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RÉSUMÉ DÉTAILLÉ EN FRANÇAIS 1. Introduction

La source principale d'énergie à l'échelle mondiale est d'origine fossile.

Malheureusement, l'utilisation des combustibles fossiles a entraîné une augmentation des émissions de gaz à effet de serre, qui ont à leur tour provoqué le réchauffement climatique avec des conséquences directes sur l'environnement et la santé humaine. Par conséquent, les nations du monde entier prennent maintenant des mesures délibérées pour faire face à ces problèmes et accélérer la transition énergétique, notamment par le développement de systèmes d'énergie renouvelable. Cependant, le plus grand défaut des énergies renouvelables est leur caractère intermittent. L'énergie générée doit être stockée pour une utilisation future. En fonction du mécanisme de stockage, une large gamme de dispositifs électrochimiques peut être assemblée, chacun présentant ses propres caractéristiques distinctives. Les batteries sont l'un des outils les plus prometteurs pour le stockage électrochimique de l'énergie.

Au cours des dernières décennies, les batteries lithium-ion ont acquis une position dominante sur le marché de l'électronique en raison de la demande croissante en densité énergétique élevée et de durée de vie prolongée. Cependant, la rareté du lithium, sa distribution mondiale inégale et les niveaux actuels de production mondiale contribuent à la volatilité des prix et à la menace imminente d'une pénurie de lithium. De plus, les batteries lithium-ion existantes utilisent des électrolytes liquides organiques composés de sels de lithium et de solvants organiques qui sont la source de divers problèmes : gamme de potentiel limitée, inflammabilité et possibilité de fuites présentant des risques pour la sécurité, en particulier pour des applications à grande échelle. Une approche envisageable pour ces problèmes liés aux batteries Li-ion est de substituer les électrolytes liquides organiques par des matériaux inorganiques solides, non inflammables, et ayant une plage de stabilité de potentiel considérablement plus élevée.

Les batteries tout solides à base de sodium, fonctionnant selon un principe de stockage électrochimique comparable, ont été identifiées comme une alternative prometteuse, notamment pour les applications stationnaires. Parmi les différents composés conducteurs du sodium, les matériaux à base de soufre sont intéressants pour leur II propriété mécanique ductile, leur résistance aux joints de grains faible, et leur conductivité ionique élevée comparée à leurs équivalents oxydes. Cette thèse s'est donc concentrée sur la préparation et la caractérisation d'électrolytes solides à base de soufre sous forme de verres et de vitrocéramiques conducteurs du sodium.

Nous avons choisi de nous concentrer sur une nouvelle série de composés : Na2S-Ga2S3-GeS2, pour les raisons suivantes. Tout d'abord, des études précédentes menées au sein de notre équipe de recherche sur le système pseudo-binaire Na2S-Ga2S3 ont montré des propriétés intéressantes avec une conductivité ionique modérée (1,9 × 10 -6 S.cm -1 ). La substitution de cations est l'un des moyens efficaces d'améliorer la conductivité ionique. Le germanium a été choisi car il a un rôle de formateur de réseau vitreux. Enfin, très peu d'études ont été publiées dans la littérature sur ce système. Les seules compositions de verre x[Na2S]-(100-x) [0.9GeS2-0.1Ga2S3] ont été étudiées dans la littérature et ont été obtenues par la technique de fusion-trempe, utilisant 90[GeS2]-10[Ga2S3] comme formateur de verre de base. La différence de fraction molaire entre GeS2 et Ga2S3 dans le formateur de verre est due à la difficulté d'obtenir des verres riches en gallium en utilisant la synthèse conventionnelle de fusion-trempe.

Le gallium a en effet une faible réactivité avec les éléments chalcogénures pendant la synthèse. Nous avons choisi la stratégie d'utiliser 50[GeS2]-50[Ga2S3] comme formateur de verre de base pour étudier l'impact de Ga2S3 agissant comme un intermédiaire sur les propriétés du matériau résultant. Le Na2S est ajouté pour étudier le pseudo-ternaire x [Na2S]-(100-x)[0.5GeS2-0.5Ga2S3]. Compte tenu de la difficulté d'amorphisation d'une telle quantité de gallium, nous avons décidé d'utiliser la méthode de mécanosynthèse.

Synthèse et propriétés structurales du système vitreux Na2S-Ga2S3-GeS2

pseudo-ternaire.

Synthèse

Une voie de synthèse hybride en deux étapes est utilisée pour obtenir des verres dans le système xNa2S-(100-x)[0.5Ga2S3-0.5GeS2]: (i) un précurseur riche en germanium, 90[GeS2]-10[Ga2S3], est préparé par fusion-refroidissement, puis (ii) un mélange stoechiométrique de 90[GeS2]-10[Ga2S3], Ga2S3 et Na2S est broyé jusqu'à une amorphisation totale. Les échantillons sont nommés par la suite xNa. III ➢ 15 g de germanium, de gallium et de soufre purifié dans des proportions stoechiométriques ont été ajoutés en tube de silice scellé sous vide. L'homogénéisation du mélange dans un four basculant est réalisée à 840 °C pendant 14 h. Le tube de silice contenant le fondu a ensuite été refroidi rapidement en le trempant dans de l'eau à température ambiante pendant quelques secondes, puis ouvert dans une boîte à gants. Le procédé est schématiquement illustré sur la Fig. 1. 
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Propriétés thermiques

Les températures de transition vitreuse (Tg) et de début de cristallisation (Tx) ont été caractérisées à l'aide d'un calorimètre différentiel à balayage (DSC). Comme observé sur la Fig. 3, la Tg et la Tx diminuent avec l'augmentation de la teneur en Na2S. Cela est dû à la dépolymérisation du réseau vitreux par l'introduction de Na + et la formation de soufres non pontant. La valeur de ΔT, qui représente la différence entre Tx et Tg, est essentielle pour évaluer la stabilité thermique des verres face à la cristallisation. En pratique, un verre est considéré comme thermiquement stable lorsque ΔT est supérieur à 100 °C. ΔT montre d'abord une tendance à l'augmentation mais commence à diminuer avec l'augmentation de la teneur en alcalins dans le système de verre, jusqu'à atteindre le minimum de 33 °C pour la composition qui contient le plus de Na2S. 

Spectroscopie Raman

Comme indiqué sur la Fig. 4a, avec l'ajout continu de Na2S dans la matrice de verre 50[Ga2S3] -50[GeS2], le spectre Raman affiche trois pics autour de 320 cm -1 , 365 cm -1 et 389 cm -1 , ainsi que deux épaulements à 411 cm -1 et 440 cm -1 . Ces pics peuvent être attribués à des modes de vibration associés aux tétraèdres [GaS4] et [GeS4] avec différentes quantités de soufre non pontant (NBS), présentés sur la Fig. 4b. Le pic à V 320 cm -1 apparaît en premier avec l'augmentation en Na2S, tandis que les bandes vibratoires associées aux tétraèdres [Ga(Ge)S4/2] Td liés par leurs sommets . ou leurs arêtes autour de 347 cm -1 (correspondant à 0-NBS) sont de moins en moins discernables. Bien que clairement visible dans les échantillons jusqu'à x=60, l'origine de ce pic à 320 cm -1 dans les spectres Raman n'est pas claire d'après la littérature. Ce pic pourrait être associé à la formation de 1-NBS et 2-NBS, mais ces entités sont généralement proposées dans la littérature à 440 cm -1 et 411 cm -1 , respectivement. Avec l'augmentation en Na2S, le pic à 365 cm -1 , attribué à 4-NBS d'après la littérature, commence à s'amplifier pour finalement dominer le spectre Raman. En conséquence, les unités de base du tétraèdre Ga(Ge)-S passent progressivement de 1-NBS à 4-NBS. 

Fonction de distribution de paires (PDF)

Fig. 5a montre qu'au-delà de 10 Å, aucun pic distinct n'est observé, ce qui est typique des matériaux amorphes. Un examen plus approfondi de l'ordre à courte échelle en dessous de 7 Å révèle la présence de deux pics principaux, à environ 2,25 Å et 3,64 Å (Fig. 5b). Une nette différence d'intensité est observée pour le pic entre les échantillons 30Na et 50Na. L'intensité intégrée de ce pic à r=2,25 Å est estimée à diminuer de 25 % VI de x=30 à x=50. Étant donné que la largeur du pic est la même dans les deux cas (0,21 Å), cette diminution d'intensité peut être interprétée comme une diminution du nombre de coordination du soufre autour des atomes de Ga ou de Ge avec l'augmentation en Na2S. Le deuxième pic est attribué aux distances S-S au sein des tétraèdres [GaS4] et

[GeS4], ainsi qu'aux distances Ga-Ge, Ga-Ga ou Ge-Ge entre deux tétraèdres liés par les coins. 

Conduction des verres dans le system Na2S-Ga2S3-GeS2

Conductivité ionique

Des pastilles ont été réalisées à partir des poudres de verres pour mesurer leur conductivité par spectroscopie d'impédance complexe. La représentation de Nyquist (Fig. 6) a été utilisée, où la partie imaginaire de l'impédance complexe est tracée en fonction de la partie réelle de l'impédance complexe. Le demi-cercle dans la région de haute et moyenne fréquence représente l'impédance de l'échantillon. Dans la région de VII basse fréquence, la présence d'une queue de polarisation résulte de l'accumulation de porteurs de charge (Na + ) à l'interface entre la pastille et l'électrode, ce qui indique que la conductivité électrique est principalement ionique. Idéalement, le spectre dans une représentation de Nyquist d'une poudre pressée conductrice ionique devrait être caractérisé par deux demi-cercles bien résolus et une queue de polarisation. Le demicercle à fréquence plus élevée correspond au transport ionique dans le grain, et le demicercle à fréquence plus basse correspond à la contribution de la limite de grain.

Cependant, les contributions volumiques et des joins de grains ne peuvent pas être distinguées à température ambiante, comme c'est généralement observé sur de tels matériaux. Par conséquent, les valeurs de conductivité rapportées correspondent aux conductivités totales de l'échantillon et à leurs énergies d'activation correspondantes. 

Conductivité électronique

La conductivité électronique des matériaux est mesurée par chronoampérométrie potentiostatique. Une tension continue (0,1 V) est appliquée à une cellule de type Swagelok acier inoxydable/électrolyte/sodium métal et le courant est mesuré (Fig. 8).

Lorsqu'une polarisation en courant continu stable est appliquée à l'électrolyte, les charges migrent aux électrodes. Les cations vont s'accumuler à l'électrode négative, et IX leur flux diminue jusqu'à être nul. Le courant stable observé par la suite est uniquement dû à la contribution électronique. Les échantillons 70Na, 50Na et 25Na présentent une conductivité électronique à température ambiante d'environ 10 -7 S.cm -1 , avec un rapport σi/σe de 24, 7,6 et 0,67, respectivement. Ces valeurs sont loin d'être considérable pour l'application dans les batteries tout-solides en sodium. 

Conclusion

Au

GENERAL INTRODUCTION GENERAL INTRODUCTION

The development of advanced energy storage systems emerges as a promising solution to address escalating environmental concerns related to fossil fuels and the imperative shift toward renewable energy sources. Among these solutions, electrochemical energy storage systems (ESSs) stand out for their efficient and reliable storage of electricity, finding widespread applications from portable electronics to electric vehicles in our daily lives. Over the past few decades, lithium-ion batteries (LIBs) have established a dominant position in the consumer electronics market due to the rapidly growing demand for higher energy density and prolonged cycle life. Certainly, the scarcity of lithium, its uneven global distribution, and the current global production levels contribute to price volatility, and the looming possibility of a lithium shortage. In addition, Organic liquid electrolytes are a crucial element in contemporary battery systems, primarily chosen for their excellent ionic conductivity and allowance of the utilization of more cost-effective materials, such as aluminum, for the current collectors and packaging. Nonetheless, Existing LIBs that employ organic liquid electrolytes composed of lithium salts and organic solvents often encounter various issues. These issues include a restricted electrochemical voltage range, flammability concerns, and the potential for leakage, which pose safety risks, particularly in large-scale applications.

Hence, there is a growing need for alternative battery technologies that are more costeffective and utilize more abundant resources to align with long-term development goals.

All-solid-state sodium-ion batteries (ASIBs), operating on a comparable electrochemical storage principle, have been identified as a promising alternative to LIBs. In recent years, ASIBs have gained significant attention in advanced rechargeable battery research. This is due to their notable advantages, which include costeffectiveness, extended lifespan, enhanced safety and accessible to high-energy and high-power densities.

Several challenges must be comprehensively addressed in the development of sodium solid-state electrolytes. These challenges include achieving high ionic conductivity, ensuring chemical stability in conjunction with both anode and cathode materials, In the second chapter, the synthesis and structural study of glasses within the Na2S-Ga2S3-GeS2 pseudo-ternary system are presented. First, the synthesis method is detailed following by the discussion of the glass forming ability. The thermal properties of studied glasses are then discussed. Finally, the structural study is conducted by applying various characterization methods.

The third chapter is dedicated to exploring the ionic and electronic conduction characteristics of our materials. This chapter starts with the presentation several models to clarify the ion transport phenomena within glassy compounds. Following that, the fundamental principles of EIS and potentiostatic chronoamperometry measurements are given. The third part of the chapter consists of discussing the experimental results of studied samples. Within this part, the effect on pellet thickness on conductivity is discussed as well as the comparison of conductivity of samples that share the same Na2S content.

The fourth and final chapter is dedicated to the study of glass ceramic counterpart of the studied system by focusing the specific composition of 25 would range from 2.5 °C to 2.8 °C. This outcome would surpass the primary objective of the agreement, which is to limit warming to "well below 2 °C".

In the contemporary world, the widespread use of fossil fuels has given rise to a series the discharge, the reaction is spontaneous, and the process is reversed: a reduction occurs at the cathode and an oxidation at the anode. In order to ensure the effective operation of the battery, a potential difference is required between the electrodes. The negative electrode's potential should be minimized (≤ 1 V), while the positive electrode's potential should not exceed 5 V to prevent issues concerning electrolyte stability. In theory, the optimal choice for the negative electrode material is lithium, and for the positive electrode material, fluorine (although fluorine's danger and its tendency to block reactions make it unsuitable for practical use). The composition of the electrodes plays a pivotal role in determining polarization and consequently influences the energy efficiency of the battery. Therefore, the selection of electrode materials directly impacts the amount of energy the battery can deliver. Ideally, a potential difference greater than or equal to 4 V is sought, along with energy efficiency as close to 1 as possible, a high specific capacity, and the favorable reversibility of the underlying reactions.

➢ Electrolyte

In essence, the electrolyte needs to fulfill two primary roles. Firstly, it should serve as a proficient ion conductor, ensuring efficient transfer of charges between electrodes within the battery. Secondly, it must act as a proficient electronic insulator, promoting the flow of electrons outside the battery's internal circuitry.

➢ Current collector

Current collectors connect the battery to the external circuit, exerting a substantial influence over the battery's capacity, rate capability, and enduring stability. Traditional options like aluminum and copper foils have served as the standard current collectors since the inception of commercial Li-ion batteries. Over the last two decades, efforts have been directed toward reducing the thickness of these current collectors to increase energy density.

Main parameters of a battery

➢ Capacity

The battery's capacity, denoted as C, is a characteristic unique to its electrodes, representing the quantity of electric charge that the battery can hold. This value is determined by multiplying the constant current I by the operational duration t of the battery, encompassing a full charge or discharge cycle. The resulting measurement is typically expressed in ampere-hours (A.h):

The capacity is subject to alteration based on the rate of discharge: a higher discharge rate leads to a reduction in capacity. As a result, discharge rates are commonly indicated relative to C (C, C/10, C/100, etc.). For instance, with a 100 A.h battery, discharging at C/5 translates to a current of 20 A for a duration of 5 hours. Temperature also exerts an impact: elevated temperatures correspond to increased capacity. Expressing specific capacities in terms of mass (A.h.kg -1 ) or volume (A.h.L -1 ) enables the capacity of the battery to be communicated relative to the mass or volume of active electrode material.

➢ Energy density

The energy density of a storage device represents the amount of energy stored in relation to each unit of total volume (W.h.L -1 ) or mass (W.h.kg -1 ) of the battery. This metric is contingent on both the specific capacity of the electrodes and the discharge voltage of the battery. The energy density serves as a gauge for estimating the device's operational duration. This, in turn, permits a comparison of various battery technologies, aiding in the identification of the most appropriate choice based on the intended use, whether it be mobile or stationary applications, for instance.

