure 3 . 1 . 31 .

 3131 Figure 3.1.31. Plots of normalized square root of time versus water activity for (a) TTU and (b) HTU hybrid membranes impregnated with low and high SG load.

3 . 1 . 32 ,

 3132 and high SG load and for HTU/TTU 75/25 at low SG load. The results obtained at low SG load were compared to the mono-component HTU and TTU hybrid membranes. As seen in Figure TTU and HTU/TTU 75/25 presented the lowest water sorption capacities compared to HTU and HTU/TTU 50/50, which presented themselves identical sorption curves. The amount of water sorbed per gram of sPEEK led to a single curve for HTU mono-component hybrid membrane and HTU/TTU 50/50 mixture. TTU mono-component hybrid membrane and HTU/TTU 75/25 mixture, however, deviated from this tendency with a reduction of the sorption behavior. As previously discussed, the lack of information concerning the morphology of the membranes based on HTU and TTU mixtures made difficult further discussions.
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 31323133 Figure 3.1.32. Water sorption isotherms expressed as (a) mas gain as function of the water activity and (b) mass of water per gram of sPEEK_NS as a function of water activity for sPEEK_NS HTU, TTU hybrid membranes and their mixtures at low SG load.
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 31333134 Figure 3.1.33. Plots of normalized square root of time versus water activity for monocomponent HTU, TTU hybrid membranes and their mixtures at low SG load.

Figure 3 . 1 . 34 .

 3134 Figure 3.1.34. (a) Water sorption isotherms comparative for sPEEK_NS membrane and HTU/TTU 50/50 mixtures 5.6 and 13.3 % SG uptake, (b) water sorption expressed as mass of water per gram of sPEEK as a function of water activity and (c) plots of normalized square root of time versus water activity comparasion for sPEEK_NS membrane and HTU/TTU 50/50 mixtures at low and high SG load.

Figure 3 . 1 .Figure 3 . 1 . 35 ). Figure 3 . 1 .

 31313531 Figure 3.1.32 the water uptakes of all membranes were similar at low SG uptakes and a more important decrease of water uptake was observed for HTU-based membranes in comparison with TTU-based membranes as the SG uptake increased. As a consequence, a loss of conductivity (results from our SyMMEs partner) was observed for HTU-based systems at high SG uptakes whereas the conductivity decrease was much more limited for TTU-based membranes (Figure 3.1.35). Figure 3.1.35 also showed that the conductivity values of the HTU/TTU 50/50 hybrid membranes were rather close to those obtained with TTU-based membranes.
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 3135 Figure 3.1.35. Ionic conductivity and liquid water uptake as function of SG uptake measured at room temperature for (a) HTU, (b) TTU and (c) HTU/TTU 50/50 hybrid membranes.
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 31 Figure A3.1.2. 1H-NMR (300.1 MHz, CD2Cl2) of TTU.

Figure A3. 1 . 3 .

 13 Figure A3.1.3. 13C-NMR (75.4 MHz, CD2Cl2) of TTU.

Figure A3. 1 . 4 .

 14 Figure A3.1.4. 29Si-NMR (59.6 MHz, CD2Cl2) of TTU.

Figure A3. 1 . 5 .

 15 Figure A3.1.5. FT infrared spectrum of the SG precursor TTU.

Figure A3. 1 . 6 .

 16 Figure A3.1.6. Average SG uptake for different acidification temperatures as a function of the processing steps.

Figure A3. 1 . 7 .

 17 Figure A3.1.7. Average SG uptake comparative for nanostructured and no nanostructured membranes at each step of elaboration.

Figure 3 . 1 . 6 ,

 316 the membranes to be functionalized are treated in batches of 5 in order to allow a better distribution of the liquid between the over layered membranes. Two types of separators were used: low-density polyethylene (LDPE) and polytetrafluoroethylene (Teflon/PTFE). Their influence on the homogeneity of the SG uptake and insertion ratio between the overlaid membrane is presented respectively in Figure A3.1.8. and Table A3.1.4.
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 18 Figure A3.1.8. SG uptake as a function of the processing steps using LDPE and PTFE separators.

9 .Figure A3. 1 . 9 .

 919 Figure A3.1.9. Hybrid membranes in the humid state at the E6 step: (a) LDPE, (b) PTFE.

Figure A3. 1 . 10 .

 110 Figure A3.1.10. TTU insertion ratio and SG uptake as a function of impregnation time ([TTU] = 0.1 mol. L -1 at 30 °C).
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 1311311 HTU Hybrid Membranes FT-IRInfrared spectroscopy in the transmission mode was performed in order to identify the Si-O-Si groups of the SG phase in the hybrid membranes that should be seen in the range of 1010-800 cm -1 . Comparison between the FT-IR spectra of HTU precursor, the native sPEEK and HTU hybrid membrane is shown in FigureA3.1.11. The vibrations assignment is given in Table

Figure A3. 1 . 11 .

 111 Figure A3.1.11. Infrared spectra of native sPEEK, HTU SG precursor and HTU hybrid membrane with 29 % SG uptake.

29 Si 1 . 12 .

 29112 NMR and the obtained spectrum is showen in the Figure A3.The peak at -66.1 ppm is characteristic of Si atoms having reached their maximum degree of condensation (3 siloxane bonds per repeating unit) and is labeled T 3 [C-Si(OSi)3]. At -58.9 ppm, the peak detected corresponds to a T 2 site and is characteristic of Si atoms with two siloxane bonds [C-Si(OH)(OSi)2]. The absence of T 0 site at the end of the process proved that uncondensed molecular precursor was not present in the hybrid membrane. A degree of polycondensation of about 64 % was obtained for the HTU hybrid membrane studied.

Figure A3. 1 . 12 .

 112 Figure A3.1.12. Solid state MAS-HPDEC 29 Si NMR spectrum of a HTU hybrid membrane with 19 % SG uptake.

Figure A3. 1 . 13 .

 113 Figure A3.1.13. Infrared spectra of native sPEEK, TTU SG precursor and TTU hybrid membrane.

Figure A3. 1 . 14 .

 114 Figure A3.1.14. Solid state MAS-HPDEC 29 Si NMR spectrum of a TTU hybrid membrane with 20 % SG uptake.

Figure A3. 1 . 15 .A3. 1 . 3 . 2 . 2 .Figure A3. 1 .

 11513221 Figure A3.1.15. Infrared spectra of native sPEEK, HTU SGP, TTU SGP and HTU/TTU hybrid membranes with 20 % SG uptake and molar ratios of: (a) 50/50, (b) 75/25 and (c) 25/75.

Figure A3. 1 . 16 .

 116 Figure A3.1.16. Solid state MAS-HPDEC 29 Si NMR spectrum for HTU/TTU 50/50 hybrid membrane with 15 % SG uptake.

Figure A3. 1 . 17 .

 117 Figure A3.1.17. Solid state MAS-HPDEC 29 Si NMR spectrum for HTU/TTU 75/25 hybrid membrane with 20 % SG uptake.

Figure A3. 1 . 18 .