➢ Cyclability

A cycle encompasses a full charge and subsequent discharge of a battery. Cyclability, in essence, quantifies the count of discharges a battery can undergo while recuperating roughly 80% of its rated energy capacity. This parameter serves as a descriptor for the battery's operational longevity. Its value is contingent upon usage factors such as the frequency and depth of charge-discharge cycles, alongside storage and operational temperatures. Additionally, the battery's lifespan may decrease if subjected to complete discharges, leading to heightened electrolyte fatigue. Cyclability emerges as a crucial factor, especially in mobile applications.

➢ Self-discharge

When a battery is in an open circuit state, the occurrence where its stored energy dissipates naturally is referred to as the battery's self-discharge. This phenomenon is also termed the battery's charge retention capacity, which signifies the battery's ability to uphold stored energy within specific environmental conditions. Theoretically, the battery's electrodes exist in a thermodynamically precarious state during the state of charge (SoC). This condition prompts spontaneous physical or chemical reactions within the battery, leading to the dissipation of the battery's chemical energy. Depending on the nature of these reactions, self-discharge can be categorized into two types: physical self-discharge and chemical self-discharge. Generally, energy loss attributed to physical self-discharge is recoverable, whereas the energy loss stemming from chemical self-discharge is largely irreversible.

➢ Battery polarization

When an electric current flows through a battery, the occurrence where the electrode's potential shifts away from its equilibrium electrode potential is referred to as electrode polarization. The degree of deviation from the equilibrium electrode potential becomes more pronounced with higher current passing through the electrode. The discrepancy between the electrode potential before and after activation is termed overpotential. The equilibrium electrode potential signifies the electrode potential in a static and relatively idealized condition, occurring when no current is flowing. Under the circumstance of discharging at a rate of C/1, the impact of polarization can be disregarded. However, discharging at a higher rate result in a significant reduction in discharge time, causing the battery to generate heat and potentially expand (which may revert upon discharging and cooling). This phenomenon can influence the battery's operational lifespan.

Polarization has a direct influence on the battery's energy efficiency; specifically, higher polarization correlates with lower efficiency. The energy efficiency (w) is defined as the ratio of the energy restored during battery discharge (Wd) to the energy required for its recharge (Wc): [START_REF] Tarascon | Issues and challenges facing rechargeable lithium batteries[END_REF][START_REF] Armand | Building better batteries[END_REF][START_REF] Goodenough | Challenges for Rechargeable Li Batteries[END_REF][START_REF] Goodenough | The Li-Ion Rechargeable Battery: A Perspective[END_REF] . The role of high-energy density LIBs as the preferred power source for electric vehicles (EVs) and hybrid electric vehicles (HEVs) in the automotive sector is particularly noteworthy.

W = W d W c (1 -2)
In the early 1980s, Mizushima and Goodenough, along with their collaborators, introduced LixCoO2 (LCO) as an innovative cathode material for batteries [START_REF] Mizushima | LixCoO2 (0<x<-1): A new cathode material for batteries of high energy density[END_REF] .

Subsequently, LCO gained widespread utilization, largely attributable to Sony's successful commercialization of the LiCoO2/C cell in 1991, as shown in Nevertheless, conventional LIBs, primarily relying on the Li + intercalation mechanism, exemplified by materials like LiCoO2, LiFePO4, and LiMn2O4, fall short in delivering the high-charge capacities (>200 mA.h.g -1 ) demanded by specific applications [START_REF] Liu | Nickel-Rich Layered Lithium Transition-Metal Oxide for High-Energy Lithium-Ion Batteries[END_REF][START_REF] Manthiram | Nickel-Rich and Lithium-Rich Layered Oxide Cathodes: Progress and Perspectives[END_REF] ). In a word, the progress of LIBs is heavily dependent on the advancement of their working electrodes [START_REF] Kim | Lithium-ion batteries: outlook on present, future, and hybridized tech nologies[END_REF] .

Sodium-ion batteries

Sodium, ranking as the fourth most abundant element on Earth, is readily available in abundant quantities [START_REF] De La Llave | Comparison between Na-Ion and Li-Ion Cells: Understanding the Critical Role of the Cathodes Stability and the Anodes Pretreatment on the Cells Behavior[END_REF] . The reservoirs of sodium-containing source materials are extensive, with the United States alone possessing 23 billion tons of soda ash. This abundance of resources, along with the significantly lower cost of trona (approximately $135-165 per ton), from which sodium carbonate is derived, compared to lithium carbonate (priced at around $5000 per ton in 2010), presents a strong justification for the pursuit of sodium-ion batteries (SIBs) as viable alternatives to LIBs [START_REF] Slater | Sodium-Ion Batteries[END_REF][START_REF] Linden | Linden's handbook of batteries[END_REF] . Given the necessity for an alternative to lithium for the realization of large-scale applications, SIBs have garnered significant research attention in recent years.

Much like in the case of LIBs, SIBs also require cathode materials that exhibit high reversibility through an intercalation reaction. This reaction entails the introduction of a guest species (in this context, Na + ) into interstitial sites, and it is crucial for achieving both high capacity and excellent cyclability in SIBs.

During the 1980s, before LIBs became commercially available, a handful of American and Japanese companies worked on SIBs in complete cell configurations. These cells utilized a sodium-lead alloy composite as the anode and a P2-type NaxCoO2 as the cathode. Despite demonstrating impressive cyclability exceeding 300 cycles, these SIBs had an average discharge voltage of less than 3.0 V, which did not capture as much attention when compared to carbon/LiCoO2 cells, which boasted an average discharge voltage of 3.7 V [START_REF] Kubota | practical issues and future perspective for Na-ion batteries[END_REF] . Nevertheless, the quest for an anode that can provide the requisite sodium voltage storage, a substantial reversible capacity, and robust structural stability remains a challenging hurdle in advancing the development of SIBs. Graphite, a frequently used anode material in LIBs, exhibits a moderate lithium storage capacity, typically around 350 mA.h.g -1 at approximately 0.1 V vs. Li/Li + . Recent research has revealed that graphite is not well-suited for intercalating sodium ions [START_REF] Divincenzo | Cohesion and structure in stage-1 graphite intercalation compounds[END_REF][START_REF] Alcá Ntara | Carbon black: a promising electrode material for sodium-ion batteries[END_REF] . In contrast, non-graphitic anodes, primarily composed of diverse carbonaceous materials such as carbon black [START_REF] Stevens | An in situ small-angle X-ray scattering study of sodium insertion into a nanoporous carbon anode material within an operating electrochemica l cell[END_REF] and pitch-based carbon-fibers [START_REF] Thomas | Electrochemical insertion of sodium in pitch-based carbon fibres in comparison with graphite in NaClO4-ethylene carbonate electrolyte[END_REF] , facilitate the insertion of sodium ions.

Certainly, SIBs were pioneered alongside LIBs during the 1980s, their inferior battery performance compared to LIBs was the primary factor behind SIBs' decline.

Nonetheless, the current surge in electric vehicles (EVs) and energy storage systems relying on LIBs as their power sources has raised concerns about potential LIB shortages. As a result, renewed attention has been directed toward advancing SIB technology, leveraging the abundance and even distribution of sodium, which is a costeffective resource.

All-solid-state batteries (ASSBs)

Protocols were established for the assembly and electrochemical assessment of ASSBs in the 90s, and these protocols continue to be followed to this day. The battery is fabricated within an insulating polycarbonate matrix measuring 10 mm in diameter, achieved by cold-pressing electrode and electrolyte layers, as shown in Figure I-7.

Consequently, the resulting battery possesses a thickness on the order of a millimeter, which is approximately 100 times greater than that of a thin-layer battery. The electrodes, frequently referred to as composites, are created by blending the active material with the electrolyte and a conductive additive. The ratios of these components represent a critical parameter that significantly impacts the battery's performance. The inclusion of the electrolyte serves the dual purpose of facilitating the efficient transport of lithium ions and optimizing the interface with the electrode.

Figure I-7 Schematic representation of a typical bulk-type solid-state battery and cold-

pressing process for sulfide-based electrolyte or sintering process for oxide-based electrolyte [START_REF] Hao | Architectural design and fabrication approaches for solid-state batteries[END_REF] .

In comparison to organic electrolytes, both in liquid and polymer forms, inorganic solid electrolytes offer the benefit of being non-flammable and immune to the potential for leakage in battery applications [START_REF] Tarascon | Issues and challenges facing rechargeable lithium batteries[END_REF] . Furthermore, due to a less energetic diffusion process of cations at the interface between the electrode and solid electrolyte, there is a theoretical potential for achieving more extensive cycling regimes in ASSBs compared to traditional batteries that employ liquid electrolytes.

Conventional lithium-ion batteries rely on separators and electrolytes, constituting approximately 40% of the volume, 25% of the total weight of the battery and 10-15% of cell component costs [START_REF] Weber | Material review of Li ion battery separators[END_REF] . By substituting these components with solid electrolytes, the gap between the positive and negative electrodes (formerly occupied by membranes and electrolytes) can be significantly reduced, potentially down to just a few to a dozen microns. This reduction enables a substantial decrease in battery thickness. As a result, the advancement of all-solid-state battery technology holds great promise for achieving the miniaturization and slimming down of battery designs. However, this phenomenon holds true only under the condition of optimal contacts between the electrode and the electrolyte. Oxide ceramic electrolytes on the other hand, tend to be more rigid and require high sintering temperatures (essential for achieving good conductivity) [START_REF] Geiger | Crystal chemistry and stability of 'Li7La3Zr2O12' garnet: A fast lithium-ion conductor[END_REF] . That is why novel shaping techniques have been necessitated.

Such an optimal scenario is evident with sulfur-based electrolytes due to their remarkable deformability. These techniques include the utilization of methods like spark plasma sintering or hot pressing, along with electrode deposition via pulsed laser deposition. These advancements have enabled the enhancement of interfaces and the preparation of highly efficient ASSBs [START_REF] Aboulaich | A new approach to develop safe all-inorganic monolithic li-ion batteries[END_REF][START_REF] Ohta | Electrochemical performance of an all-solid-state lithium ion battery with garnet-type oxide electrolyte[END_REF] .

The inception of thin film batteries traces back to 1982, with the introduction of an allsolid thin film battery by the Japanese company Hitachi, depicted in ASSBs. In the next part, we will therefore introduce these materials and we will discuss their use as solid electrolytes.

3. Sulfide-based glasses and glass-ceramics as solid-state electrolyte

Definition of a glass

Natural glass varieties like obsidian and amber have been in existence since well before life originated on Earth. Approximately 6,000 years ago, humans stumbled upon synthetic oxide glasses, which are now widespread in both domestic and advanced technological contexts [START_REF] Mauro | Two Centuries of Glass Research: Historical Trends, Current Status, and Grand Challenges for the Future[END_REF] . A multitude of conventional oxide glasses, along with some comparatively new inorganic glass types like chalcogenide, fluoride, bromide, oxyfluoride, oxynitride, and various others, have been unveiled over the last century [START_REF] Zanotto | The glassy state of matter: Its definition and ultimate fate[END_REF] .

Additionally, there has been a growing exploration of vitreous organic materials, polymers, and metallic alloys [START_REF] Bennett | Melt-Quenched Glasses of Metal-Organic Frameworks[END_REF] .

Figure I-10 Graphical representation of enthalpy as a function of temperature, illustrating the behavior of a glass-forming material and highlighting four distinct phases: the liquid phase, the supercooled liquid phase, the glass phase, and the crystalline phase. Tm represents the melting point or liquidus temperature, while Tg signifies the glass transition temperature [START_REF] Debenedetti | Supercooled liquids and the glass transition[END_REF] .

A glass is defined as a non-crystalline solid exhibiting the glass transition phenomenon.

It can be obtained by the rapid cooling of a liquid. When the cooling rate is fast enough, the atoms don't have time to reorganize, and a metastable supercooled liquid is obtained.

Below the glass transition temperature Tg, the mobility of atoms is no longer sufficient to reach thermodynamically stable sites, and the supercooled liquid is frozen out of equilibrium. The result is a glass with the properties of a solid but the disordered structure of a liquid. Indeed, glasses lack a long-range, repeating atomic structure.

The glass transition phenomenon can by illustrated by Figure I-10 which depicts the relationship between temperature and the volume (or enthalpy) of a liquid under constant pressure. For a crystalline material, the sudden variation of enthalpy corresponds to the transition between the liquid state to the solid state. The most thermodynamically stable state is the crystal. For glasses, when the viscosity at crystallization temperature is sufficient, the volume continues to decrease with the same slope and no discontinuity is observed. Nucleation has no time to occur, and crystallization is avoided. At lower temperatures, the viscosity of the supercooled liquid continues to decrease until its rigidity prevents any local movement. The enthalpy decreases and its slope becomes identical to that of the crystalline solid, but at a higher enthalpy. This is the glass transition phenomenon, characteristic of glass, to which the glass Tg is associated.

Chalcogenide glasses

Non-oxide chalcogenide glasses are composed of sulfur (S), selenium (Se) and/or tellurium (Te), associated with elements close to them in the periodic table such as gallium (Ga), germanium (Ge), arsenic (As). They are characterized by a wide transparency window in the infra-red range, up to 35 µm for telluride glasses, and are therefore mostly used for optical applications. Depending on their chemical composition, they also possess electric properties, and in particular ionic conductivity.

In this thesis, we will focus on chalcogenide glasses composed of sulfur.

Synthesis strategies of chalcogenide glasses

Melt-quenching technique

The method of quenching, involving the rapid cooling of a material from elevated temperatures to room temperature or lower, followed by subsequent annealing at either room temperature or elevated levels, has consistently garnered substantial favor within the field of metallurgy and materials science. Since the dawn of the Iron Age, quenching has held a significant role in the advancement of civilizations across the globe. [START_REF] Mackenzie | History of Quenching[END_REF] The melt-quenching technique is frequently employed in the production of chalcogenide glass because the thermodynamics of the process favor glass formation when the liquid glass is subjected to undercooling conditions [START_REF] Kang | Chalcogenide glass for thermoelectric application[END_REF] . However, owing to its hydroscopy and instability exposed to air, melt-quenching techniques for chalcogenide glasses are conducted in either sealed silica ampoules or within a controlled glove box.

As a derivative method of melt-quenching, melt spinning proves to be an advantageous method for rapidly cooling molten solutions. In this process, a fine stream of molten glass is poured onto a rotating wheel, allowing the wheel to rapidly absorb and dissipate the heat, thus maintaining the continuous amorphous state of the liquid. This approach has the capability to create a hierarchical microstructure through swift quenching, resulting in the formation of amorphous phases due to the exceptionally high cooling rates associated with melt spinning. Consequently, this leads to a significant reduction in lattice thermal conductivity [START_REF] Tan | Synergistic Effect of Bismuth and Indium Codoping for High Thermoelectric Performance of Melt Spinning SnTe Alloys[END_REF] .

Mechanochemistry

Mechanochemistry was first proposed as a branch of chemistry in 1919 when Ostwarld W classified chemistry depending on energy types. According to him, like thermochemistry and photochemistry, the discipline that studies the chemical changes of substances caused by mechanical force should be called mechanochemistry [START_REF] Fox | Mechanically initiated chemical reactions in solids[END_REF] .

However, it was a series of research work done by Peters K et al. since 1951 that really defined the mechanochemical reaction and attracted the attention of scientists all over the world [START_REF] Baláž | Hallmarks of mechanochemistry: From nanoparticles to technology[END_REF] . Mechanochemical procedures can result in extensive structural alterations, including a reduction in material particle size, an increase of specific surface area, and alterations in density due to particle fragmentation. Additionally, as particle dimensions are diminished to the nanoscale, the markedly enlarged particle surface area will exert a considerable influence on the electronic structure of the material's surface. The mechanical milling process, involving forces such as impact, shear, and pressure, induces deformation of the crystalline particles, resulting in lattice distortion and increased crystal disorder.

A planetary mill comprises a rotating support disc that accommodates one or more bowls. When grinding, the disc rotates in one direction, while each bowl simultaneously revolves around its own axis in the opposite direction. This motion subjects the grinding balls to centrifugal and Coriolis forces, as illustrated in Figure I-11a. preventing balls from falling off their positions onto the shell. This is the point at which centrifuging occurs. To ensure the mill operates effectively, it should be operated at a speed ranging from 65% to 80% of the critical speed. As the product size becomes finer, the mill's capacity decreases while its energy requirements increase. When the mill speed surpasses the critical speed (i.e., centrifuging occurs), the capacity for size reduction diminishes.

The factors that influence the mechanochemical performance are listed as below:

➢ Characteristics of the milling equipment:

Various material types are available for high-energy ball milling, including tungsten carbide (WC), zirconia (ZrO2), agate, and more. The disparity in density among these materials significantly affects the milling kinetics. The selection of material type also hinges on the hardness of the reactants involved. It's crucial that the hardness of the reactants does not exceed that of the milling material. Larger balls deliver more potent impacts, resulting in enhanced milling efficiency. In summary, the material choices for both the bowl and the milling balls, as well as the diameter of the balls, collectively influence the final particle size of the product. The choice of bowl type should be made considering factors like the nature of the raw materials and the rotation speed, among others.

➢ Rotation speed:

An alternative approach for regulating a reaction involves altering the rotation speed of the bowls. This method allows precise control of the energy input to the system, facilitating fine-tuning and reproducibility of reaction conditions. The adjustment of rotation speed directly impacts the movement of the milling balls, thereby affecting the kinetics and results of the reaction. Increasing the rotation speed enhances the milling process's intensity and elevates the temperature within the bowl.

➢ Workload of bowl & ball to reactant ratio (BRR):

These two factors, space for both the balls and the crushed material to move, are also crucial parameters to consider. In most mills, the bowl is typically filled to only 50% of its capacity. When it comes to the planetary mill, the optimal milling conditions involve a distribution of approximately 1/3 raw materials, 1/3 balls, and 1/3 vacuum space within the bowl. The Ball-to-Reactant Ratio (BRR) is defined as the total mass of the balls divided by the total mass of the reactants in the reaction. Research indicates that a high BRR can lead to a reduction in milling time during mechanical alloying. This is attributed to the fact that a higher BRR increases the average collision frequency, consequently introducing more energy into the system [START_REF] Suryanarayana | Mechanical alloying and milling[END_REF] .

One significant benefit of the mechanical milling process is that it operates entirely at room temperature. This results in the production of fine electrolyte powders that can be directly applied to secondary batteries without the need for additional pulverization steps. The amorphization achieved through mechanical milling is attributed to a solidstate interdiffusion reaction, rather than local melt quenching [START_REF] Schwarz | Formation of amorphous alloys by the mechanical alloying of crystalline powders of pure metals and powders of intermetallics[END_REF] . As a result, there is a substantial potential for creating novel amorphous materials that were previously unattainable through traditional melt quenching methods [START_REF] Hayashi | Preparation of Li2S-P2S5 amorphous solid electrolytes by mechanical milling[END_REF] . Martin et al. also confirms that the mechanical milling process has also broaden the range of glass formation by amorphizing combinations of initial materials that would typically be challenging to prepare using the melt-quenching technique [START_REF] Kim | Ionic conductivities of various GeS2-based oxysulfide amorphous materials prepared by melt-quenching and mechanical milling methods[END_REF] . In addition, given that the production of sulfur-based materials demanded meticulous attention and a high-purity glove box to prevent their reactivity with air and silica containers, mechanical milling techniques have been regarded as a more convenient alternative [START_REF] Mercier | Superionic conduction in Li2S -P2S5 -LiI -glasses[END_REF] .

Definition of a glass-ceramic

Glass-ceramics are created through the deliberate promotion of crystallization in specific glasses, often achieved through the introduction of nucleating agents. This process stands in contrast to spontaneous surface crystallization, which is typically undesirable in the field of glass manufacturing. These glass-ceramics consistently contain a residual glassy component alongside one or more integrated crystalline phases.

The level of crystallinity can range from 0.5 to 99.5%, most commonly falling between 30 and 70% [START_REF] Zanotto | A bright future for glass-ceramics[END_REF] . The controlled ceramization process results in a wide range of materials that exhibit intriguing, and at times, unique combinations of properties.

Typically, the production of glass-ceramics involves a two-stage procedure. Initially, a glass is created using conventional glass manufacturing techniques. Subsequently, the glass object is molded, cooled, and then subjected to reheating, typically above its glass transition temperature. During these heat treatments, the object undergoes partial crystallization within its interior. Usually, nucleating agents, such as noble metals or fluorides, are incorporated into the base glass composition to enhance the nucleation process.

The mechanical characteristics of glass-ceramics surpass those of the original glass.

Furthermore, glass-ceramics can display additional unique attributes that prove advantageous for specific uses. For instance, certain compositions within the Li2O-Al2O3-SiO2 system demonstrate an exceptionally low coefficient of thermal expansion, making them well-suited for applications requiring resistance to thermal shocks [START_REF] Pannhorst | Glass ceramics: State-of-the-art[END_REF] . Li + conducting glass-ceramics represent a hopeful option as solid electrolytes for LIBs.

They have exhibited noteworthy levels of conductivity at room temperature (around 10 -

Advantages of sulfide glasses and glass-ceramics as solid electrolyte

In contrast to oxides, the production and integration of sulfide glasses into ASSBs are more straightforward. The extensive compositional variability, ease of thickness regulation, and scalability all contribute as appealing attributes for the industrial manufacturing of sulfide glasses. The lower melting point of sulfides in comparison to oxides eliminates the need for high-temperature processing, often allowing adequate particle-to-particle contact to be achieved through cold pressing [START_REF] Lau | Sulfide Solid Electrolytes for Lithium Battery Applications[END_REF] .

According to the weak electrolyte theory proposed by Ravaine and Souquet [START_REF] Jl | APPROACH TO IONIC CONDUCTIVITY IN OXIDE GLASSES. 1. CORRELATION OF THE IONIC CONDUCTIVITY WITH THE CHEMICAL POTENTIAL OF ALKALI OXIDE IN OXIDE GLASSES[END_REF] , the ionic conductivity within a glass is intimately linked to the dielectric permittivity of the medium, and it is expected to rise with an increase in this parameter. Consequently, the substitution of oxygen with a more polarizable atom, such as sulfur (S) or selenium (Se), was hypothesized to result in an augmentation of conductivity [START_REF] Pradel | Thio and selenosilicates, sulfide and selenide counterparts of silicates: similarities and differences[END_REF] . Same conclusion is also obtained according to the "Hard and Soft Acid and Bases" (HASB) theory

proposed by Pearson [START_REF] Pearson | Hard and soft acids and bases, HSAB, part 1: Fundamental principles[END_REF] . The transition from oxide to sulfide-based glass matrices leads to a significant and rapid increase in ionic conductivity. This phenomenon can be attributed to the compatibility between lithium ions, categorized as "hard acids", and sulfide ions, which act as "soft bases." This compatibility enhances the mobility of lithium ions, thereby contributing to the heightened ionic conductivity observed [START_REF] Tatsumisago | Sulfide Glass-Ceramic Electrolytes for All-Solid-State Lithium and Sodium Batteries[END_REF] .

Sulfide glass electrolytes exhibit a relatively elevated conductivity across a broad range of compositions, whereas crystalline electrolytes demonstrate heightened conductivity within a restricted composition range, providing favorable pathways for the conduction of cations [START_REF] Tatsumisago | A. 19 -Chalcogenide glasses as electrolytes for batteries[END_REF] . Specific glass compositions undergoing partial crystallization can yield substantially elevated values by forming glass-ceramics. These glass-ceramics typically consist of crystalline and amorphous components that emerge through the heat-induced crystallization of the original glass during a heat treatment process.

Sulfide-based electrolytes in the literature

Different sulfide-based materials have been studied in the literature, especially of Li technology. We focus here on the main systems with promising ionic conductivities and/or performances in ASSBs. The electrolyte exhibited a conductivity of 10 -4 S.cm -1 at 298 K. By introducing up to 45 mol% of LiI, a widely recognized glass network former, into the system, the conductivity could be further enhanced to a maximum of 10 -3 S.cm -1 , as shown in 

➢ Li10GeP2S12

Kanno et al. amazed the ionic conductor community with their discovery of a solid electrolyte that exhibits ionic conductivity comparable to, or even exceeding, that of traditional liquid electrolytes [START_REF] Kamaya | A lithium superionic conductor[END_REF] . The compound Li10GeP2S12 (LGPS), demonstrates a conductivity of 1.2 × 10 -2 S.cm -1 , featuring an activation energy of 24 kJ.mol -1 .

Furthermore, it exhibits robust lithium stability up to 5 V. Notably, these conduction This glass composition was derived by melting appropriate ratios of Na2S and P2S5 at a temperature of 1000 °C, followed by rapid quenching in cold water. The resulting glass exhibited a room-temperature ionic conductivity, quantified at 3.6 × 10 -6 S.cm -1 .

Hayashi et al. effectively produced Na2S-P2S5 glass through mechanical milling at a speed of 510 rpm for a duration of 20 hours, resulting in an augmentation of the Na2S content up to 80 mol% [START_REF] Noi | Structure and properties of the Na2S-P2S5 glasses and glass-ceramics prepared by mechanical milling[END_REF] . As the Na2S content was heightened, the room temperature conductivities of the glass electrolytes demonstrated a corresponding elevation, peaking at the composition where Na2S content was equal to 80 mol%. Notably, at this composition, the highest recorded conductivity reached 1 × 10 -5 S.cm -1 . At present, the common methods to improve the conductivity of chalcogenide solid electrolytes mainly include doping and binary blending. Element doping is a commonly used modification method to enhance ionic conductivity. Aliovalent doping on the P site or halogen doping on the S site can improve the ionic conductivity of Na2S-P2S5 glass system. Hibi et al.

then conducted a sodium iodide addition on the Na2S-P2S5 glass system and obtained an improved conductivity of over 10 -4 S.cm -184 . [START_REF] Chi | An electrochemically stable homogeneous glassy electrolyte formed at room temperature for all-solid-state sodium batteries[END_REF] . Through the creation of bridging oxygen units, the Na3PS4-xOx solid electrolytes experience pressure-induced sintering at room temperature. This process leads to the development of a completely uniform glass structure endowed with strong mechanical properties. An ionic conductivity high as 2.7

× 10 -4 S.cm -1 was found when x = 0.15. Combined with their previous study, the introduction of oxygen doping into the Na3PS4-xOx glassy solid electrolyte expanded the available free volume accessible to mobile Na + ions, thereby augmenting the "doorway" radius (rD) among the Na + ion locations. Consequently, this led to a reduction in the overall activation energy and a subsequent enhancement in conductivity.

➢ Na3PS4 glass-ceramics

Sodium sulfur electrolytes, recognized as a prominent example of sodium-based chalcogenide electrolytes, have garnered significant interest. In 1992, Jansen and Henseler achieved the successful synthesis of tetragonal single-crystal Na3PS4 through solid-state reaction [START_REF] Jansen | Synthesis, structure determination, and ionic conductivity of sodium tetrathiophosphate[END_REF] . The ionic conductivity stands 4.17 Through a consecutive treatment of heating-quenching-heating, Kanno et al.

demonstrated the production of t-Na3PS4 with an enlarged lattice volume [START_REF] Takeuchi | Sodium superionic conduction in tetragonal Na3PS4[END_REF] . This innovative approach stabilizes the high-temperature phase at room temperature, leading to increased sodium ion vacancies. Subsequent heating following quenching induces further expansion of the lattice volume, consequently enhancing vacancies and gaps among Na ions. Ultimately, this sequential process results in a conductivity boost of one order of magnitude (3.39 × 10 -3 S.cm -1 ).

➢ Na10MP2S12 (M = Ge, Sn, Si) glass-ceramics 

Conclusion

In the first part, we reviewed the current global energy situation. The domination of fossil fuel has led to many environmental and geopolitical issues which bring huge impact to human lives. A transition to renewable energies is necessary, and batteries are a fast-growing technology for storing energy.

Conventional batteries composed of a liquid organic electrolyte have brought up security issues: flammability, thermal fragility, etc. ASSBs stood out as a promising next-generation battery. In the second part, we have seen that the family of lithium-ion and sodium-ion conductors is extremely vast and has been studied for almost a century by numerous teams on an international scale. We reviewed different types of ASSBs.

For about thirty years, these ionic conductors have given rise to a new generation of ASSBs, deemed safer compared to conventional Li-ion batteries due to the flammability of the electrolyte, and carrying many promises. We then discussed the feasibility to take chalcogenide glasses and glass-ceramics as the future solid-state electrolyte by looking into their definition, characteristics, and their synthesis methods.

In the third part, we looked into the literature to find the current work worldwide on chalcogenide materials as solid electrolytes in batteries and discussed their performances. Although many lithium conductors have been discovered, the literature on sodium conductors is much less extensive. In the next chapters, we will then focus on sodium conducting glasses.

Chapter II: Synthesis and structure of glasses in Na 2 S-Ga 2 S 3 -GeS 2 system

Chapter II. Synthesis and structure of glasses in Na2S-Ga2S3-

GeS2 system

1. Introduction

In the previous chapter we saw many compounds likely to take the role of solid electrolyte in an ASSB. The state of the art has shown us that sulfide-based compounds currently offer the best electrochemical properties and have given rise to high performance batteries, whether they are glass or ceramic. We have chosen to focus on a new series of compounds: Na2S-Ga2S3-GeS2 for the following reasons. First of all, previous studies conducted in our research team on the Na2S-Ga2S3 pseudo-binary system show interesting properties with moderate ionic conductivity (1.9 × 10 -6 S.cm - 1 ). Cation substitution is one of the effective ways to improve ionic conductivity [START_REF] Jolley | Improving the ionic conductivity of NASICON through aliovalent cation substitution of Na3Zr2Si2PO12[END_REF] , and this is why germanium has been chosen as an important building role/network modifier in many well-known solid electrolytes. Lastly, very few studies have been published in the literature on this system. analysis and impedance spectroscopy. Ionic conductivities at room temperature from 10 -10 S.cm -1 to 10 -6 S.cm -1 were obtained for these samples. Annealing processes on the amorphous powers were also carried out to obtain glass-ceramics, but no improvement in conductivity was observed.

Yao et al. 100,101 synthesized a series of compositions by melting a stoichiometric mixture of Ga2S3, GeS2 and Na2S at 900 °C then quenching at room temperature.

Glasses obtained presented ionic conductivities at room temperature from 10 -6 S.cm In this chapter, we first discuss the synthesis conditions for making glass powder samples, as well as glass-forming capabilities. DSC analysis will be presented to study the thermal properties. Raman spectroscopy, DFT calculations are used to study the evolution of the glass network as a function of Na content. Total X-ray scattering, together with pair distribution function (PDF) analysis is used to probe the local structure.

Synthesis

Purification of sulfur

Although the sulfur used for the synthesis is of high purity (5N), a purification step is still needed to remove the water or sulfur dioxide vapors (by boiling under vacuum), and to eliminate the traces of carbon and transition metals (by distillation). The device used for sulfur purification is illustrated in Figure II-1. The procedure is as follows: a silica purification tube is cleaned beforehand with hydrofluoric acid for 30 seconds in order to eliminate silica dust, then rinsed several times with deionized water and then dried with ethanol. It is then deeply dried under primary vacuum (P ≈ 10 -3 bars). A cryogenic trap, immersed in a Dewar vessel filled with liquid nitrogen, is installed between the silica assembly and the pump. Once the silica assembly is dry, the sulfur is introduced into the filter tube. We then pass under secondary vacuum (P ≈ 10 -6 bars).

Then the sulfur is heated to a slight boil (i.e., at a temperature above 115°C). By condensing them within it, the aqueous residues of the assembly and the possible vapors of chemical products released during the vacuum boiling of chemical products, are trapped. This step eliminates the most volatile impurities such as water or sulfur dioxide and will be repeated several times at a few hours' interval. hours of milling, significant peaks of crystalline germanium (space group: Fd̅ 3m, ICDD number: 01-089-2768) were still observed. Their intensity did not decrease with the milling time. As expected, the difficulty of amorphizing germanium metal using mechanical milling is encountered. An alternative method of obtaining a Ge-rich glass precursor is then chosen and described in the next paragraph. In addition, to maximize milling efficiency, we also decided to increase the ball to reactants ratio (BRR), thus zirconia container with zirconia balls were chosen. 