 118 Figure A3.1.18. Solid state MAS-HPDEC 29 Si NMR spectrum HTU/TTU 25/75 hybrid membrane with 22 % SG uptake.
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 321 Figure 3.2.1.The molecular structure of querencentin.[7] 

Figure 3 . 2 . 2 .

 322 Figure 3.2.2. Mechanism by which reactive oxygen species are quenched by flavonoid molecules. [7]

  regenerative property of molecules under PEMFC conditions enabled long-term operation, in which almost 90 % of performance loss was prevented by addition of 1 wt% to Nafion membrane. Park et al. [4] also reported the use of organic radical scavengers to mitigate the chemical degradation of polymer membranes. Composite membranes based on sulfonated poly(arylene ether sulfone) (SPES50, degree of sulfonation = 50 %) and containing organic radical scavengers were prepared. Specifically, four representative scavengers were selected: αtocopherol (TOH), 2,6-dimethoxy-1,4-benzoquinone (BQ), hydroquinone (HQ), and 2,2′bipyridine (BPY), Figure 3.2.3.

Figure 3 . 2 . 3 .

 323 Figure 3.2.3. Chemical structures of selected radical scavengers: (a) TOH, (b) BQ, (c) HQ, and (d) BPY.

Figure 3 . 2 . 4 .

 324 The retention of the proton conductivity at a low RH was ascribed to the hydrophilic nature of BQ and HQ and the lack of interactions with sulfonate groups.

Figure 3 . 2 . 4 .

 324 Figure 3.2.4.Relative humidity dependence of proton conductivities for composite membranes determined at 80 °C.[4] 

Figure 3 . 2 . 5 .

 325 Figure 3.2.5. Time dependence of the OCV observed during accelerated stability testing at 90 °C and 30 % RH. [4]

Figure 3 . 2 . 6 .

 326 Figure 3.2.6.(a) Grafting monomers and radical scavenger (antioxidant) and (b)Reaction schemes for synthesizing radiation grafted membranes for fuel cells with antioxidant functionality provided by tyramine, based on vinylbenzene chloride (VBC) and glycidyl methacrylate (GMA) as linkers, respectively.

Figure 3 . 2 . 7 .

 327 Figure 3.2.7. (a) Initial polarization curves of different radiation grafted membranes containing antioxidants compared to the reference grafted membrane (PSSA) and to the state-of-the-art PFSA membrane. All grafted membranes have similar IEC values to be comparable. (b) Loss of IEC (ex situ) and loss of cell voltage at 1 A cm 2 (in situ) after the accelerated degradation test (80 °C, 4 h at OCV, 600 ml.min -1 of H2 and O2 at 100 % R.H, 2.5 bar gas pressure) of chemically stabilized (tyramine containing) and reference grafted membrane materials (five PSSA only type membranes were tested and analyzed). No in situ voltage loss was observed

Figure 3 . 2 . 8 ,

 328 was synthesized in this study. In order to protect the phenol function, the phenolic-based Sol-Gel (SG) precursor was synthezised with the OH function protected by hindered t-butyl groups. The synthesis procedure and characterization data can be found in Appendix A3.2.1.

Figure 3 . 2 . 8 .

 328 Figure 3.2.8. Phenol SG precursor studied for the preparation of phenolic-based hybrid membranes.

Figure 3 . 2 . 9 .

 329 Figure 3.2.9. Optimized conditions for the preparation of phenolic-based hybrid membranes.

Figure 3 . 2 . 9 .

 329 Figure 3.2.9. After the conditioning step, 24 h in the acidified water:ethanol (64:36 v:v) solution, they were swollen for 25 h in the acidified water:ethanol (10:90 v:v) solution. The membranes were then submitted to E5 and E6 steps as for an optimized protocol. The influence of the pre-treatment on the reference membranes' thermal stability and functional properties was studied and is discussed in comparison with the pre-treatment used for thiourea SG precursor incorporation in Appendix 3.2.2.

  average SG uptake and average insertion ratio (i.e. with 5 superimposed membranes for the conditioning and impregnation stages) as a function of the protocol step are presented for phenol hybrid membranes in Figure 3.2.10.

Figure 3 . 2 . 10 .

 3210 Figure 3.2.10. Phenol impregnation results as a function of the protocol step (a) SG uptake and (b) insertion ratio.

  for SG uptake targeted at 15, 20 and 30 %. From E5 (post-condensation step), a decrease in the insertion ratio values was observed, achieving at E6 step , and for 15, 20 and 30 % SG uptakes targeted, respectively. The obtained results at E6 step are summarized inTable 3.2.2.
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 3211 Figure 3.2.11. Hybrid membranes impregnated with 30 % SG uptake targeted aspect at E6 step.
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 32 12(a). The silicon mapping of the cryo-ultramicrotomed cross-sections of this hybrid membrane demonstrated that, in this case, the SG phase was homogeneously dispersed within the sPEEK membrane, Figure 3.2.12(b).
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 3212 Figure 3.2.12. (a) Hybrid membrane aspect and b) SEM-EDX images of cryo-ultramicrotomed cross-sections of phenolic-based hybrid membranes with 8.2 % SG uptake.

Figure 3 . 2 . 13 .

 3213 Figure 3.2.13. Representative thermogravimetric weight loss curves (a) and derivative plots (b)

Figure 3 . 2 . 16 .

 3216 Figure 3.2.16. (a) Water sorption isotherms and (b) Plots of normalized square root of time versus water activity for phenolic-based hybrid membrane with 7.5 % SG uptake.
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 321732 Figure 3.2.17. Hydrogen permeability coefficient as a function of the SG uptake for HTU ( ), TTU ( ) and Phenol ( ) hybrid membranes with low SG load.

Figure 3 . 2 . 18 .

 3218 Figure 3.2.18. (a) Water sorption isotherms and (b) plots of normalized square root of time versus water activity for HTU, TTU and phenolic-based hybrid membranes with low SG load.

Figure A3. 2 . 1 .

 21 Figure A3.2.1. Synthesis of phenolic-based SG precursor.

1 H

 1 -NMR (300 MHz, CD2Cl2): δ [ppm] = 1.11 (9H, SiOCH2CH3), 1.36 (18H, CCH3), 3.75 (6H, SiOCH2CH3), 5.2 (1H, COH), 5.7-6.0 (2H, C-CH=CH-Si), 7.2 (2H, aromatic ring).

13 C

 13 -NMR (75.4 MHz, CD2Cl2): δ [ppm] = 17.9 (SiOCH2CH3), 30 (C(CH3)3), 34.3 (C-(CH3)3), 58.6 (SiOCH2-CH3), 125-130 (aromatic), 132 (SiCH=CH), 137 (SiCH=CH), 153 (COH).

29 Si-NMR ( 59 . 6

 29596 MHz, CD2Cl2) : δ [ppm] = -56 ESI-HRMS m/z (C22H38N2O4Si) calculated for [MNa+] 394.25, found 394.64.

Figure A3. 2 . 2 .

 22 Figure A3.2.2. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for reference thiourea and reference phenol sPEEK membranes.