➢ Synthesis of precursor Ga2S3

Ga2S3 compound was prepared by mechanosynthesis using a planetary ball mill (FRITSCH, Pulverisette 7). 8 g of a mixture of gallium (Neyco, 5N) and purified sulfur (Strem Chemical Inc., 6N) were weighed in stoichiometric proportions and placed in a tungsten carbide (WC) container (internal volume 45 ml). Then 10 WC balls (10 mm in diameter) were added to the mixture, which gives a ball/powder mass ratio of 10/1.

The mechanochemical reaction was carried out for periods of 4 hours at a fixed rotation speed of 400 rpm. The bowl was opened every hour to loosen the powder stuck to the walls in order to obtain a uniform powder. The whole process was carried out under an atmosphere of N2.

As shown in Figure II-5, the reaction between gallium and sulfur takes place within an hour of milling, leading to a mixture of different polymorphs of Ga2S3 and GaS, which then react to form a mixture of β and γ-phase Ga2S3 after 4 h of milling 104 . As mentioned in the beginning of this chapter, there are few studies with focus on the glass forming ability in this specific ternary system. Yao et al. obtained glasses by conventional melt quenching 100,101 . Two obstacles were encountered using this method:

Figure II-5 XRD patterns of Ga2S3 samples prepared by mechanosynthesis for different milling times (from bottom to top: 1 h, 2 h, 3 h and 4 h). The three diagrams in

Sample reference

(i) The low reactivity of gallium with chalcogenide elements in terms of forming glass.

That is why the gallium content in their work is limited. (ii) The attack of sodium to silica tube. Sodium tends to move from melt to silica structure, resulting in a deficiency of sodium in glass system and weaken the silica structure which eventually cause tube explosion.

Even though compositions studied here are not diverse enough to determine the glass forming region of the ternary, our work shows that it is possible to increase the Ga content by mechanochemistry compared to classical melt-quenching technique.

Furthermore, mechanochemistry enables to obtain Na-rich samples. The comparisons of Na2S content between the literature and our work are summarized in Table II-3. The value of ΔT (Table II-5), representing the difference between Tx and Tg is critical to assess the thermal stability of glasses against crystallization. In practice, a glass is considered thermally stable when ΔT is larger than 100 °C. ΔT firstly shows an increase trend and reaches its maximum of 122 °C for sample 40Na (Figure II-9b). But ΔT begins to fall with increasing alkali content in the glass system until reaching the minimum of 33 °C for sample 75Na. This behavior is within expectations as other reported Ge-Ga-S based glass systems have exhibited a similar tendency including previous work on GeS2-Ga2S3-NaX systems (with X = Cl or I) 106 , GeS2-Ga2S3-CsCl or CsI system 106,107 , and lithium analogue GeS2-Ga2S3-LiCl 108 . This can be explained that constantly adding alkaline in the glass system will generate the continuous rupture of the Ga (Ge)-S-(Ge) Ga bonds and form Ga (Ge)-S-Na bonds instead, eventually leading to the connectivity degradation of the glass network.

Our work

To study the impact of GeS2 and Ga2S3 on thermal properties, we compare the three factors Tg, Tx and ΔT between samples 70Na, 70Na_2 and 70Na_3 where there are content differences on GeS2 and Ga2S3. There is almost no difference of all factors for the compared samples, indicating a similar short-range network order and a similar thermal resistance for those samples. By comparing the samples 25Na and NGGS4, a related trend is also observed, indicating a close similarity between the basic building unit [GeS4] and [GaS4] tetrahedra. In order to study the kinetics of crystallization, we performed DSC analysis on the same composition using different heating rates. As shown in Figure II-10, the temperature at the crystallization peak maximum Tp increases with the heating rate. The same behavior can also be seen in other chalcogenide glasses such as Ga10Se87Pb3 109 , Si15Te85, Si20Te80 bulk glasses 110 and Se-Te-In glass systems 111 . During the crystallization process, a distinct peak is observed. As the heating rate increases, the position of these crystallization peaks also shifts to higher temperatures, indicating a clear difference in the crystallization behavior. The presence of a relatively high degree of short-range order in amorphous chalcogenide glasses contributes to the enhancement of their thermal stability. This structure provides increased resistance against the disruption of existing ordered grains. Regardless of the heating rate, it is evident that these materials exhibit a single exothermic crystallization peak, indicating a newly formed monophasic structure.

Figure II-10 Evolution of DSC curves of 70Na glass sample under different heating speed (shown on each curve), peak temperature of crystallization Tp is listed for each heating rate.

Plot of ln β as a function of 1000/Tp (K -1 ) of sample 70Na is shown within the DSC curve.

The activation energy of crystallization ΔEp for sample 70Na can be calculated thanks to the equation of Kissinger described as below 112 :

Where β is the heating rate, R is the gas constant and D is constant. The equation clearly shows that when plotting ln (β/Tc 2 ) against 1000/ Tg, a straight line is obtained. From the slope of this line, the activation energy associated with the structural motions and rearrangements near Tc can be determined. The activation energy of crystallization can also be obtained from the variation of the crystallization temperature with heating rate by using Ozawa's relation 113 as:

Based on this equation, a linear relationship is expected when plotting ln β against 1000/Tp. The slope of this plot can be used to calculate the activation energy associated with the structural motions and rearrangements occurring around Tp.

The plot of ln β as a function of 1000/Tp is shown in Figure II-10. The ΔEp of 70Na calculated using Kissinger's equation is equal to 65.20 kJ.mol -1 . Activation energy is a critical parameter as it signifies the thermal stability of the glass, and its value reflects the characteristics of the transformation process. Higher the ΔEp value, less probable the atomic arrangements are developed during heating, indicating a more thermal-stable struture. In other words, higher energy is required to complete the disorder-order transformation. Unfortunately, very little studies on similar glass systems can be found in the literature.

Raman spectroscopy

Principle

Raman spectroscopy is a technique used for structural analysis, enabling the examination of a material's vibration modes between atoms. These vibration modes represent the energy transitions permitted between various vibrational energy levels of the chemical bonds. The Raman spectrum is obtained by measuring the differences in frequency between the incident radiation and the radiation scattered by the material, allowing for the observation of these phenomena. When the sample is exposed to highfrequency radiation, a small portion of the photons scatters in all directions. This scattered radiation is then collected and analyzed using a detector. There are two types of signals in this radiation: the first signal, which is more common, involves about 1 photon in 10,000. These photons scatter elastically, meaning their energy remains the same as the source (known as Rayleigh scattering). The second signal, occurring less frequently, involves about 1 photon in 100,000,000. These photons scatter inelastically, resulting in an energy loss. During this process, photons interact with the material, either absorbing or releasing energy. Consequently, the scattered photons have a different frequency (νd) compared to the exciting radiation frequency (ν0). This phenomenon is referred to as the Raman effect.

The complexity arises in measuring and interpreting the results of amorphous materials due to their lack of long-range order and periodicity. However, an organized local shortrange structure exists within these materials. Hence, Raman spectroscopy was employed to investigate this local order and the arrangement of polyhedral within the In sulfide glasses, very similar to oxide glasses, the alkali sulfides are renowned for their role of glass network modifier. Glass modifiers disrupt the usual bonding between the elements that form glass by forming loose bonds with sulfur atoms. This process leads to the creation of non-bridging sulfurs (NBS) and reduces the extent of strong bonding within the glass, as shown in 

Experimental conditions

Raman scattering spectra of glass powder pellets were collected at room temperature under 532 nm laser excitation with a spectrometer coupled to a microscope (×100 objective) and confocal aperture (HREvo-LabRam spectrometer, Horiba). To avoid photoinduced phenomena, optical density filters have been selected to reduce the laser power focused on the samples to few mW. To protect the samples from air, powder pellets were placed in aluminum pans covered by microscope glass slide using epoxy resin as glue to ensure air tightness. The Raman measurements were performed on a surface area of 60 × 60 m 2 on a hundred points (1 second, 5 acquisitions) for each composition. The homogeneity of the Raman spectrum over the whole area was checked for each sample and an average spectrum representative of the glass sample was considered and plotted.

Results and discussion

Unlike the conventional melt-quenching technique which gives glass bulk, the milling synthesis method is expected to generate more defects and could deviate from a chemically ordered network model. Thus, to compare the local structure of glass powders by means of a useful spectroscopy method, Raman scattering spectra were collected for the different chemical compositions.

Given the composition of the studied amorphous materials x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3], we can start the description of the Raman spectra by considering the germanium sulfide-based system to which a high proportion of Ga2S3 is incorporated.

This has a significant impact on the amorphous structure because the system will be deficient in sulfur and thus influence the vibrational modes of the lattice compared to that of GeS2. The Ge-S glass system is known to be mainly formed by [GeS4/2] tetrahedra linked by their corners and partly by edges in the case of stoichiometric glass GeS2 forming a three-dimensional network structure. In a free tetrahedral AB4 molecule, there are two bond-stretching modes, the symmetric stretching mode 1 (A1, symmetry) only active in Raman, expected at 342 cm -1 and the asymmetric stretching mode 3 (F2, symmetry) at 388 cm -1 , which dominates the IR spectrum but is also active in Raman.

In addition to the two bond-stretching modes, there are the two bond-bending modes, a 2 mode of E symmetry at 114 cm -1 which is only Raman active, and 4 mode (F2 symmetry) at 147 cm -1 which is both IR and Raman active. For sulfur deficient glasses, germanium atoms can be linked by Ge-Ge homopolar bonds forming GeS4-xGex (x = 1, 2, 3 or 4) or S3Ge-GeS3 ethane-like structural units appearing usually at 258 cm -1 .

Considering the system Ge-Ga-S, the glass network is constituted of [GeS4/2] and [GaS4/2] tetrahedra linked by corners and edges 114-117 .

In the glass matrix considered, the introduction of a high proportion of Ga2S3 with a Ga/[Ge+Ga] ratio of 2/3 will create a high proportion of [GaS2/4] entities compared to [GeS2/4]. As previously mentioned, this glass material will be a sulfur deficient glass compared to the stoichiometric GeS2 glass. One can expect to compensate this S deficit to find M-M bonds in this amorphous matrix or as in the case of crystallized Ga2S3, the S could be found in coordination of 3 118 . This peak could be associated with the formation of 1-NBS and 2-NBS, but these entities are generally proposed in the literature at 440 cm -1 and 411 cm -1 , respectively.

With increasing Na2S content, the peak at 365 cm -1 , attributed to 4-NBS according to the literature, begins to amplify to eventually dominate the Raman spectrum. As a result, with increasing Na2S content, the basic units of the Ga(Ge)-S tetrahedron gradually change from one non-bridging sulfur (NBS) to four NBS. The shoulder at 389 cm -1 is generally associated with 3-NBS according to the literature, but it could also be linked to the S3Ge(Ga)-S-Ge(Ga)S3 vibrational modes of tetrahedral units linked by corners or edges forming dimers or small clusters surrounded by Na + . Indeed, the addition of Na2S disconnects the sulfur bridges, and modify the medium range lattice and ultimately decrease the stability of the glass. For the samples 70Na and 75Na, the signal of 0-NBS is almost not detected. It should be noted that for samples 20Na, 40Na, 60Na and 75Na, a low intensity signal assigned to α-Ga2S3 at 231 cm -1 is detected, due to the presence of impurity. 

DFT Calculations

To help us with the interpretation of the different features identified in the Raman spectra, DFT calculations were performed by Gwenhael Duplaix-Rata, Corentin

Poidevin and Xavier Rocquefelte (Inorganic Theoretical Chemistry research team, ISCR).

Principle

Density Functional Theory (DFT) represents a quantum-mechanical approach for atomistic simulation, enabling the calculation of a diverse range of properties for virtually any type of atomic system, including molecules, crystals, and surfaces. To determine these properties, the Schrödinger equation Hψ = Eψ must be solved, H being the Halmitonian of the system and ψ(r1, …, rN) the multi-electronic function. H is the sum of kinetic energy, an external potential including the Coulombic interaction between electrons and nuclei, and an interaction potential between electrons.

Schrödinger's equation is too complex to be solved exactly. DFT consists in reformulating the problem by solving the equation with the electron density n(r) rather than the individual wave functions. The total energy of the system is minimized, giving the electron density of the ground state. This is an ab-initio method, as it does not rely on adjustable parameters. The DFT methodology finds extensive utility across diverse domains such as organic and inorganic chemistry, as well as materials science domains like metallurgy, ceramics, and electronics 128 .

Calculations were performed using ORCA suite of programs 129 . All the molecular models were fully optimized using the B3LYP functional 130 . The Kohn-Sham orbitals were expanded on the TZVPP Gaussian basis set 131 . The resulting optimized atomic structures were used to simulate harmonic Raman spectra by computing analytically the polarizability (Polar 1 and NumFreq flags).

Calculated results and discussion

Toys models were generated based on one [(Ge/Ga)S4] tetrahedron. The resulting singly bonded sulfur atoms were neutralized by adding hydrogen-like atoms with masses of germanium or gallium on a corner-sharing position. It should be noted that the resulting cluster is neutral for germanium, i.e. Ge(SH)4, while not for gallium, i.e. [Ga(SH)4] -.

These two models are thus composed of doubly bonded sulfur atoms, and thus correspond to 0-NBS. In particular, a symmetric stretching mode is simulated at 358 cm -1 for 0-NBS compared to 347 cm -1 for the experimental one, and is shifted towards lower wave numbers (335 and 329 cm -1 for 1-NBS and 2-NBS, respectively), and then to higher wave numbers (337 and 362 cm -1 for 3-NBS and 4-NBS, respectively). The evolution of the symmetrical elongation vibration mode 1, as a function of Na2S content and non-bridging S formation, supports the hypothesis that 1-NBS and 2-NBS have a lower wavenumber signature and could thus explain the band appearance at 320 cm -1 in the experimental data. The 4-NBS vibration mode does indeed appear to be at a higher wavenumber than 0-NBS, while the association of 3-NBS is more delicate relying solely on DFT calculation. In contrast, the Raman simulations corresponding to the Ga clusters are altered (not shown here). Indeed, while Ge clusters are neutral, Ga clusters have a net charge of minus one. Such a residual charge may influence the calculation of the polarizability and thus the Raman intensities.

We cannot clearly link them to experimentally observed Raman vibration modes.

Another approach needs to be developed for Ga entities. The second peak is attributed to S-S distances within [GaS4] and [GeS4] tetrahedra, and to Ga-Ge, Ga-Ga or Ge-Ge distances between two tetrahedra connected by corners. 

Conclusion

Powdered glass samples were obtained in the x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] system, with x ranging from 10 to 75. The synthesis route chosen using melt-quenching method and mechanochemistry allows to explore new glass compositions. Comparing to glasses obtained by melt-quenching, a significant increase in Ga2S3 as well as an increase in Na2S in the glass compositions can be achieved using mechanical milling, indicating a reactivity increase of Ga during the glass synthesis. Besides, regarding the hardness of Ge metal and the difficulty of milling, the novel hybrid synthesis route allows to bypass this problem. Comparing the milling duration of mechano-synthesis

Chapter III. Conductive properties of glasses in Na2S-Ga2S3-

GeS2 system

1. Introduction

In the previous chapter, we discussed the glass forming ability of the Na2S-GeS2-Ga2S3 pseudo ternary using a hybrid method. The synthesis route chosen using meltquenching method and mechanochemistry allows to explore new glass compositions.

The thermal properties as well as the local structure of the Na2S-GeS2-Ga2S3 glasses were discussed.

Electric conductivity properties play a crucial role in a solid electrolyte. When studying such a material, two types of conductivity are examined: ionic conductivity, which is the result of the movement of ionic species, and electronic conductivity, which arises from the movement of electrons. On one hand, the material should exhibit minimal electronic conductivity to ensure that electrons only flow outside the battery, preventing any self-discharge. On the other hand, it should possess high ionic conductivity to facilitate the movement of ions between the two electrodes. When both these factors are present, the material can be effectively utilized as an electrolyte.

In this chapter, the first section provides an overview, although not detailed, of various models that are used to describe the phenomena of ionic transport within glass and crystallized materials. In the second section we discuss the ionic conductivity properties of glasses in the Na2S-GeS2-Ga2S3 pseudo ternary, including the room temperature conductivity study, viable-temperature conductivity study, thickness study as well as the study of impact of glass formers on conductivity. In the last section, we finally discuss the electronic conductivity of the glass material. In order to assess whether our compounds can serve as solid electrolytes, their electronic stability and conductivity were examined using potentiostatic chronoamperometry.

2. Ionic and electronic conductivity 2.1. Ionic conductivity

Ionic conduction in crystals

Ionic conductivity requires the transport of one or more types of ions through the material. In a perfect crystal, all the constituent ions are arranged in a regular and often densely packed manner. Consequently, the space available for ion diffusion is limited, with ions mainly vibrating around their equilibrium positions. Nonetheless, at any nonzero temperature, defects are present. These defects may arise from factors such as deviations from ideal stacking, leading to positional disorder. The extent of this disorder can vary from one material to the other, or even within the same material under different temperature or pressure conditions 138 . At absolute zero temperature, the system's free energy is primarily determined by its potential energy, resulting in an ideal crystal arrangement that minimizes the total potential energy of the system. However, as as temperature increases, the contribution of entropy to the free energy becomes increasingly significant. Entropy can be described as a measure of the level of disorder.

Hence, the origin of crystal defects lies in the system's endeavor to minimize free energy by increasing entropy 139 .

In the context of ion mobility in crystals, two significant types of defects are the 'Schottky' defect and the 'Frenkel' defect, both falling under the category of 'point defects' in crystals. The Schottky defect pertains to a crystal imperfection where a pair of ions, one cation and one anion, vanish, leaving their positions vacant, as shown in Both Frenkel and Schottky defects result in vacant sites within the crystal, allowing nearby ions to migrate to these vacancies. Consequently, the original site of the ion becomes vacant, creating the opportunity for another ion to occupy it. This process facilitates the transportation of ions across the solid, leading to conductivity. This mechanism is known as vacancy migration, which is exemplified in NaCl where ionic conduction occurs through this process.

In the case of the Frenkel defect, the ion that moves to an interstitial site can subsequently jump to a neighboring interstitial site and continue this motion, resulting in long-distance ion movement. This mechanism is referred to as interstitial migration.

Apart from these two mechanisms, there is another mechanism known as the interstitialcy mechanism, which involves the cooperative movement of two or more ions (Figure III-2). In crystals where this mechanism is operative, the occupation of both regular sites and interstitials is arranged in such a way that for an ion to transition to a neighboring site or interstitial, one or more neighboring ions must be displaced.

This cooperative movement is believed to be the conduction mechanism in Na-β-alumina 142 . The overall conductivity of a solid arises from both electrons and ions. To determine the actual charge carriers within a solid, transference number measurements can be conducted 144 . However, before interpreting the results, it is crucial to eliminate various sources of error in conductivity measurements. The primary sources of error include contact resistance and polarization effects at the interface between the superionic solid and the electrode, as well as grain boundaries 145 . To mitigate errors stemming from the aforementioned sources, an AC impedance measurement using the "four-probe"

technique is employed to avoid errors related to polarization effects and contact resistance 146 . By conducting measurements at different frequencies of the external field while maintaining a constant temperature, the conductivity values are extrapolated to zero frequency to obtain the DC conductivity value. The errors associated with grain boundary conduction are dependent on factors such as the material used and the method of preparation, as well as heat treatment. Conductivity measurements are typically performed across a range of temperatures to calculate activation energies. These activation energies provide an approximate estimation of the microscopic activation energy barrier encountered by the ions.

Ionic conduction in glasses

In 1972, Kunze proposed for the first time the potential for producing glasses exhibiting high levels of ionic conductivity during a conference held in Belgirate 147 . The initial experimental approach involved utilizing silver iodide as a fundamental model substance to create novel silver ion conductors. The primary goal was to alter the iodine ion sub-lattice by substituting anions possessing comparable geometrical characteristics.

This substitution aimed to stabilize the highly conductive phase observed at high temperatures, enabling its persistence at room temperature. Since then, the studies on ionic conductive glasses have been grown in a fast pace.

In the majority of cases, glasses exhibit conductivity in either ionic or electronic form, with ionic conduction primarily arising from the motion of a single ionic species, either anion or cation. The conductivity, denoted as σ, can be expressed as the result of multiplying the concentration of charge carriers, represented as n, and their mobility, symbolized as µ:

Where Ze is the charge on the conducting ion. The challenge in modeling ionic conductivity in glasses lies in comprehending the factors that determine the values of n and µ. Although it is widely acknowledged that the composition influences both parameters, there is a lack of accord regarding which term undergoes the most significant changes when transitioning from an insulator to a proficient conductor.

There are three models of ionic conduction in glasses that are widely accepted: The primary application of the Anderson-Stuart model has been observed in borate glasses 150 . In these glasses, there is a notable decrease in ΔEB as the alkali oxide content increases. This decrease is likely attributed to the reduction in cation site separation, resulting in a shorter cation jump distance. Consequently, there is a greater overlapping of the "coulomb orbitals".

➢ Weak electrolyte model

Originally proposed by Ravaine and Souquet [START_REF] Jl | APPROACH TO IONIC CONDUCTIVITY IN OXIDE GLASSES. 1. CORRELATION OF THE IONIC CONDUCTIVITY WITH THE CHEMICAL POTENTIAL OF ALKALI OXIDE IN OXIDE GLASSES[END_REF]151 , the "weak electrolyte theory" draws attention to certain parallels between the electrochemical behavior of glasses and aqueous systems. The theory assumes that when a modifier oxide or another dopant salt is introduced into a glassy matrix, the primary energy barrier encountered by the cation in conduction arises from the dissociation of the alkali component. Once a cation separates from its charge compensating entity, it gains mobility until the eventual recombination. This dissociation process follows a chemical equilibrium, as exemplified as follows:

where ONa -refers to the term "dissociated anion site", while Na + represents the "free" cation. Essentially, the Anderson-Stuart model suggests that the conductivity in glasses is primarily determined by the mobility term, µ, assuming that most cations contribute to the conduction. On the other hand, the weak electrolyte theory tells that only a small fraction of ions is actively involved in conduction at any given time. Martin 

Electronic conduction

Although most glasses demonstrate effective electronic insulation at typical temperatures, it has been observed that as the temperature increases, there is a significant rise in electronic conductivity. H. Buff's findings 153 in 1859 were among the first to discover a volume conductivity phenomenon in glass, referring to genuine conduction within the glass volume rather than surface leakage effects previously identified by Faraday.Namikawa's study showed that in alkali oxide glasses, the electronic conduction is accompanied by dielectric relaxation phenomenon.

3. Electrochemical impedance spectroscopy (EIS)

Principle

Electrochemical impedance spectroscopy (EIS) is a versatile technique used in numerous fields such as semiconductor science, energy conversion and storage technologies. By applying a sinusoidal signal (either alternating current ac or voltage) across a range of frequencies, EIS perturbs an electrochemical system that is either in equilibrium or steady state. This perturbation enables the observation of the system's response (current or voltage) to the applied signal, providing valuable kinetic and mechanistic information.

EIS stands out from other electrochemical techniques due to its exceptional capability to discern and provide extensive information on various electrical, electrochemical, and physical processes that occur within a real electrochemical system. The distinguishing feature of EIS compared to other electrochemical techniques lies in its remarkable capability to differentiate and provide a vast amount of information 154 . This task is particularly challenging due to the diverse time behaviors exhibited by these processes, ranging from extremely fast to extremely slow. These processes include the resistance of a liquid electrolyte, the conductivities of different bulk and grain boundaries when employing a solid electrolyte, the kinetics of charge-transfer reactions at the electrode, reactions occurring homogeneously, adsorption and desorption phenomena coupled with charge-transfer reactions at the electrode, as well as mass transfer phenomena such as species diffusion towards the electrode surface 155 .

It is worth mentioning that EIS measurements conducted on an electrochemical system can be effectively simulated using an equivalent electrical circuit. This circuit comprises standard passive components, such as resistors, capacitors, and inductors, as well as more complex elements known as distributed elements. These components are interconnected in various ways. Essentially, each of the aforementioned processes can be likened to an analogous electrical circuit that exhibits a distinct time constant. To facilitate this analysis, most electrochemical analyzers come equipped with specialized software that allows for the simulation of impedance data using a model circuit. Chapter III: Conductive properties of glasses in Na2S-Ga2S3-GeS2 system 107

The response of the electrochemical cell exhibits a pseudo-linear behavior, wherein a phase-shift is acquired. When subjected to a sinusoidal potential, the current response follows a sinusoidal waveform at the applied frequency. This behavior is depicted by representing the excitation signal as a function of time, as shown in below:

where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial frequency.

The following equation enables the calculation of the correlation between the radial frequency (ω) and the applied frequency (f): Within a linear system, the signal undergoes a phase shift (Φ) and exhibits a distinct amplitude compared to I0, as described by following:

Hence, the following equation provides a means to determine the impedance of the entire system:

Z, E, I, ω, and Φ represent the impedance, potential, current, frequency, and phase shift between E and I, respectively. The impedance is described in terms of its magnitude, Z0, and phase shift, Φ. By plotting the applied sinusoidal signal on the x-axis and the sinusoidal response signal (I) on the y-axis, a "Lissajous Plot" is obtained 156 , as depicted in Figure III-6a. Prior to the advent of modern EIS instrumentation, Lissajous analysis served as the sole method for impedance measurement 157,158 . 

Experimental conditions and measuring instrument

The amorphous powders were pressed into 10 mm diameter pellets under vacuum at a pressure of 3 tons for impedance spectroscopies characterizations. The thickness of pellets varies between 1 and 2 mm. The as-prepared glass pellets were coated with Au thin layers on both sides. The coating was carried out using a low vacuum coater (EM ACE200; Leica Microsystems) which was installed in a N2 filled glove box.

All measurements are performed using an Autolab workstation (PGSTAT302N with an The conductivity of all studied samples is calculated from the equation below:

where σ is the ionic conductivity (S.cm -1 ), R is the sample resistance (Ohm) corresponding to the estimated diameter of the semicircle, e is the pellet thickness (cm) and S is the pellet surface (cm 2 ).

Nyquist plot and circuit simulation

As explained in the chapter before, the Nyquist plot, utilizes the real impedance component Z' on the x-axis and the imaginary component Z'' on the y-axis. It is employed to determine the device properties quantitatively by fitting it with equivalent electrical circuits. Additionally, the shape of the Nyquist plot provides insights into the physical processes occurring at the conductive interfaces. For instance, a point on the ➢ Zone 1: The semi-circle deviates from the center: its height is below ½ Rp due to the displacement of its center below the x-axis. This deviation from ideality can be attributed to surface roughness, non-uniform current distribution, or leakage. In order to address these phenomena, the capacitor C is substituted with a capacitance-like element i.e., a CPE.

➢ Zone 2: A straight line, referred to as the polarization line, is observed. This line reveals the phenomenon of ion diffusion and accumulation at the electrolyteelectrode interface. In the high-frequency range, ions do not have sufficient time to displace significantly, and polarization is not evident. However, at low frequencies, ions have a longer duration to move and reach the electrolyteelectrode interface, where they become trapped. Consequently, there is a proportional increase in impedance as the frequency decreases. At the initial time t0, the electrons and cations are evenly distributed throughout the compound. Upon the application of voltage, a potential difference is generated, leading to the movement of charges towards the electrodes. The cations accumulate at the negative electrode, resulting in a decrease in their flow until it reaches near zero.

Eventually, a steady state is achieved (as t approaches infinity), where the measured current remains constant and is solely determined by the electronic conductivity σe, which can be expressed as follows:

where I∞ the residual current (A), e the pellet thickness (cm), U the voltage (V) and S the pellet surface area (cm 2 ). The impedance of the samples was measured by fitting the semicircle when it can be measured. For samples with the highest conductivity, the semicircle was not fully detected due to the upper frequency limitation of our device (1 MHz), and the impedance was estimated using the intersection of the polarization tail and the x-axis.

Measuring instrument

Conductivity is therefore underestimated in this case. The conductivities of pressed pellets are not usually reported with error bars in the literature, as the uncertainty on the measurement arises from many different factors: from the sample itself (particle size, sample heterogeneity, pressure applied during shaping, etc) or from the measurement (coating on the pellets, pressure applied during measurement, impedance analyzer, etc) 145 . where σ is the conductivity (S.cm -1 ), R is the sample resistance (Ohm), t is the pellet thickness (cm) and A is the pellet surface (cm 2 ).

As expected, the ionic conductivity increases with the Na2S content regardless of the temperature. The highest room-temperature conductivity, corresponding to sample 75Na, is reached at σ = 1.8 × 10 -5 S.cm -1 . The highest conductivity, σ = 1.0 × 10 -3 S.cm - 1 , is obtained at 90 °C, for the same sample. The lowest room-temperature conductivity obtained, corresponding to 20Na, equals to 3.8 × 10 -8 S.cm -1 . Similar conductivity trend can also be observed in pseudo-binary of Na2S-GeS2 174 and Na2S-Ga2S3 104 . For all diagrams obtained at different temperatures, the temperature (T) dependent ionic conductivity follows an Arrhenius law:

where σ0 is the pre-exponential factor (S.cm -1 .K), T is the temperature (K), ΔEa is the activation energy (J.mol -1 ), and R is the universal gas constant. ΔEa are summarized in times higher than that of glass powders which is within expectation. The mechanosynthesized then cold-pressed pellets show a lower ionic conductivity mainly because of the existing vacant spaces and grain boundaries between particles which hinder the mobility of cations. Comparing the mechano-synthesized powders of the binary Na2S-Ga2S3 with this work, the ternary samples with similar Na2S-content shows an increase up to 12 times higher conductivity than that of the binary. Ga/Ge substitution is one of the effective ways to optimize the ionic conductivity. By adding GeS2, additional point defects are formed during substitution which facilitate the Na ion mobility. 

Impact of pellet thickness on ionic conductivity

In order to study the impact of pellet thickness on ionic conductivity, a series of pellets of sample 50Na with different thicknesses ranging from 0.6 mm to 1.87 mm were made.

The variable-temperature ionic conductivity measurement was then conducted on these According to equation 3-8, the ionic conductivity that we calculate is independent theoretically from the pellet thickness. However, multiple factors may play a role in altering the eventual conductivity, such as material density, pellet density, pelletizing pressure and load weight etc. Ohno et al. reported their study on the certainty of conductivity measurements on thiophosphate solid electrolytes 145 . In their study, the aforementioned factors were considered, although no strong apparent trend is shown between pellet thickness and conductivity, increasing the thickness will solely affect the overall resistance while leaving the time constant and frequency range of the transportation processes unaffected. Separating the bulk and grain boundaries might only be feasible at low temperatures. This becomes crucial in highly conductive samples where low measured resistances are observed, as the microstructure and corresponding grain resistances become more significant in contrast to samples with higher resistivity 175 .

Thus, although no clear conclusion is obtained through out the thickness study, a 123 universal thickness and pelletizing pressure shall be proposed when making sample pellets in order to reduce the influence of unwanted factors.

Impact of glass former on ionic conductivity

As the previous conductivity studies are mainly focused on the impact of content of charge carrier. We are interested in how glass formers like Ga2S3 and GeS2 influence the ionic conduction. As summarized in Table II-2, apart from the original glass sample 70Na, two more samples that have the same Na2S content were synthesized: 70Na_25Ga (70Na2S-25Ga2S3-5GeS2) and 70Na_5Ga (70Na2S-5Ga2S3-25GeS2).

Different content of Ga2S3 and GeS2 were considered to study the impact of glass formers. Three pellets with similar thickness and diameter were made and ionic conductivity measurements were carried out. 

As shown in

Electronic conductivity study

In Figure III-18, the DC polarization curves of a stainless steel (SS)/powder electrolyte/sodium metal Swagelok-type cell are depicted at a voltage of 0.1 V. The bias currents remain constant for at least 100 minutes. When a steady DC polarization is applied to the electrolyte using ion-blocking electrodes (SS), the ionic current is completely hindered once equilibrium is reached. The stable current observed thereafter is solely due to electronic contribution 178 .