( 2 . 3 .

 23 δ OH) could be seen in the 1323 and 1290 cm -1 region, Figure A3.One can also clearly observe the presence of the ter-butyl groups in the region ranging from 2900 to 2700 cm -1 (υ CH3). The bands at 1700-1600 cm -1 were originated from the stretching vibrations of the carbonyl groups and the double bonds (C=O and C=C). Vibration at 1540-1175 cm -1 region is the result of the O-H, C-O, C-H and C=C deformations. The vibrations in the 1175-940 cm -1 region can be assigned to either C-OH and to C-O stretching band of the phenolic molecule or to the stretching of the silane precursor.

Figure A3. 2 . 3 .

 23 Figure A3.2.3. Infrared spectra of reference sPEEK and phenol hybrid membrane with 8.0 % SG uptake.

Figure 4 . 1 . 1 . 1 .

 4111 The principal parameters are the choice of the cerium alkoxides and of the carboxylic acid functionalized organosilanes, the relative ratio of these species, the water content of the reaction mixture and reaction time.The carboxylic acid, 5-triethoxysilylpentanoic acid, was used as functional acidic SG precursor and was readily obtained by hydrosilylation of 4-pentenoic acid with triethoxysilane following a protocol reported elsewhere[24]. The synthesis protocol and the results of detailed characterization can be found in Appendix 4.Two sterically encumbered cerium alkoxides, namely Ce(O i Pr)4 and Ce(O t Bu)4, were considered in this study to favor the formation of small CeO2 clusters and prevent any nanoparticles aggregation.
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 41142 Figure 4.1. Cerium oxide nanoparticles as radical scavenger synthesis strategy.

2. 1 )Figure 4 . 3 .

 143 Figure 4.3. Note that the immersion of the membrane was done when the mixture was at room temperature. As between the swelling (step E3) and impregnation (step E4) the membranes

Figure 4 . 4 .

 44 The obtained hybrid membrane did not present a homogenous aspect and for this reason no further analyses were carried out.

Figure 4 . 3 .

 43 Figure 4.3. Metal oxide nanoparticles impregnation strategy.

Figure 4 . 4 .

 44 Figure 4.4. SG uptake and insertion ratio as a function of the protocol step to prepare metal oxide nanoparticles as radical quencher.

Figure 4 . 5 .

 45 This approach is based on a large body of literature coming from early transition metal inclusions in the synthesis of functionalized silicas.[10],[28] 

Figure 4 . 5 .

 45 Figure 4.5. Metal ions as radical scavenger strategy.

Figure 4 . 6 .

 46 At each stage of elaboration, prior gravimetric analysis, the membranes were rolled under tension with CELGARD ® paper for the drying steps.

Figure 4 . 6 .

 46 Figure 4.6. Optimized conditions for the preparation of hybrid membranes bearing redox functionalities.
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Figure 4 . 7 .

 47 Figure 4.7. Average SG uptake and insertion ratio as a function of the protocol step for hybrid membranes impregnated with TEOS:Ce.

Figure 4 . 8 .

 48 Figure 4.8. SEM-EDX images of TEOS:Ce hybrid membranes performed on their surface (a), (b) and cross-section (c).

Figure 4 . 9

 49 Figure 4.9 for membranes impregnated with low SG loading (5 and 10 %) and high SG loading (30 %) with a Si:Ce molar ratio of 5:1.

Figure 4 . 9 .

 49 Figure 4.9. (a) Average SG uptake and (b) insertion ratio as a function of the protocol step for hybrid membranes impregnated with SG uptakes of 5, 10 and 30 % with TMOS: Ce molar ratio 5:1.

10 and 30 % 1 . 3 . 1 . 2 .Table 4 . 5 .Chapter 4 :

 301312454 SG uptakes respectively, hence far from the 90% targeted. Important losses could be observed between each step. It may indicate either difficulties for inserting the precursors within the host sPEEK membrane or a reactive issue. Table4.5 summarizes the average SG uptake and insertion ratio obtained at E6 step as well as the theoretical Ce content for the different hybrid membranes prepared with TMOS and Ce(NO3)3.6H2O. The average theoretical Ce content within the membrane was determined from the insertion ratio and the Ce content. The Ce content being determined from the experimental mass of Ce and Si, considering the molar ratio used, as well as the mass of sPEEK_NS membrane. As exposed, the calculation details are given in Appendix 4.Average SG uptake and insertion ratio along with the theoretical Ce content obtained at E6 step for hybrid membranes impregnated with TMOS and Ce(NO3)3.6H2O. Elaboration of radical scavenger-based hybrid sPEEK membranes using a redox approach 299

Figure 4 .

 4 10 and summarized in Table 4.6.

Figure 4 . 10 .

 410 Figure 4.10. Average SG uptake and insertion ratio for hybrid membranes impregnated with 15 % SG uptake targeted and 5:2 TMOS: Ce molar ratio.

4. 2 . 2 . 1 . 2 . 1 .Figure 4 . 11 .Figure 4 . 11 .

 22121411411 Figure 4.11. SEM-EDX images of TMOS:Ce hybrid membranes with 5.7 % SG uptake and Ce theoretical content of 1.5 % performed on their surface (a), (b) and cross-section (c).

Figure 4 . 12 .

 412 Figure 4.12. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for low loaded TMOS and TMOS: Ce (NO3)3. 6H2O in a 5:1 molar ratio compared with native sPEEK membrane.
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 4 

Figure 4 . 13 .

 413 Figure 4.13. Metal ions as radical scavenger using ceria crown ether as a strategy to sequester cerium into the network.

Figure A4. 1 . 4 .

 14 Figure A4.1.4. (a) Average SG uptake and (b) average insertion ratio as a function of the protocol steps for TEOS at impregnation times of 20 and 30 hours with low SG load (10 % targeted).

Figure A4. 1 . 5 .

 15 Figure A4.1.5. Average SG uptake and insertion ratio as a function of the protocol step for TMOS based hybrid membranes with low SG load (10% targeted) and impregnation time of 20 h.

Figure A4. 1 . 8 . 1 . 9 .

 1819 Figure A4.1.8. SEM-EDX images of TMOS:Ce hybrid membranes with 14 % SG uptake and Ce theoretical content of 3.2 % performed in their surface (a), (b) and cross-section (c).

  4 % were studied. The comparison between the ageing results obtained for sPEEK_NS and membranes impregnated with PTES is presented in Figure 5.1.

Figure 5 . 1 .

 51 Figure 5.1. a) Water uptake of the membrane in liquid water at 25 °C and b) dry weight loss for sPEEK_NS ( ) and PTES ( ) hybrid membrane with 7.4 % SG uptake after ageing in H2O2 (24 h at 80 °C).

8. 2

 2 and 8.0 %, respectively. Their ageing results are compared in Figure 5.2.

Figure 5 . 2 .

 52 Figure 5.2. a) Water uptake and b) Dry weight loss for sPEEK ( ), HTU ( ), TTU ( ), HTU/TTU 50/50 ( ), Phenol ( ) and Thiol ( ) with SG uptakes of 7.0, 7.0, 7.0, 8.2 and 8.0 % respectively.