Subsequently, the electronic conductivities can be determined using the equation 3-10,

where I∞ represents the stable current, e denotes the thickness of the SSEs pellet, S represents the contact area, and U corresponds to the bias voltage. The electronic conductivities of studied samples are gathered in Table III-3. All samples 70Na, 50Na and 25Na have an electronic conductivity at RT around 10 -7 S.cm - 1 , with a disappointing σi/σe ratio of 24, 7.6 and 0.67, respectively. Further investigations must be devoted to investigating the origin of the electronic contribution in such material, and to decrease it. 

Conclusion

The work of this chapter enabled the measurements of the conductivity on pellets of amorphous powders of the pseudo-ternary system Na2S-Ga2S3-GeS2 in the range of 20 ≤ x ≤ 75 using the novel hybrid synthesis method. As expected, the ionic conductivity of glass powders increases with the addition of Na2S. Moreover, the specific transitions of dominant structure from 0-NBS to 2-NBS and from 3-NBS to 4-NBS detected by Raman spectroscopy cause the conductivity surge of glass samples. The highest roomtemperature conductivity is reached for the sample with x=75 (σ = 1.8 × 10 -5 S.cm -1 at room temperature). The highest all-time conductivity is reached for the same sample at 90 °C (σ = 1.0 × 10 -3 S.cm -1 ). The conductivities obtained in this work, which are from cold-pressed pellets, are comparable with that of the bulk glasses using a different glass network reported from the literature. The addition of GeS2 in the Na2S-Ga2S3 glass system improves the conductivity of one order of magnitude for identical Na2S content.

Chronoamperometric study shows that the studied samples are electronically stable.

However, the electronic conductivities of studied samples are too high for an application of solid electrolyte.

Although the addition of GeS2 glass former has already improved the conductivity. For a further improvement, several strategies are considered for future prospectives. One of the promising strategies is the mixed glass former effect. The mixed glass former effect in fast ion conducting glasses remains partially unexplored, characterized by an intricate relationship between the ionic conductivity, activation energy, and long-range ion transport 179 . This effect arises from the combination of two or more distinct glass formers, leading to a nonlinear alteration in these properties. For that, the addition of a small amount of a network former, such as Si, Sn, In, etc., to the composition seems a valid way to promote ionic conductivity. Another strategy is by adding an excessive amount of sulfur to balance out the original sulfur deficit in the ternary system, which theoretically reduce the quantity of ethane-like local structure of [GeS4] tetrahedra and promotes the formation of corner-sharing tetrahedra. With a high alkaline content, the ionic conductivity may increase due to the increasing amount of 4-NBS. Another strategy would be the halide metal salt doping. Kawamura et al. reported that an increase is observed when a modified glass is doped by a metal halide salt and conductivity of more than 10 -2 S.cm -1 can be obtained at room temperature 180 . Killian et al. reported that by doping NaCl into the pseudo binary Na2S-Ga2S3 system, a significant increase of conductivity is observed when Na2S content is in the lower side 149 .

Lastly, due to the unsatisfying ionic conductivity and high electronic conductivity of studied glass samples, in search of a better solid electrolyte candidate is needed. The glass-ceramic form of studied glass samples is to be studied for the reason that certain compositions may form a layered crystal structure that would promote the cation diffusion. In addition, the strategy of ion exchange is also a promising method, by replacing sodium ion by lithium ion in the glass, the ionic conductivity may increase.

That is why in the next chapter, we mainly study these two methods. Another example of enhanced ionic conductivity through glass-ceramic processing was demonstrated in a study by Honma et al. 183 . They revealed that annealing composites of Na Super Ionic CONductor (NASICON) with glasses having a nominal composition of x[Na2O]- (70-x)[Nb2O5]-30[P2O5] at 900 °C for 10 minutes resulted in partial crystallization. This process produces crystallites with a structure similar to that of NASICON, interspersed with the remaining glassy phase. The final glass-ceramic composites exhibited a conductivity 40 times higher than that of the initial material.

The improved conductivity of glass-ceramic materials was determined to be the result of more efficient conducting interfacial regions situated within the newly formed crystalline grains embedded in the glassy matrices. In certain instances, the observed increase in conductivity was linked to the creation of highly conductive crystalline grains 184 . Additionally, it was noted that excessive growth of these crystalline grains within the materials could lead to a decrease in ionic conductivity due to a reduced volume fraction of the more effective conducting interfacial regions 185 .

In In the first part of this chapter, we aim to understand the structure properties of NaGaGeS4. Powder XRD, in-situ high temperature XRD, transmission electron microscopy (TEM), scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) were employed. Next, a profile refinement using Le Bail method was carried out to compare the NaGaGeS4 structure to that of Na2Ga2GeS6 single crystal reported in the literature. At the end, impedance measurements were applied to evaluate the conductive properties of this ternary as well as the comparison of ionic conductivity between glassy and glass-ceramic one. together with the thermal properties of the glass. The amorphous powders were pressed under vacuum with a load of 2.5 tons onto 10 mm diameter pellets with a thickness that varies between 1 and 3 mm. To obtain glass-ceramics, the pellets were placed in a silica tube sealed under vacuum and annealed at Tx + 10 °C for 24 h. According to Table II Similarly, the crystallization process continued with time with no appearance of new peaks. This signifies that the annealing process for obtaining a glass ceramic can be conducted at 450 °C. Thus, as one of the two investigated synthesis routes, we set the annealing temperature to 450 °C. The presence of Na2Ga2GeS6 might be explained by a phase separation during the annealing process of the glass, or the treatment at high temperature:

XRD comparison between two synthesis routes

As the Tx of GeS2 glass is reported at around 615 °C which is higher than our annealing temperature 194 , the residual GeS2 may be in glass form and is not detected by XRD analysis. 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) study

To further investigate the formed crystal, TEM observations were carried out on sample NGGS4-GC. Samples were ground in ethanol and deposited on a copper grid with a carbon membrane. Measurement was conducted using a 103.4 μA beam current at 200 kV (15.1 pA.cm -2 ). We observe particularly areas that do not diffract at all, several 

Raman spectroscopy study

The Raman spectra of the pseudo ternary glass system along with the impact of adding alkali sulfide as a glass modifier was already discussed (see part II.5.3). In this part, we will mainly focus on the spectra comparison among the three samples in order to study the local structure changes. similarity which is coherent with the XRD results. However, weak bands at 219 cm -1 , 237 cm -1 and 474 cm -1 on spectrum of NGGS obtained from high temperature reaction are observed which are not observable in other spectra. These bands can be attributed to δ mode of S-S bonds in S8 rings (219 cm -1 , 237 cm -1 ) and vibration mode of S-S homopolar bonds (474 cm -1 ) 196,197 . A small quantity of non-reacted sulfur is then detected which is a common problem that can be encountered when using meltquenching technique or high temperature reaction to prepare sulfur-based glass/ ceramics. Both spectra are primarily characterized by a prominent broad band, which consists of a principal peak at 320 cm -1 . In the Raman spectra of crystalline GeS2, a main peak at 342 cm -1 is related to the ν1 symmetric stretching modes of [GeS4/2] tetrahedra 122,198 . The relative abundance of Ge and Ga in the NGGS glass-ceramics indicates that two of the normal vibrational mode frequencies of the [GaS4/2] tetrahedra are likely to be close to those of the [GeS4/2] tetrahedra. As a result, it was proposed that these frequencies are situated around 320 cm -1 and 350 cm -1119 . A weak shoulder band at 430 cm -1 are observed for both spectra which can be associated with the vibration modes of S3Ge-S-GeS3 units with [GeS4/2] tetrahedra linked by their corner 199 . In addition, the main peak at 320 cm -1 for NGGS HT has a stronger signal and narrower bandwidth which stands for a higher crystallinity than that of annealed NGGS.

As for the glass sample NGGS4, a huge shoulder band ranging from 260 cm -1 to 450 cm -1 is observed. Surprisingly, the spectra are very similar to that of 60Na which has a huge difference in Na2S content. The shoulder peak at 385 cm -1 that is observable on NGGS4 spectra is not evident in both NGGS spectra. This disappearance of this shoulder, corresponding to asymmetric stretching mode 3(F2) of the [GeS4/2] Td of weak intensity and vibration mode related to edge-sharing [GaS2/4] Td, may tell a structural change from edge-sharing tetrahedra to corner-sharing tetrahedra when glass changes to glass-ceramic. Detailed discussion can be found in part II.5.3.

Conductivity study

Initial conductivity studies are carried out on two samples (50Na and 60Na) in the pseudo-ternary Na2S-Ga2S3-GeS2 glass system where we focused mainly on the ionic conductivity difference between glass and glass-ceramic form of each sample. Glassceramic form of sample pellets was obtained thanks to an annealing process at Tx + 10 °C for 24 in a sealed silica tube (Tx of corresponding samples can be found in Table II-5). 50Na glass exhibits a room-temperature ionic conductivity three times greater than that of its glass-ceramic state. For 60Na, it shows an increase of almost two orders of magnitude. Similar phenomenon can also be observed in many other glass/glassceramics systems such as Li2O-B2O3, Li2O-Al2O3-2SiO2, Na2S-B2S3, Li3SbS4 and Na3PS4-Na4GeS4 [200][201][202][203][204] . Indeed, a unique crystalline structure may improve the ionic conductivity by forming an advantageous pathway for the mobility of cations. However, without a such crystal structure, the glass ceramics can only obtain a weaker conduction.

The disordered grains will lead to the formation of grain boundaries of all orientations and exhibit increased resistance and capacitance compared to both the individual grains and its glass counterpart. Consequently, this leads to the confinement or localization of mobile charge carriers within the glass-ceramic sample 205 .

Additionally, as the Arrhenius plot of 60Na indicates (Figure IV-12b), the activation energy of glass-ceramic form of 60Na is higher than that of 60Na glass which is not the case for 50Na (Figure IV-12a). Carette et al. 206 and Pradel et al. 207 both documented a strong connection between ionic conductivity and activation energy. They found that the peak conductivity corresponds to the lowest activation energy, highlighting a distinct and robust correlation between these two factors. In Minami's study 208 , Li4SiO4-Li3BO3 glasses were investigated. It was observed that the ionic conductivity of Li + reaches its peak at specific composition. Remarkably, there is no concurrent rise in the quantity of conducting Li + ions, indicating that the enhanced conductivity is primarily attributed to the heightened mobility of Li + ions. Additionally, it has been demonstrated that this heightened mobility results from the reduction in activation energy. Thus, the higher activation energy of glass ceramic form of 60Na indicates the lower mobility of Na + within the system, further explaining the existence of numerous and chaotic grain boundaries, specifically within the 60Na glass ceramic. Similar occurrence also happened in the Li2S-P2S5-LiI, 70Li2S-30P2S5, Na2S-P2S5 [START_REF] Noi | Structure and properties of the Na2S-P2S5 glasses and glass-ceramics prepared by mechanical milling[END_REF]209,210 which are solid electrolytes renowned for their high conductivity (order of magnitude 10 -3 -10 -4 S.cm -1 at room temperature) as well as their crystalline structure beneficial to the mobility of charge carriers. Different from other glass/glass ceramic samples in our work, the improved conductivity confirms the existence of an advantageous crystalline structure for the mobility of cations in glass ceramics which will be discussed in the next paragraph. with Na + ions 137,193 . The protected tunnels for the mobility of charge carriers (Na + ) may be the reason that we obtained improved conductivities. 

Conclusion

In the first part of the fourth chapter, we firstly employed two separate methods for

Chapter IV: Structure and conductive properties of NaGaGeS4 glass-ceramics 148 obtaining NaGaGeS4. In-situ high temperature XRD was performed on NGGS4 glass powder after we encountered the sulfur evaporation from the pellet during the initial heating treatment (Tg + 10 °C) and lowered the temperature to 450 °C. The XRD comparison between NGGS4-GC and NGGS4-Ceramic showed a high consistency of both patterns and only minor peak differences were observed. A profile refinement using the Le Bail method revealed that both samples crystallize in Fdd2 space group, and their structure is close to Na2Ga2GeS6. A good agreement was obtained with low value of Rwp despite of the differences of lattice parameters. TEM study of NGGS-GC showed that an orthorhombic crystal system and a Fdd2 space group were acquired.

SEM-EDS study revealed an average Ga/Ge/S molar ratio of 1/1.03/3.38 is calculated with a slight sulfur deficit which is coherent to the initial NGGS composition. Therefore, there might be a substitution of Ge on the Ga site, which explained the differences in lattice parameter and peak relative intensity in the XRD patterns. Raman spectroscopy study of NGGS glass ceramics showed a dominance of vibration modes of [GeS4/2] Td and [GaS4/2] Td by exhibiting a distinct primary band at 320 cm -1 . A small presence of sulfur band is observed on the spectra of NGGS-Ceramic. The initial conductivity comparison was carried out on the 50Na and 60Na between glass and glass ceramic.

The results demonstrated a reduced conductivity after the ceramization of glass samples which could be due to the formation of disordered grain boundary and the lack of unique crystal structure for the mobility of cations. In contrast, the conductivity of both NGGS glass ceramics exhibit an improved conductivity suggesting that an advantageous crystal structure may emerge after ceramization.

From our analysis, we can conclude that the synthesis of a CsGaGeS4 analogue was not successful, for both explored synthesis routes. The structure of the obtained material is close to Na2Ga2GeS6, with slight differences on the peak intensity and lattice parameters that might be due to a partial substitution of Ga by Ge. In the literature, Na2Ga2GeS6 is synthesized at 825 °C. The first synthesis route presented here offer several advantages compared to the literature. First of all, the synthesis temperature (450 °C) is lowered by about 400 °C compared to the studies of Yohannan et al. 137 and Li et al. 193 . Secondly, it is a solvent-free route, providing a material without hydration problem and requiring no additional step of drying. A large quantity of material can be synthesized this way. Finally, it does not necessarily require the use of silica tubes, as the phase crystallizes in N2 atmosphere as the in-situ XRD experiments show.

GENERAL CONCLUSION GENERAL CONCLUSION

During this doctoral research, a two-step synthesis has been firstly applied to synthesize The highest room-temperature conductivity is achieved for the sample with x=75 (σ = 1.8 × 10 -5 S.cm -1 at room temperature) and the highest all-time conductivity is reached for the same sample at 90 °C (σ = 1.0 × 10 -3 S.cm -1 ). The addition of GeS2 allows for an increase in ionic conductivity by an order of magnitude compared to the Na2S-Ga2S3 pseudo-binary. The highest achieved conductivity is still modest. However, the samples can be considered for applications in stationary systems which are operating at temperatures higher than 25 °C. Conductivities obtained from cold-pressed pellets, are comparable with that of the bulk glasses using a different glass network reported from the literature. Chronoamperometric study shows that the studied samples are electronically stable. Pellet thickness study showed the considerable conductivity difference at high temperatures and a universal thickness and pelletizing pressure shall be proposed. Chronoamperometric study also shows that the studied samples are electronically stable. However, the electronic conductivities of studied samples are too high and the ratio between ionic and electronic conductivities (σi/σe) is too low to consider its application as a solid electrolyte in all-solid sodium batteries.

Two separate methods were employed to obtain NaGaGeS4. The XRD comparison between NGGS4-GC and NGGS4-Ceramic showed a high consistency of both patterns.

A profile refinement using the Le Bail method revealed that both samples crystallize in Fdd2 space group, and their structure is close to Na2Ga2GeS6. A conclusion, of which the attempt of synthesizing the CsGaGeS4-analogue of NaGaGeS4 is failed, can be drown. The crystalline Na2Ga2GeS6 with residual amorphous GeS2 may exist in the system instead of expected NaGaGeS4. TEM study of NGGS-GC showed that an orthorhombic crystal system and a Fdd2 space group were acquired which is coherent to the results of profile refinement. A possible substitution of Ge on the Ga site may explain the differences in lattice parameter and peak relative intensity in the XRD patterns. Raman spectroscopy study of both samples showed a dominance of vibration modes of [GeS4/2] Td and [GaS4/2] Td. The conductivity of both samples improved compared to their glass counterpart suggesting that an advantageous crystal structure may emerge after ceramization. The structure of reported Na2Ga2GeS6 shows tunnels interspersed with Na + ions are formed along the a + c directions protected by

[Ga2GeS6] 2-anionic frameworks. The tunnels may be beneficial to the mobility of charge carriers.

Based on the above results and discussions, some perspectives are then proposed:

➢ To further improve the ionic conductivity, the strategy of applying mixed glass former effect can be considered. The addition of two or more distinct glass formers such as Si, Sn, In, etc., to the original composition seems a valid way to promote ionic conductivity, as has been done in the literature concerning derivatives of Na3PS4.

➢ Halide metal salt doping, such as sodium chloride or sodium iodide, is another strategy to improve ionic conductivity and to reduce the electronic conductivity since an electronegative element is introduced.

➢ The annealing process to obtain NaGaGeS4 glass ceramic can be optimized by applying multiple temperature steps for example, to increase the crystallinity and maintain a monophasic structure, eventually gain a conductivity improvement.

➢ Ionic exchanges are a synthesis strategy that could allow obtaining NaGaGeS4 from the compounds KGaGeS4 or CsGaGeS4 reported in the literature.

Furthermore, sodium/lithium ion exchange could lead to the creation of new solid electrolytes that conduct lithium. Initial tests were conducted (not presented here) using LiI to exchange sodium ions in NGGS4 powder and demonstrated its feasibility.

Fig. 1

 1 Fig. 1 Procédé de fabrication des verres 90[GeS2]-10[Ga2S3].

Fig. 2

 2 Fig. 2 Procédé de fabrication des verres x [Na2S] -(100-x) [0.5GeS2-0.5Ga2S3].

Fig. 3

 3 Fig. 3 Tg et Tx de verres x [Na2S] -(100-x) [0.5GeS2-0.5Ga2S3] représentées en fonction de la teneur en Na2S en pourcentage molaire.

Fig. 4 (

 4 Fig. 4 (a) Spectres Raman de poudres de verre dans le système x [Na2S] -(100-x) [0.5GeS2-0.5Ga2S3]. (b) Vue schématique des tétraèdres [(Ga/Ge)S4]0-NBS à 4-NBS.

Fig. 5 (

 5 Fig. 5 (a) PDF du verre 30 [Na2S]-70 [0.5GeS2-0.5Ga2S3] (en vert) et 50 [Na2S]-50 [0.5GeS2-0.5Ga2S3] (en noir). (b) Région à courte distance jusqu'à 7 Å.

Fig. 6

 6 Fig. 6 Courbes de Nyquist de la mesure de l'impédance des échantillons amorphes x=70, 50 et 40 à T = 298 K. La ligne correspond à l'ajustement en forme de demi-cercle.

Fig. 7 (

 7 Fig. 7 (a) Évolution de la conductivité dépendant de la température des poudres de verre pressées à froid. (b) Évolution de la conductivité dépendant des verres pressées à froid à 25 °C.
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 84194211 Fig. 8 Courbe de courant de polarisation en fonction du temps à une tension de 100 mV des échantillons de verre (a) x=70, (b) x=50 et (c) x=25, avec le courant stable indiqué dans chaque graphique.

  cours de cette thèse, une synthèse en deux étapes a d'abord été appliquée pour synthétiser des verres dans le système x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3], ce qui facilite l'amorphisation du germanium et améliore la réactivité du gallium. Une large gamme de compositions a été obtenue (10≤x≤75). La méthode de synthèse choisie a donc permis d'élargir le domaine vitreux du pseudo ternaire Na2S-Ga2S3-GeS2 en obtenant des compositions vitreuses non accessibles par la technique classique de fusion-trempe. L'analyse DSC révèle que Tg et Tx diminuent avec l'augmentation de Na2S. La spectroscopie Raman révèle un effondrement constant du réseau intermédiaire basé sur le tétraèdre Ga(Ge)S4/2 avec l'introduction de Na2S, et la formation de soufre non pondant dans le réseau de verre. Des calculs DFT complémentaires de ce travail, réalisés en collaboration avec l'équipe de Chimie Théorique Inorganique de l'ISCR, ont confirmé l'évolution expérimentale des spectres Raman. L'analyse PDF révèle que XIV la structure locale du verre est similaire à celle du verre NaGaS2. Les mesures de conductivité sur le verre x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] (20≤x≤75) ont démontré que la conductivité ionique augmente avec l'ajout de Na2S. La conductivité la plus élevée à température ambiante est obtenue pour l'échantillon avec x=75 (σ = 1,8 × 10 -5 S.cm -1 à température ambiante) et la conductivité maximale en tout temps est atteinte pour le même échantillon à 90 °C (σ = 1,0 × 10 -3 S.cm -1

  defining an appropriate electrochemical stability window, and addressing mechanical properties, among other considerations. This doctoral research, financially supported by the French Ministry of Research, aligns with a recent strategic research initiative on solid electrolytes within the energy conversion domain. It is conducted within the Glass & Ceramics team at the Rennes Institute of Chemical Sciences (ISCR -UMR CNRS 6226). This thesis is structured around four chapters. The first chapter sets the context by introducing the current energy situation worldwide to emphasize the importance of battery as one of the renewable energy sources. It then delves into the functioning of a battery and its characteristics. Afterwards, the definition of glass as well as glass ceramic are given, and their synthesis strategies are enumerated. Next, the choice of chalcogenide-based electrolyte is justified. At last, a comprehensive review of the current studies of chalcogenide solid state electrolytes on Li-ion and Na-ion is conducted, providing insight into this work.

Figure I- 1

 1 Figure I-1 Energy consumption breakdown by type (unit: MTOE) with percentages in 2022,figure adapted from ref.2 

Figure I- 2

 2 Figure I-2 Global greenhouse gas emissions and global warming scenarios 4 .

Figure I- 3 2 .

 32 Figure I-3 Evolution of the number of units and weights of batteries and accumulators placedon the market between 2009 and 2020[START_REF]Piles et accumulateurs -Rapport annuel 2019. Piles accumulateurs -Rapp[END_REF] .

Figure I- 4

 4 Figure I-4 Schematic of a typical lithium-ion battery.

  Figure I-5a and b. The LCO cathode boasts several advantages, including a high energy density, excellent electrical conductivity, an elevated open-circuit voltage (4.0 V), and minimal self-discharge 22,23 .

Figure I- 5

 5 Figure I-5 Schematic Illustration of (a) the rocking-chair cell by Sony and (b) rechargeablelithium cell with a lithium metal negative electrode[START_REF] Bruce | Solid-state chemistry of lithium power sources[END_REF] .

Figure I- 6

 6 Figure I-6 Schematic representation of current studies on SIB system 31 .

Furthermore, a less

  energetically demanding cation diffusion mechanism occurring at the interface between the electrode and solid electrolyte holds the theoretical potential for achieving elevated cycling rates in ASSBs compared to conventional batteries employing liquid electrolytes. This diffusion mechanism could grant ASSBs a competitive edge over LIBs and SIBs in terms of performance. For instance, considering lithium as an example, a less energetically demanding diffusion process for Li + ions at the electrode/solid electrolyte interface could theoretically enable faster cycling speeds in ASSBs compared to batteries utilizing liquid electrolytes. This distinction arises from the fact that the use of a lithium salt dissolved in an organic solvent initiates desolvation. This desolvation, crucial for charge transfer at the electrolyte/electrode interface, comes with a substantial energy cost (approximately 65 kJ.mol-1), limiting the diffusion of Li + ions and their intercalation/deintercalation during cycling (as depicted in FigureI-8). In contrast, with inorganic solid ionic conductors, the absence of a desolvation mechanism leads to a lower energy cost for charge transfer (around 40 kJ.mol-1), potentially enabling much faster cycling rates.

Figure I- 8

 8 Figure I-8 Schematic of charge transfer and ionic conductivity mechanisms at the electrolyte/electrode interface 38 .

Figure I- 9 .

 9 This battery, measuring 4 × 4 mm, featured a multi-layer construction. It included a layer of TiS2 deposited using the chemical vapor deposition technique, a layer of Li3.6Si0.6P0.4O4 deposited through sputtering, and a layer of Li obtained via vacuum evaporation. This assembly generated a voltage of 2.5 V when subjected to a current density ranging from

Figure I- 9

 9 Figure I-9 Schematic cross-section of a thin film lithium battery structure 43 .Later in 1984, Menetrier et al.[START_REF] Menetrier | New secondary batteries for room temperature applications using a vitreous electrolyte[END_REF] made a noteworthy advancement by presenting their first inorganic ASSB, building upon the earlier work of Knutz et al.[START_REF] Knutz | Cycling of Li/Li3N/TiS2 solid state cells[END_REF] involving lithium nitride Li3N. This battery consists of a stack comprising a layer of TiS2 as cathode, with a layer of vitreous electrolyte sheet employed and finally lithium metal as anode. The study demonstrated that enhancing the battery's capacity could be achieved by creating a mixed TiS2/electrolyte electrode. Notably, this battery already met two fundamental criteria that would later become crucial for the development of efficient ASSBs utilizing glass and glass-ceramic electrolytes: the utilization of a mixed electrode and the incorporation of a lithium alloy.

Figure I- 11

 11 Figure I-11 (a) Schematic of rotation mechanism of supporting disc as well as bowls and milling balls 55 . (b) Schematic of ball displacement regime as a function of increasing rotational speed (from left to right), viewed along the vertical axis 56 .

3. 6 . 1 .

 61 Lithium sulfide electrolytes ➢ Li2S-P2S5 glass system and derivatives During the 1980s, Mercier et al. initiated research on the Li2S-P2S5 binary compound 61 .

Figure I- 12 .

 12 Figure I-12. Nonetheless, this elevation in conductivity comes with a trade-off, as its electrochemical stability remains limited, not surpassing 2.6 V. Kennedy et al. conducted extensive investigations into the conductivity, electrochemical behavior, and structural characteristics of numerous systems. Examples of these systems include Li2S-P2S5-SiS2 71 , Li2S-SiS2-LiX (where X = Br, Cl, or I) 72 , and Li2S-P2S5-B2S3 73 , offering comprehensive insights into each.

Figure I- 12

 12 Figure I-12 Temperature dependence of the ionic conductivity with different molar percent of LiI 61 .

Figure I- 13

 13 Figure I-13 (a) Ionic conductivity of Li3PO4 doped 0.60 Li2S -0.40 SiS2 as a function of temperature. (b) Activation energy of Li3PO4 doped 0.60 Li2S -0.40 SiS2 as a function of Li3PO4 composition 76 .

Figure I- 14

 14 Figure I-14 Crystal structure of triclinic Li7P3S11, view along [010]. PS4 tetrahedra is represented in light green and P2S7 ditetrahedra is represented in dark green. The gray dashed lines symbolize connections or associations within the network of adjacent Li + cations 78 .

Figure

  Figure I-15 (a) Crystal structures of Li6PS5X with X = Cl, Br, I. X -anions form a cubic closepacked lattice with PS4 3-tetrahedra in the octahedral sites and the free S 2-in half of the tetrahedral holes. (b) The Li positions form localized cages in which multiple jump processes are possible. Jumps between the lithium positions (48h-24g-48h, doublet jump), intra-cage jumps (48h-48h), and inter-cage jumps can occur 79 . (c) S 2-/X -substitutions (X=Cl or Br) in the X1 and S2 sites 80 .

  characteristics are on par with what an organic liquid electrolyte can offer. Impressively, as depicted in Figure I-16b, this material showcases highly promising conductivity even under demanding operational conditions, achieving 0.1 S.cm -1 at 100 °C and 10 -5 S.cm -1 at -100 °C. In both cases, it outperforms liquid electrolytes by a significant margin. The structure of LGPS is three-dimensional and comprises Ge0,5P0,5S4, PS4, LiS4 tetrahedra, and LiS6 octahedra, as depicted in Figure I-16a. Lithium-ion diffusion occurs along the c-axis as well as within the ab planes.

Figure I- 16

 16 Figure I-16 (a) Crystal structure of Li10GeP2S12. (b) Temperature-dependent ionic conductivity of Li10GeP2S12 (from -45 °C to 110 °C) 81 .

  × 10 -6 S.cm -1 at 50 °C and 8.51 × 10 -2 S.cm -1 at 510 °C. The sodium ions are organized in linear and "Z" configurations within the lattice cavity, exhibiting isotropic migration at elevated temperatures. In 2012, Hayashi et al. introduced the groundbreaking discovery of cubic-phase Na3PS4 glass-ceramic electrolytes, showcasing an ionic conductivity of up to 2 × 10 -4 S.cm -1 at room temperature. This seminal work ignited a surge of research into sodium-based chalcogenide solid electrolytes 88 .

Figure I- 17

 17 Figure I-17 Crystal structure of (a) c-Na3PS4 89 and (b) t-Na3PS4 90 .

Figure I- 18

 18 Figure I-18 (a) XRD patterns of the Na3PS4 glass, c-Na3PS4 glass-ceramic heated at 270 °C and t-Na3PS4 glass-ceramic heated at 420 °C (from top to bottom) 88 . (b) Evolution of XRD patterns of c-Na3PS4 obtained from different mechano-milling duration. (c) Nyquist plot of Na3PS4 samples obtained from different milling duration 92 .

  Na10GeP2S12 (NGPS) shares a crystal structure similarity with Li10GeP2S12 (LGPS), as shown in Figure I-19b. This structure encompasses NaS6 octahedra, NaS4 and PS4 tetrahedra, along with (Ge0.5P0.5)S4 tetrahedra. Notably, Na + exhibits rapid diffusion along the one-dimensional tunnel aligned with the c-axis. Through density functional theory (DFT) calculations, Kandagal et al. reveal that NGPS also exhibits an exceedingly high room temperature ionic conductivity, registering at 4.7 × 10 -3 S.cm -1 95 . Despite this, achieving successful synthesis of high-conductivity pure-phase NGPS remains a challenge, and the precise underlying factors causing this difficulty is not clear.Hayashi et al. successfully synthesized NGPS via mechanical milling, however, its room-temperature ionic conductivity turned out to be two orders of magnitude lower than Kandagal's calculated value and one order of magnitude lower than the value predicted by Richards[START_REF] Tsuji | Preparation of Sodium Ion Conductive Na10GeP2S12 Glass-ceramic Electrolytes[END_REF] . The author posits two possible explanations: firstly, the ionic conductivity of the low-temperature phase NGPS might improve following an orderdisorder transformation. Secondly, disparities might exist between the ionic conductivity obtained through molecular dynamics simulations conducted at 600 K and the actual experimental value measured at room temperature.Richards et al. accomplished the synthesis of the tetragonal phase Na10SnP2S12 (NSPS)through a solid-state reaction, and through rapid cooling, they managed to obtain a pure phase with relatively moderate conductivity[START_REF] Richards | Design and synthesis of the superionic conductor Na10 SnP2S12[END_REF] (Figure I-19a). Although a small fraction of impurity phases such as Na2S, P2S5, and Na3PS4 are obtained during the gradual cooling process, the ionic conductivity at room temperature can reach a level of 4 × 10 - Si-based electrolytes is lower than that of Ge-based ones, and likewise, the activation energy of Ge-based electrolytes is lower than that of Sn-based ones. This implies that Na10SiP2S12 theoretically could achieve superior room temperature ionic conductivity (depicted in Figure I-19d).

Figure I- 19

 19 Figure I-19 (a) Experimental and simulated XRD patterns of Na10SnP2S12. (b) Comparison of structure of unit cells of Li10GeP2S12 and the predicted Na10GeP2S12 98 . (c) Evolution of ionic conductivity in relation to temperature. (d) Ab initio molecular dynamics (AIMD) simulation of temperature-dependent ionic conductivity of Na10SiP2S12, Na10GeP2S12 and Na10SnP2S12 97 .
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  et al. of our team worked on the x[Na2S]-(100-x)[Ga2S3] pseudo binary.Mechanosynthesis was used, and the amorphous domain was enlarged from 24 ≤ x ≤ 40 to 20 ≤ x ≤ 80 compared to classical melt-quenching method. Thermal and conductivity studies were carried out using differential scanning calorimetry (DSC)
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 1105 .cm -1 depending on the Na-content. DSC analysis and Raman spectroscopy were used to understand the structure of the ternary. They reported x [Na2S]-(100-x) [0.9GeS2-0.1Ga2S3] glass compositions obtained by melt-quenching technique which used 90[GeS2]-10[Ga2S3] as the basic glass former. The molar fraction difference between GeS2 and Ga2S3 in the glass former is due to the difficulty of obtaining Ga-rich glasses using conventional melt-quenching synthesis. Gallium has indeed a low reactivity with chalcogenide elements during the synthesis.We chose the strategy of using 50[GeS2]-50[Ga2S3] as basic glass former to study the impact of Ga2S3 acting as a glass forming intermediate on the properties of the resulting material. Na2S is added to study the x [Na2S]-(100-x) [0.5 GeS2-0.5Ga2S3] pseudo ternary. Regarding the difficulty of amorphization of such quantity of gallium, we decided to use mechano-synthesis method. As explained in the first chapter, mechanochemistry is a way to explore chalcogenide glass compositions that cannot be obtain by standard melt-quenching technique. However, the shortcomings of mechanosynthesis which hinder the progress of amorphization will be the difficulty of milling germanium metal.That is why we used a two-step hybrid synthesis route: (i) a Ge-rich precursor 90[GeS2]-10[Ga2S3] is prepared by melt-quenching. (ii) A stoichiometric mixture of 90[GeS2]-10[Ga2S3], Ga2S3 and Na2S is ball-milled until total amorphization.