1. 51 %

 51 . The ageing results are presented in Figure 5.3.

Figure 5 . 3 .

 53 Figure 5.3. a) Water uptake and b) Dry weight loss for sPEEK ( ) and TMOS: Ce ( ) hybrid membrane with 7.0 % SG uptake.
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Figure 5 . 4 .

 54 Figure 5.4. Polarization curves of sPEEK_NS (Blanc TTU-HTU) membranes and sPEEK reference phenol (Blanc phenol) used for the preparation of thiourea and phenolic-based hybrid membranes and their comparison with sPEEK membrane bearing a non-reactive SG phase (PTES).
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 55 Figure 5.5. TTU hybrid membranes were also studied at high SG loading.

Figure 5 . 5 .

 55 Figure 5.5. Polarization curves of thiourea-based hybrid membranes and their comparison with the sPEEK_NS (Blanc TTU-HTU).
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Figure 5 . 6 .

 56 Figure 5.6. Polarization curves of phenolic-based hybrid membranes and their comparison with the reference sPEEK membrane (Blanc phenol).
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 57 Figure 5.7. Polarization curves of sPEEK membrane, thiourea and phenolic-based hybrid membranes presenting the best performances.
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 58 

Figure 5 . 8 .

 58 Figure 5.8. Accelerated stress test for sPEEK ( ), TTU 18 % ( ), TTU 7.0 % ( ), HTU 5.6 % ( ) and Phenol 12.2 % ( ) in permeation () and OCV ( ).

Figure A5. 1 .

 1 For simplicity, this precursor will be referred to as PTES in the following.

Figure A5. 1 .

 1 Figure A5.1. n-propyltriethoxysilane (PTES) precursor structure used for the preparation of membranes bearing a non-reactive SG phase.

Figure A5. 2 .

 2 Figure A5.2. (a) Average SG uptake and (b) average insertion ratio as a function of protocol steps for PTES hybrid membranes.

Figure A5. 4 .

 4 Figure A5.4. SEM-EDX analysis of cryo-ultramicrotomed cross-sections of PTES hybrid membranes impregnated with low SG loading (6.8 % SG uptake).

FigureA5. 5 .

 5 FigureA5.5. Infrared spectra of sPEEK_NS membrane and PTES hybrid membrane with 20 % SG uptake.

Figure A5. 6 .

 6 Figure A5.6. Representative thermogravimetric weight loss curves (a) and derivative plots (b) for low and high loaded PTES hybrid membranes compared to sPEEK_NS.

  

  

  

  

  

  

  

Table 1 .

 1 1 summarizes the main FCs cited in here, and briefly shows their characteristics, advantages and disadvantages.

	Fuel Cell Electrolyte	Charge Carrier	Fuel	Oxidizer	Temperature (ºC)	Electrical efficiency (%)	Catalyst	Applications	Advantages	Disadvantages
	AFC	Alkalin KOH (liquid)				50-90	50-70	Nickel/silver supported on carbon	Space application	High efficiency	Intolerance to CO2 in impure H2 and air, expensive
	PAFC	Phosphoric acid (liquid)				175-220	40-45	Platinum supported on carbon	Combined heat & power	Tolerant to impure H2, High efficiency	Low power density, corrosion, sulfur poisoning
	MCFC	Molten carbonate salts (liquid)				550-700	50 -60	Nickel Nickel (NIO) Chromium (NiCr)/Lithiated	Combined heat & power	High efficiency Electrolyte instability
											High temperature, thermal
	SOFC Ceramic (solid)				600-1100	50-60	Nickel composite	Combined heat & power	High efficiency fuel & direct fossil	stress failure, sulfur poisoning
	PEMFC Polymer (solid)				60-100	40-50	Platinum supported on carbon	Vehicle and portable	High power density Low temperature	Intolerance to CO in impure H2, expensive
	DMFC Polymer (solid)				50-120	25-40	Platinum supported on carbon	Vehicle and portable	No reforming, high power density & low temperature	Low efficiency, methanol crossover & poisonous byproduct

Table 1 .1.

 1 

Table 1

 1 

	.2 presents the permeability coefficient values and the
	diffusion coefficient values measured at 35 °C under a gradient pressure equal to 2 atm for the
	simple gases He, H2, O2, CO2, O2, N2 and CH4. Figure 1.7 shows the gas solubility determined
	at 35 °C for different pressures. It could be seen that, as commonly observed, gas diffusion was

mainly governed by the kinetic diameter of the gases, gases having the smallest kinetic diameter (He, H2) exhibiting the highest diffusion coefficient values followed by O2, N2~CO2 and CH4.

Table 1 . 2 .

 12 Gas permeability and gas diffusion coefficients in dry Nafion measured at 35 °C under a pressure gradient of 2 atm. Adapted from Ref.[16] 

	Gas	Permeability (barrer)	Diffusion coefficient (10 -8 cm 2 .s -1 )
	He	37	714
	H2	7.0	104
	O2	1.01	5.9
	N2	0.24	1.8
	CO2	2.3	2.7
	CH4	0.083	0.48

Table 1 .

 1 

	[26]						
	Gas	H2	He	O2	CO2	N2	CH4
	Kinetic Diameter ( )	2.34	2.65	2.92	3.23	3.64	3.80
	Critical temperature (°C) -240.0 -267.9	-118.6	31.1	-146.9	-82.7

3. Kinetic diameter and critical temperature for the simple gases. Adapted from Ref.

Table 1 . 4 .

 14 Aromatic hydrocarbon-based membranes pros and cons.

	Membrane	Structure	Pros		Cons
					Low chemical stability and proton
	SPEEK		Low cost; high thermal and mechanical stabilities		conductivity; excessive swelling with high sulfonation degree; poor
					durability
			High chemical and thermal	
	PBI		stabilities (Tg	,	Poor mechanical stability, low proton conduction, acid leaching
			operational under low		problems at high temperature
			humidification conditions	
	SPS		High thermal, mechanical and chemical stabilities	Insufficient proton conduction; high swelling
			Excellent mechanical and	
	SPI		thermal stabilities; high chemical stability and good		High solubility in water; high fuel permeability
			proton conductivity	
	SPAES		High thermal and mechanical stabilities	Low chemical stability and proton conduction
	SPAEK		High mechanical and thermal stabilities	Low chemical stability and proton conduction

Table 1 .

 1 

	5. Variation of proton conductivity for sPEEK membranes according to different DSs
	and temperatures. Adapted from Ref. [42].	
	Conductivity (S.cm -1 )
	DS (%)	
	T = 25 °C	T = 80 °C
	47	
	65	
	70	
	80	
	93	
	Today, the Victrex company is the leading producer of PEEK polymer on the market. Xing et
	al. [43] carried out comparative studies of Victrex® sPEEK (V-sPEEK ) with different DS.

Table 1 .

 1 

	6. Overview of the reduction potentials of free radicals (pH = 0), adapted from Ref.
	[51]	
	Half-Cell Reaction	Standard Electrode
		Potential (V)
	(23)	2.59
	(24)	2.32
	(25)	1.48
	(26)	1.74
	1	

.3.2.2. Radical attack on PFSA polymer structure Chemical degradation of PFSA membranes involves radical induced decomposition of the polymer structure. The current generally accepted mechanism for chemical degradation of perfluorosulfonic acid polymers is by radical attack on both the polymer main and side chains.

  

Table 1 . 7 .

 17 Proton conductivity measured for sPEEK and hybrid membranes. The measures

	uncertainties were	. Adapted from Ref. [46].	
	Sample	SG uptake (	)	Proton conductivity at room temperature (mS.cm -1 )
	sPEEK	-		88
		4.4		115
	Hybrid Membranes	17.5		90
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 21 Solvents used in the study.

	Solvents	Purity	Supplier
	Acetonitrile	> 99.5 %	Sigma-Aldrich
	Dichloromethane	> 99 %	Sigma-Aldrich
	Purified Water	-	Deionized by reverse
			osmosis
	(18.2MΩ.cm -1 )		
	Ethanol 96°	-	SDS-CarloErba
	Ethyl Acetate	> 99 %	Sigma-Aldrich
	N,N-Dimethylformamide	> 99 %	Sigma-Aldrich
	n-pentane	> 99 %	Sigma-Aldrich
	n-hexane	> 99 %	Sigma-Aldrich

Table 2 . 2 .

 22 Main reagents used in the thesis project.

	Reactants	Purity	Supplier
	Glacial Acetic acid	-	VWR
	Hydrochloric acid solution, 37 %	-	VWR
	Sodium hydroxide 30 % in aqueous solution	-	VWR
	3-aminopropyltriethoxysilane	98 %	Alfa Aesar
	Phenyl isocyanate	98 %	Aldrich
	N-phenyl,N'-[3-		Synthesis carried out following
	(triethoxysilyl)propyl] thiourea	95 %	a procedure described
	(TTU)		elsewhere [1]
	N,N'-Bis[3-		
	(triethoxysilyl)propyl]thiourea	90 %	Gelest
	(HTU)		
	Tetramethyl orthosilicate	98 %	Sigma-Aldrich
	Tetraethyl orthosilicate	98 %	Sigma-Aldrich

Table 2 .3. Table 2.3. Solid

 2 -state29 Si NMR acquisition parameters (4mm rotor).

	Sequence	CP-MAS	MAS + HPDEC
	Parameters	29 Si	29 Si
	Rotation speed (kHz)	5	10
	Pulse (μs)	5	4
	Repetition time (s)	5	60

Table 2 . 4 .

 24 Organosiloxanes specific chemical shifts.

	Number of scans	12 k	4 k to 8 k
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Table 3 .

 3 

	1.1. Experimental parameters used for thiourea-based hybrid membranes
	impregnation.				
					Impregnation
	Sample	M organic (g.mol -1 )	(g.mol -1 ) VHCl (μL)	volume for 5
					membranes (mL)
				30.6	8.6
	HTU	213.5	131.1		
				61.8	15.9
				30.9	6.3
	TTU	328.2	245.2		
				46.0	13.1
	HTU/TTU 50/50	270.8	188.2	23.2 69.5	7.1 26.3
	HTU/TTU 75/25	242.2	159.9	19.3 57.5	10.4 26.5
	HTU/TTU 25/75	299.5	216.7	26.9 80.6	7.01 25.7

Table 3 .

 3 1.2. Average SG uptake and average insertion ratio at step E6 for monocomponent HTU and TTU hybrid membranes at low and high loading.

Table 3 .

 3 1.3. Relative intensity of T sites derived from the deconvolution of the HPDEC 29Si NMR spectra and extent of polycondensation of the SG phase.

	Hybrid membranes	SG uptake (%)	Relative intensity	Relative intensity	Extent of polycondensation (%)
			(%)	(%)	
	TTU	20	15.2	84.8	84.8
	HTU	19	36.06	63.94	63.94
	HTU/TTU 50/50	15	42.4	57.6	57.6
	HTU/TTU 75/25	20	29.3	70.7	70.7
	HTU/TTU 25/75	22	20.1	79.9	79.9

Table 3 .

 3 

	Sample	Temperature range	25-160 °C 160-430 °C 430-700 °C	Residual mass (%)
	sPEEK_NS	Weight loss (%)	7.6	17.4	73.7	1.3

1.4. TGA weight loss and maximum temperature of decomposition peaks for HTU and TTU hybrid membranes with low and high SG uptake.

Table 3 .

 3 

	Sample	% SG from gravimetric measurements	% SG from TGA measurements
		6.5	5.1
	TTU	17.0	14.5 (considering 100 % T3)
		17.0	14.5 (considering 87 % T3)
		7.0	9.2
	HTU	15.0	15.1 (considering 100 % T3)

1.5. Comparison between SG uptake obtained from gravimetric analysis and TGA analysis for low and high loaded HTU and TTU hybrid membranes.

Table 3 .

 3 

	Sample	% SG from gravimetric measurements	% SG from ICP analysis
		7.3	6.6
	TTU		
		18.1	13.5
		7.2	5.2
	HTU		
		19.1	18.2

1.6. Comparison between SG uptake obtained from gravimetric analysis and ICP analysis for low and high loaded HTU and TTU hybrid membranes.

Table 3 .

 3 1.7. TGA weight loss and maximum temperature of decomposition peaks for low and high loaded HTU/TTU mixtures.

	Sample	Temperature range	25-160 °C	160-430 °C	430-700 °C	Residual mass (%)
		Weight loss (%)	7.6	17.4	73.7	
	sPEEK_NS	Maximum				1.3
		temperature	58	328	585/620	
		(°C)				
		Weight loss (%)	7.0	19.0	72.3	
	HTU/TTU 50/50 5.6%	Maximum				1.7
		temperature	68	346	587/615	
		(°C)				
		Weight loss (%)	6.4	15.9	73.3	
	HTU/TTU 75/25 7.9%	Maximum				4.4
		temperature	68	323	593	
		(°C)				
		Weight loss (%)	6.0	15.8	70.4	
	HTU/TTU 50/50 20 %	Maximum				6.6
		Temperature	72	364	589	
		(°C)				

Table 3 .1.8.

 3 Comparison between SG uptakes obtained from gravimetric analysis and TGA analysis for low hybrid membranes comprising both HTU and TTU.

	Sample	% SG from gravimetric measurements	% SG from TGA measurements
	HTU/TTU 50/50	5.6	5.4
	HTU/TTU 75/25	7.9	7.3
	HTU/TTU 50/50	20.0	22.4
	HTU/TTU 75/25	20.0	21.9

3.1.3.4. Microcalorimetric analysis

Differential scanning calorimetry (DSC) analyses were carried out in order to determine the glass transition temperature (Tg) of the sPEEK_NS and hybrid membranes at low and high load of SG and the obtained values are presented in the Table

3

.1.9.

Table 3 .

 3 

	Sample	SG uptake (%)	Tg (°C)
	sPEEK_NS	0	204
		7.0	213
	HTU		
		15.0	213
		6.5	204
	TTU		
		20	

1.9. Differential scanning calorimetry analysis for sPEEK_NS, HTU and TTU hybrid membranes and their mixtures. The uncertainty on Tg values was .

Table 3 .1.10.

 3 Different modes of sorption and the nature of the dominant interactions. Adapted from Ref.[12].

	Sorption mode	Interactions
	Henry	polymer-polymer
	Langmuir	polymer-penetrant
	Dual Mode	combination of Henry and Langmuir
	Flory-Huggins (BET III)	penetrant-penetrant
	BET II	combination of Langmuir and Flory-Huggins

Table 3 .

 3 

	1.11. Kinetic diameter and critical temperature for different gases. Adapted	
	from [14], [15].							
	Gas	H2	He	O2	CO2	N2	CH4	H2O
	Kinetic							
	Diameter	2.34	2.65	2.92	3.23	3.64	3.80	2.65
	( )							
	Critical							
	temperature	-240.0	-267.9	-118.6	31.1	-146.9	-82.7	374.1
	(°C)							

Table 3 .1.12.

 3 Evolution of the gas permeability as function of SG uptake for sPEEK hybrid membranes (HyM) impregnated with MPTMS SG phase. Addapted from Ref.[5].

	Sample	sPEEK_NS	HyM-7.2 % HyM 9 %	HyM 19.3 % HyM 27.1 %
	He (barrer)	3.92	4.05	4.19	4.76	4.22
	H2 (barrer)	2.75	2.79	2.87	3.38	2.94
	CO2 (barrer)	0.42	0.51	0.52	0.5	0.56

Table A3 .

 A3 1.1. FT infrared vibration assignments for TTU SG precursor.

	cm -1	Attribution
	3395.2	NH
	3245.1	(NH) ou (NH2)
	3059.9	(CH) aromatic
	2973.7	asCH2, CH3
	2926.2	asCH2, CH3
	1597.2	C=C phenyl
	1537	coupling of as( N-C-N) with vibrations CS
		and NH
	1497.5	C=C; C-N; C-H
	1446.8	CH2 ; CH3
	1350.9 and 1314.2	CH2; CN; NH
	1296.4	(CH); (CH phenyl); (CN)
	764.2	(NH); (CN); (CN)
	606.2	C=S
	486.3	(phenyl); (CN)

Table A3 .

 A3 

	1442 and 695	υ C=S
	1020	S=O (symmetric and asymmetric bending of the-SO3H group)
	A3.1.3.1.2. Solid state MAS-HPDEC 29 Si NMR
	A HTU hybrid membrane with 19 % SG uptake was characterized by solid state MAS-HPDEC
	cm -1	Attribution
	3400-3200	υ OH of SO3H group and NH of thiourea group
	3070	CH aromatic
	2970-2800	υ CH2 ,CH3
	1651.7	υ C=O
	1563-1537	υ NCN with CS and NH vibrations
	1486-1594	aromatic rings in the membrane structure
	1490	-SO3H

1.5. FT-IR bands assignments for sPEEK hybrid membrane impregnated with thiourea SG precursor.

[4] 

Table 3 .2.1.

 3 Experimental conditions used for phenolic-based hybrid membranes impregnation.

	Sample	M organic (g.mo -1 )	(g.mol -1 )	SG uptake targeted (%)	Impregnation volume (mL)
	Phenol	366.25	283.44		

Table 3 .

 3 2.2. Average SG uptake and insertion ratio obtained for the different batches at the end of the hybridization protocol (E6 step).

	SG uptake targeted	Average SG uptake	Average insertion ratio
	(%)	(%)	(%)
	15		
	20		
	30		

Table 3 .

 3 2.3. TGA weight loss and temperature of decomposition peaks for sPEEK reference and Phenol hybrid membranes.

Table 3 .2.4.Table 3 .2.4.

 33 Differential scanning calorimetry analysis for sPEEK reference and phenol hybrid membranes with 8.0 % SG uptake. The uncertainty on Tg values was ± 1.0 °C.

	Sample	SG uptake (%)	Tg (°C)
	sPEEK_Reference	0	215
	Hybrid Phenol 8.0 %	8.0	202

Table 3 .2.5.

 3 Gas permeability coefficients values for reference sPEEK and phenolic-based hybrid membranes for H2, He and CO2. The uncertainty was .

	Sample	SG uptake (%) Pe H2 (barrer) Pe He (barrer) Pe CO2 (barrer)
	sPEEK reference	0	2.40	3.29	0.37
	Hybrid Phenol	8.5	2.21	3.64	0.36

Table A3 .

 A3 similarly in terms of barrier properties, showing that the matrix was not modified when increasing the amount of EtOH in the pre-hydrolysis solution.

	sPEEK_ Reference Phenol 346 reference membranes behave Table A3.2.3. Gas barrier properties for reference sPEEK membranes used for Weight loss (%) 6.9 18.7 74.4 Degradation 65 Thiourea and Phenol membranes hybridization process. The measurements peaks (°C) uncertainties were .	0
	Reference	Conditioning	Swelling		Pe H2	Pe He	Pe CO2
	Membrane				(barrer)	(barrer)	(barrer)
	sPEEK_NS	Water:ethanol	Water:ethanol 64:36	2.56	3.66	0.38
		64:36				
	sPEEK_Reference	Water:ethanol	Water:ethanol 10:90	2.40	3.29	0.37
	Phenol	64:36				
	A3.2.3. Influence of the impregnation temperature			
	2.2. Differential scanning calorimetry analysis for sPEEK_NS and sPEEK_Reference Phenol. The measurement In order to improve the insertion ratios and SG uptakes of the phenolic based hybrid
	uncertainty was membranes, an essay was performed with an impregnation temperature of 50 °C, instead of 30 .
	Sample °C. The impregnation was carried out with 20 % SG uptake targeted. As shown in Table A3.2.4, Tg °C
	similar values of SG uptake and insertion ratios were obtained at the end of the hybridization
	sPEEK_NS protocol (E6 step). For meaningful comparisons with thiourea-based hybrid membranes, 204
	impregnations were then carried out at 30 °C.			
	sPEEK_Reference Phenol	215		
	Table A3.2.4. Average SG uptake and average insertion ratio at E6 step obtained
	for impregnations carried at 30 °C and 50 °C.			
	Impregnation temperature Final SG uptake (E6 step) Final Insertion ratio (E6 step)
	A3.2.2.2. Gas permeability				
	30 °C					
	The gas permeability was also studied and compared to the sPEEK_NS membrane, Table 3.2.5.
	One can see that the difference in the pre-treatment steps had little impact on the gas barrier
	properties of the sPEEK reference phenol. Considering the measurement uncertainties, both

Table A3 .

 A3 

	2.5. Characteristic infrared bands and assignments of phenolic hybrid 1135 δ in
	membranes.[16]			
	cm -1 1323-1290	Attribution δ	
	3400-3200 892;814;754	υ OH of SO3H group and phenolic hydroxyl γ
	3070 γ: deformation out-of-plane; υ stretching, δ: deformation in plan. CH aromatic in sPEEK and phenol
	2900-2700	υ CH3 of ter-butyl groups
	1700-1600	Stretching band of carbonyl groups υ C=O and C=C
	1486-1594	aromatic rings in the membrane structure
	1594;1498;1477	υ		
	1490	-SO3H	
	1020	S=O (symmetric and asymmetric bending of the-SO3H group)
	1540-1175	;	;	and
	1378		; υ	
	1240;1172	υ		
	1080	δ		
	940-1175	C-OH and C-O stretch
	1190	δ	with δ	

Table 4 . 1 .

 41 Average SG uptake and insertion ratio obtained for TEOS with impregnation times of 30 and 20 h and TMOS with an impregnation time of 20 h.

	Sample	TEOS		TMOS
	Impregnation Time (h)	30	20	20
	Average SG uptake			
	(%)			
	Average insertion			
	ratio (%)			

Table 4 .

 4 

	2. Experimental parameters used for TEOS:Ce(NO3)3.6H2O hybrid membranes
	impregnation.				
	M organic (g.mol -1 ) MSG (g.mol -1 )	Impregnation Volume (mL)	mass Ce(NO3)3.6H2O (g)	Si:Ce molar ratio
	180.33	60.33	19.5	0.19	5

Table 4 .

 4 3 summarizes the obtained averages along with the theoretical Ce content determined. The calculations are presented in Appendix 4.1.3.1.2.

Table 4 . 3 .

 43 Average SG uptake and insertion ratio obtained at the different protocol steps along with the theoretical Ce ratio.

	Protocol step	E4	E5	E6
	Average SG uptake			
	(%)			
	Average insertion ratio			
	(% )			
	Theoretical Ce ratio (wt %)	2.7	2.2	2.0

Table 4 . 4 .

 44 Experimental parameters used for the preparation of hybrid membranes impregnated with TMOS and Ce(NO3)3.6H2O for different SG uptakes and two Si:Ce molar ratios.

	Morganic (g. mol -1 )	MSG (g. mol -1 )	SG uptake targted (%)	mass Ce(NO3)3.6H2O (g)	Impregnation volume for 5 (mL) membranes	Si:Ce molar ratio
			5	0.08	8.93	
			10	0.16	18.60	5:1
	124.03	60.09				
			30	0.46	52.59	
			15	0.45	26.04	5:2

Table 4 .6.

 4 

Table 4 . 7

 47 

, summarizes the final SG uptake and insertion ratio obtained (E6 step) from the different impregnation experiments, along with the theoretical cerium content determined for each case.

Table 4 . 7

 47 

. Average SG uptake and insertion ratio obtained at E6 step for hybrid membranes impregnated with TMOS:Ce varying the SG uptake targeted and molar ratio.

Table 4 . 8 .

 48 TGA weight loss and maximum temperature of decomposition peaks for native sPEEK membrane and low loaded TMOS and TMOS: Ce (NO3)3.6 H2O in a molar ratio 5:1.

	Sample	Temperature range	25-160 °C 160-430 °C 430-700 °C	Residual mass (%) at 1000 °C
		Weight loss (%)	7.6	17.4	73.7
	sPEEK	Maximum			1.3
		temperature	58	328	585/620
		(°C)		
		Weight loss (%)	6.9	20.0	74.1
	TMOS 6.6 %	Maximum			2.0
		temperature	62	345	540
		(°C)		
		25-160 °C	160-400 °C 400-700 °C
		Weight loss (%)	7.5	14	78.5
	TMOS:Ce 6.6 %	Maximum			7.9
		temperature	66	358	554
		(°C)		

DSC analyses were carried out in order to determine the glass transition temperature of the native sPEEK and hybrid membranes, Table

4

.9. The hybrid membranes studied were the same as those studied by TGA.

Table 4 . 9 .

 49 Differential scanning calorimetry analysis for sPEEK, low load TMOS and TMOS: Ce (NO3)3.6 H2O with 1.51 % cerium (Ce) content hybrid membranes.

	Sample	SG uptake (%)	Tg (°C)
	sPEEK	0	203
	TMOS	6.6	203
	1.51 % Ce content	6.6	227

Table 4 .

 4 10. Water uptake measured by wet weighting hybrid membranes after 72 h in water at 80 °C for different cerium contents.

	SG uptake targeted (%)	Average theoretical Cerium content within the membranes (%)	Average water uptake (%)
	5	1.27	
	10	1.51	
	30	3.16	
	15	3.00	

  .1.3. FT-IR infrared vibration assignments for sPEEK and TEOS SG precursor.

	Wavenumber (cm -1 )	Attribution
	3400-3200	υ OH of SO3H group and Si-OH
	3070	CH aromatic
	2970-2800	υ CH2 ,CH3
	293 0; 2892	Asym. C-H streching
	1651	υ C=O
	1486-1594	aromatic rings in the membrane structure
	1490	-SO3H
	1446	asym. C-H bending in TEOS
	1381	Sym. C-H bending in TEOS
	1416,1324	O-H bending; CH2 in TEOS
	1168	CH3 in TEOS
	1100	Si-O-Si sym. streching and C-O assym. stretching in TEOS
	1020	S=O (symmetric and asymmetric bending of the-SO3H group)
	793	SiO4 assym. TEOS ; Si-O-Si bend

Table 5 . 1 .

 51 Summary of the proton conductivity, thickness, liquid water uptake and swelling capacity measured at room temperature for the different hybrid membranes prepared in this PhD work with SG uptakes between 7 and 8 %. (SyMMES results)

		Proton			
	Sample	conductivity σ (mS.cm -1 )	Thickness (μm)	Liquid water uptake (wt%)	Swelling thickness capacity (%)
	sPEEK_NS	70	25		+56
	PTES	59	30		+43
	Thiol [1]	64	27		+63
	HTU		28		+43
	TTU	52	20		+100
	HTU/TTU 50/50	54	24		+67
	Phenol	60	16		+163
	TMOS: Ce(NO3)3	55	28		+32

Table A5 .

 A5 

	cm -1	Attribution
	3400-3200	υ OH of SO3H group
	3070	υ CH aromatic
	2970-2800	υ CH2, CH3
	1651.7	υ C=O
	1486-1594	aromatic rings in the membrane structure
	1490	-SO3H
	1475	δas (CH3)
	1450	δs (CH2)

3. FT-IR bands assignments for sPEEK hybrid membrane impregnated with PTES SG precursor.

Table A5 .

 A5 4. TGA weight loss and maximum temperature of decomposition peaks for low and high loaded PTES hybrid membranes. DSC analysis showed glass transition temperatures of 205 °C for PTES-based membranes, which is the same as observed for the sPEEK_NS membrane (204 °C).

	Sample	Temperature range 25-160 °C 160-430 °C	430-700 °C Residual mass (%)
		Weight loss (%)	7.6	17.4	73.7	
	sPEEK_NS	Maximum temperature (°C)	58	345	579/618	1.3
		Weight loss (%)	9.4	18.0	72.0	
	PTES 7.0 %	Maximum				1.0
		temperature	61	340	574/607	
		(°C)				
		Weight loss (%)	8.0	18.0	71.0	
	PTES 20.0 %	Maximum temperature (°C)	67	336	580/600	2.6

at 800 mA.cm -2 and at 0.47 V for SPP/SiO2-10 membranes, Figure1.28.

), being able to be studied in real conditions.

Three weight loss regions can be distinguished for the sPEEK_NS membrane in agreement with the literature data [6][7][8][9][10]. The first weight loss (7.4 %) in the temperature range of 25 °C -160 °C is related to water evaporation. The second weight loss (17.4 %) observed between 160 °C -430 °C, corresponds to the desulfonation step. The third and more important weight loss (73.7 %) in the temperature range of 430 °C -700 °C is addressed to the decomposition of the main polymer backbone.

Concerning the precursors, it can be observed a significant weight loss (83.2 %) for TTU (which is a home synthesized precursor) in the temperature range 150-430 ° C. This weight loss can be assigned to the degradation of the precursor organic chain. The residual mass measured at 580 °C corresponding to the remaining inorganic part is 1.26 %. For HTU, which is a commercial product, a first small weight loss probably related to water desorption is observed below 150 °C followed by a second one in the temperature range from 150 °C to 250 °C. At 250 °C 16.3 % weight loss is measured. The main degradation step corresponding to 44.7 % weight loss is observed in the temperature range between 250 and 350 °C followed by an additional weight loss (36 %) until a constant residue is obtained. The residue associated with HTU precursor is 2.43 %, thus higher than for TTU due to the fact that HTU has two polycondensable groups.

From the mass loss curves represented in The reaction was conducted as follows: anhydrous acetonitrile (50 mL), 3aminopropyltriethoxysilane and phenyl isothiocyanate in a molar ratio of 1:1.2, were added to a balloon equipped with mechanical stirrer and a reflux condenser under inert atmosphere. The reaction mixture was heated at 130 °C for 1 h followed by solvent removal under vacuum at 30

°C. The orange viscous liquid obtained was then washed three times with hexane (20 mL) to get rid off the impurities and residual solvent prior to characterization. intensity of the bands corresponding to the sPEEK membranes, the identification of the thiourea characteristic bands was difficult to study. However, as for the monocomponent membranes, the presence of the NH of the thiourea groups at 3400-3200 cm -1 was identified as well as bands.

Appendix 3.2. Phenolic-based antioxidant function

A3.2.2. Influence of the Pre-Treatment

The complete solubilization of the phenol SG precursor was achieved by using a water: ethanol solution composition of 10:90 (v: v). Following this important increase in ethanol volume, a reference sPEEK membrane was prepared following all the synthetic steps as presented in were then submitted to E5 and E6 steps as for an optimized protocol. The impact on the thermal properties and gas permeability was studied and is presented hereafter.

A3.2.2.1. Thermogravimetric and microcalorimetric analysis

The weight loss curves, A solvent free hydrosilyation reaction with PtO2 as catalyst was carried out following a literature procedure, Figure A4. The peak at 3070 cm -1 was assigned to the contribution of CH units of the aromatic rings of sPEEK. Between 2900 and 2700 cm -1 the peaks are attributed to the CH2 of the propyl chain.

Peaks corresponding to the asymmetric and symmetric stretching bands of the carboxyl groups can be seen, respectively, at 1545 and 1390 cm -1 . 

Impregnation time 20 h 30 h

Average SG uptake at E6 step Average insertion ratio at E6 step

A4.1.3.1.2. Impregnations using TMOS as SG precursor

Following the results obtained with TEOS, impregnations with TMOS were carried out with an impregnation time of 20 h, following the optimized protocol as presented in 

. Impregnations in presence of cerium: Cerium content determination

As discussed in the previous chapter, the insertion ratio is related to the mass of the sPEEK_NS membranes, the precursor concentration, and the impregnation volume. The impregnation volume itself depends on the molar mass of the SG repeat unit of the condensed SG phase. This impregnated volume will be used to calculate the SG theoretical mass (mSG insertable) that will give rise to the insertion ratio as presented in equation ( 1), i.e. the ratio between the SG inserted vs the SG insertable, or the ratio of the SG mass within the membrane and the targeted SG (theoretical).

(

The obtained insertion ratio will give rise to the theoretical cerium content within the hybrid membranes. The calculation steps to determine the cerium content within the membrane are shown in the equations ( 2)-( 4).

( The broad peak observed between 3100 and 3600 cm -1 belongs to the typical OH bond. The peak which is seen between 2800 and 3000 cm -1 belongs to the C-H asymmetrical and symmetrical stretching vibration originating from the organic structure of PEEK which is the polymer that constitutes the main structure of the membrane. The C=O expansion band was observed with a peak at 1700 cm -1 and it was caused by the ester groups. The peak at 1328 cm -1 is attributed to the C-H wagging vibrations. As the literature indicates [16], the corresponding peak formed due to the cerium particles is observed between 400 and 500 cm -1 . Indeed, differences can be observed at this region of the hybrid membranes when compared to the reference sPEEK. This result supported that the desired active groups were incorporated into the membrane structure. Appendix 5: Preparation of sPEEK membranes with a non-reactive SG phase

A5.1. Membranes Fabrication Protocol

The sPEEK membranes were first pre-treated following the protocol presented in the section 2.1.4 of chapter 2, prior impregnation of the PTES precursor (0.1 mol. L -1 , water/ ethanol volume mixture: 64/36, pH 4). The subsequent steps (condensation, hydrothermal treatment, acidification) were similar to those applied to thiourea precursors.

A5.1.1. Impregnation: Results and Discussion

Impregnations with SG uptake targeted at 10 and 30 % were performed with a SG insertion ratio set at 90 %. The control of the sol gel uptake was tuned by the adjustment of the volume of the impregnation solution per gram of sPEEK_NS membrane. The impregnated volume was used to calculate the theoretical SG mass (mSG insertable) that will give rise to the insertion ratio, the ratio between the SG inserted vs the SG insertable. The insertion ratio is a function of the precursor's concentration, the impregnation volume, and the number of superposed membranes.

The SG uptake and insertion ratio were determined following respectively, the equations ( 1) and

(2) presented in chapter 2, for each of the 5 overlayed membranes. Hereafter, the average SG uptake and average insertion ratio with the respective standard deviation will be presented and discussed for impregnations carried at low and high SG loading.

Table A5.1 summarizes the parameters set for the membranes impregnation. The molar mass of the SG repeat unit of the condensed SG phase, , was determined by considering a total condensation of the SG phase within the sPEEK_NS membrane. Despite the use of CELGARD ® paper for the drying steps as in the other cases, the obtained membranes did not present a smooth final aspect as can be seen in Figure A5.3. These defects on the surface of the membrane were detrimental to gas permeability measurements and to obtaining reliable data.