Figure II- 1 2 .

 12 Figure II-1 Experimental device used for sulfur purification, figure adapted from ref. 102 .

Figure II- 2

 2 Figure II-2 Schematic representation of static distillation of sulfur from the hot zone to the cold zone, figure adapted from ref. 103 .

Figure II- 3 2 . 3 .

 323 Figure II-3 XRD pattern of ternary sample 25[Na2S]-50[GeS2]-25[Ga2S3] after 5 and 11 hours (from bottom to top) of mechanical milling. Peaks attributed to germanium (ICDD: 01-089-2768) is marked by yellow stars.

Figure II- 4

 4 Figure II-4 (a) Heating program applied to obtain 90[GeS2]-10[Ga2S3] glass precursor. (b) Silica tube containing the 90[GeS2]-10[Ga2S3] glass precursor (the color difference is due to thickness). (c) XRD pattern of precursor indicating amorphization of materials.

  Figure II-5 XRD patterns of Ga2S3 samples prepared by mechanosynthesis for different milling times (from bottom to top: 1 h, 2 h, 3 h and 4 h). The three diagrams in the lower partrepresent the position of the peaks of the monoclinic phase α'-Ga2S3 (JCPDS no. 01-076-0752), of the hexagonal β-Ga2S3 (JCPDS no. 01-084-1441) and of the cubic γ-Ga2S3 (JCPDS no. 00-043-0916), figure adapted from ref.104 .

Figure II- 6

 6 Figure II-6 Ternary plot of all studied compositions.

  -forming abilityIn order to follow the amorphization during mechanical milling, XRD analysis was performed on sample powders every 4 hours of milling. The patterns were measured at room temperature using a PANalytical X'pert Pro-diffractometer (Bragg-Brentano geometry, Cu-source, Ni-filter, Kα̅ radiation, 40 kV, 40 mA, PIXcel 1D detector). The patterns were recorded in the 5-85° 2θ range with a step size of 0.0261° and a counting time of 40 s/step. In order to reduce the background noise, a total of twelve measurements were performed for each sample. A polyimide thin film was used during preparation to protect samples from moisture.An example is shown for the sample 70Na inFigure II-7a. The disappearance of any peak of crystalline phases indicates a complete amorphization after 16 h of milling. XRD patterns of samples 10Na to 75Na just after complete amorphization are plotted in Figure II-7b. It is visible that the milling duration of total amorphization varies from 4 to 20 h. No direct link is observed between the milling time to reach amorphization and the Na content, as already observed in the x [Na2S] -(100-x) [Ga2S3] pseudo binary[20]. However, as a general trend, the milling time is longer for samples with higher Na content. This was also noticed in the Li2S-Ga2S3-GeS2 pseudo ternary[26]. To probe the limit toward high Na content of the amorphous domain along the x [Na2S] -(100-x) [0.5GeS2-0.5Ga2S3] line, the composition with x = 80 was synthesized. In this case, applying an extend milling time does not achieve full amorphization since peaks of a residual crystalline phase, corresponding to Na2S (space group Fm-3m, JCPDS No. 03-0933), are still detected and their intensities do not change (Figure II-7c).

Figure II- 7

 7 Figure II-7 (a) XRD patterns of sample 70[Na2S] -30[0.5GeS2-0.5Ga2S3] (70Na) as a function of milling time (from bottom to top). (b) XRD patterns of samples x [Na2S] -(100-x) [0.5GeS2-0.5Ga2S3] prepared by ball milling and after reaching amorphization. (c) XRD patterns of sample 80[Na2S] -20[0.5GeS2-0.5Ga2S3] as a function of milling time (from bottom to top). The milling duration to reach amorphization is mentioned after the sample references. The broad shoulder peak at around 20 ° 2-theta that exists in all sample is due to the polyimide thin film.

  were weighed and sealed in hermetic aluminum pans in N2 atmosphere. Glass transition temperature (Tg) and crystallization onset temperature (Tx) of all samples were characterized with a differential scanning calorimeter (DSC Q20 Thermal Analysis). All experiments were carried from 25 °C up to 530 °C with a heating rate of 10 °C. min -1 . A typical DSC curve, corresponding to the 50Na in a temperature range from 25 to 450 °C, is shown in Figure II-8. A sudden change of heat flow is detected in the temperature range from 280 to 360 °C, corresponding to the glass transition phenomenon. At around 400 °C, the curve begins to increase in a quick speed where crystallization phenomenon begins.

Figure II- 8 4 . 2 . 5 .

 8425 Figure II-8 DSC curve of glass sample 50Na, secondary graph is the same curve with a selected temperature range between 270 and 400 °C to determine the Tg.

Figure II- 9

 9 Figure II-9 (a) Tg and Tx of amorphous x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] plotted as a function of x (Na2S content) in mol%. (b) ΔT (=Tx-Tg) of amorphous x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] plotted as a function of x (Na2S content) in mol%.

  material. Many Raman studies have been conducted on Ga-S or Ge-S based amorphous materials. The basic building blocks of the local structure are [GaS4/2] or [GeS4/2] tetrahedra which linked by their corners and partly by edges forming a threedimensional network structure, as shown in Figure II-11a and b. However, in some cases where the quantity of Ga/Ge is stoichiometrically larger than that of sulfur i.e., a sulfur deficiency is occurred, possible [GaS4/2]/[GeS4/2] derivatives may exist. For example, the germanium atoms can be linked by Ge-Ge homopolar bonds forming GeS4-xGex (x = 1, 2, 3 or 4) or S3Ge-GeS3 ethane-like structural units (Figure II-11c).

Figure II- 11

 11 Figure II-11 Structural entities constituting the local order: (a) Corner-sharing (CS) [GaS4/2] tetrahedra. (b) Edge-sharing (ES) [GaS4/2] tetrahedra. (c) ethane-like (ET) S3Ge-GeS3units 103 .

Figure II- 12 .

 12 Consequently, glass modifiers exert considerable influence on the properties of glass. Notably, they cause a decrease in the melting point, surface tension, and viscosity of the glass due to the weakened overall bonding within the material. These effects make glass more manageable at lower temperatures without compromising its transparency. Additionally, glass modifiers impact the coefficient of thermal expansion, chemical durability, and refractive index of the glass.

Figure II- 12 Figure II- 13 ,

 1213 Figure II-12 Network modifying effect of Na2S on Ge-S based glasses. (a) [GeS4/2] tetrahedra depicted without any non-bridging sulfur atoms, forming a three-dimensional glass network. (b) [GeS4/2] tetrahedra with two non-bridging sulfur atoms, which result in a partial collapse of the network, reducing it to a one-dimensional structure 105 .

Figure II- 13

 13 Figure II-13 Raman spectra x [Na2S]-(100-x) [0.9GeS2-0.1Ga2S3] glasses with x = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.67 100 .

Figure II- 14

 14 Figure II-14 Raman spectra of glass powders in the x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] system, the Na2S content increases from bottom to top. Key signals related with vibrations of 0-NBS and 4-NBS, Ge(Ga) -Ge(Ga) bonds and α-Ga2S3 are marked with dotted lines.

Figure

  Figure II-15 Schematic view of [GeS4/2] or [GaS4/2] tetrahedra, with 0 to 4 non-bridging sulfur (NBS), Ge or Ga atoms are in blue, S atoms in yellow and Na ions in grey.

Figure II- 16

 16 Figure II-16 Raman spectrum of reactant Na2S (Alfa Aesar 95% purity) used as starting material in glass samples. Typical peaks and wavenumbers attributed to vibrations are indicated by red short-dashed lines.

  Figure II-14, are nicely reproduced. In particular, a symmetric stretching mode is

Figure II- 17 6 . 6 . 2 .

 17662 Figure II-17 (a) Schematic representation of the optimized geometries of the Ge(S[H1-xNax])4 clusters (with x = 0, 1, 2, 3 and 4). Similar geometries have been obtained for Ga[(S[H1-xNax])4] -clusters. (b) DFT simulated Raman spectra of the Ge(S[H1-xNax])4 clusters. For Ge clusters, the Raman intensities have been normalized to the most intense peak of the related 0-NBS spectrum.

Figure II- 18

 18 Figure II-18 (a) X-ray PDFs of the 30 [Na2S]-70 [0.5GeS2-0.5Ga2S3] (30Na, green) and the 50 [Na2S]-50 [0.5GeS2-0.5Ga2S3] (50Na, black) glass powders. (b) Short range region of the PDFs up to 7 Å.

Figure III- 1c .

 1c Figure III-1c. On the other hand, the Frenkel defect occurs when a single ion deviates from its regular position and moves to interstitial sites within the crystal, as shown in Figure III-1d. These interstitial sites possess distinct characteristics in terms of their neighboring ions, including the number, type, and separation distance, which differ from the regular sites. Although interstitial sites are not energetically favorable for ions, their occupation is driven by the earlier-discussed enhancement of entropy.

Figure III- 1

 1 Figure III-1 Schematic examples of point defects: (a) Vacancy. (b) Self-interstitial atom 140 . Schematic illustration of (c) Schottky defect and (d) Frenkel defect 141 .

Figure III- 2

 2 Figure III-2 Schematic demonstration of interstitialcy mechanism. In this representation, the tagged particle is symbolized by a solid circle, while untagged particles are represented by open circles. The movements of particles are indicated by thin arrows 143 .

➢

  Strong electrolyte model (Anderson-Stuart model) According to the Anderson-Stuart model 148 , a significant proportion of the ions are engaged in conduction, and the activation energy, denoted as ΔEa, arises from the combination of two factors: Where ΔEB represents the electrostatic binding energy, while ΔES refers to the "strain energy," a term used to describe the mechanical forces exerted on the cation as it expands the structure to facilitate movement between sites, as shown in Figure III-3.

Figure III- 3

 3 Figure III-3 Schematic representation of cationic conduction mechanism of a strong electrolyte model (figure adapted from 149 ).

  and Angell proposed a model aiming to reconcile the ideas of Ravaine and Souquet with the Anderson-Stuart approach 152 . According to them, these two models can be considered as opposite extremes of a more comprehensive model, where both ion mobility and concentration contribute to the variation in ion conductivity in glasses. The applicability of the two extreme models depends on which barrier term, migration (ΔES) or binding (ΔEB), dominates in the glass. If ΔEB > ΔES, the glass behaves as a weak electrolyte, whereas if the opposite is true, the glass exhibits strong electrolyte behavior, as shown in Figure III-4. Considering the presence of a strain energy barrier resulting from the volume requirements of migrating cations, the authors propose the existence of metastable sites with "intermediate" energy levels to account for both dissociated and undissociated states.

Figure III- 4

 4 Figure III-4 Schematic representation of energy barriers of (a) strong electrolyte model and (b) weak electrolyte model 152 .

Figure III- 5

 5 illustrates how each of these features possesses an electrical circuit composed of resistances, capacitors, or constant phase elements. These components are interconnected in either parallel or series configurations, thereby forming an equivalent circuit.

Figure III- 5

 5 Figure III-5 (a) Simplified representation of the EIS and the redox reaction occurring at the surface of working electrodes in a conventional electrochemical cell, specifically a threeelectrode system. (b) A circuit simulation of (a) 154 .

Figure III- 6

 6 Figure III-6 (a) Current vs potential Lissajous plot in a stable and linear (or pseudo-linear) system. (b) AC waveform of the applied voltage and the corresponding current response, exhibiting a phase shift. Schematics adapted from ref. 159 .

Figure III- 7

 7 Figure III-7 (a) A theoretical Bode plot depicting a single-charge process 160 . (b) The same EIS data plotted in Nyquist plot 161 .

FRA32M

  and ECD module), the full setup is shown in Figure III-8b. An exploded view of the measuring cell is shown in Figure III-8a. A thermally controlled base allowed measurements to be conducted over a temperature range of 10 to 90 °C.Measurements were performed over a frequency range from 1.10 6 Hz to 1.10 -3 Hz. The repetition of multiple cycles of temperature ramping up and down highlighted the negligible hysteresis phenomenon. Finally, all resistances were determined from impedance diagrams in the Nyquist plot, using the Nova software.

Figure III- 8

 8 Figure III-8 (a) Exploded and cross-sectional views of all components of the measurement cell. (b) Full EIS setup used during thesis work. Adapted from ref. 103,149

  x-axis represents a pure resistor where only real part of impedance exists (Figure III-9a). A vertical line on the Nyquist plot indicates that the equivalent circuit consists solely of a capacitor C (Figure III-9b), or a capacitor C in series with a solution resistor Rs (Figure III-9c). On the other hand, if the Nyquist plot exhibits a semicircular shape with an intercept, it suggests that the equivalent circuit includes a capacitor C in parallel with the interfacial resistor R (Figure III-9d), or a capacitor C in parallel with the solution resistor R in series with the solution resistance Rs, where RCT stands for the charge transfer resistance of the interface (Figure III-9e). The Figure III-9f represents the same circuit with additional in-series capacitance. The Randles-Ershler equivalent circuit is widely employed to fit impedimetric biosensor data, as shown in Figure III-9g. In this circuit, the element denoted as W represents the Warburg element, which characterizes the diffusion parameter at low frequencies. When employing a Constant Phase Element (CPE) in the equivalent circuit, the Nyquist plot showcases a single semicircle with its center lying below the imaginary axis, as shown in Figure III-9h.The impedance of a CPE demonstrates frequency-dependent characteristics and maintains a constant phase across the entire frequency range. The non-ideal nature of the CPE's behavior stems from the uneven distribution of current density caused by material inhomogeneity162,163 . By visually examining the Nyquist plot and combining it with knowledge about the device, an accurate equivalent circuit model can be established, encompassing all the involved processes 164 . Data points near the origin of the Nyquist plot are associated with the high-frequency spectrum.

Figure III- 9

 9 FigureIII-9 Representative Nyquist plots and their equivalent circuit. Adapted from ref.[165][166][167] 

Figure III- 10 4 .

 104 Figure III-10 The representation of the Nyquist plot obtained for glass sample 30Na at room temperature.

Figure III- 11

 11 Figure III-11 (a) The applied potential-time pattern during the experiment with Ei as the starting value and E1 as the set-up potential. (b) The corresponding chronoamperometric response of the current due to changes of the potential. Figure adapted from 170 .

A 1

 1 mm-thick glass pellet was put in middle between an inox separator and a thin layer of sodium metal. Glass sample was then assembled in a Swagelok type cell in a N2filled glove box, as shown in Figure III-12a. All measured samples were tested on a BioLogic VSP-3e multichannel potentiostat (Figure III-12b).

Figure III- 12 1 .

 121 Figure III-12 (a) Exploded (left) and cross-sectional (right) view of all components of a Swagelok cell for electronic conductivity measurement. (b) Full EIS set-up for electronic conductivity measurement.

Figure III- 13

 13 Figure III-13 Nyquist plot of electrical impedance measurement of amorphous samples 70Na, 50Na, and 40Na at T = 298 K. The line corresponds to the semicircle fit.

Figure III- 14

 14 Figure III-14 shows the evolution of the conductivity of glass samples from 20Na to

Figure III- 14

 14 Figure III-14 Evolution of the temperature-dependent conductivity of cold-pressed glass powders.

Figure III- 15

 15 Figure III-15 shows the Na2S dependence of the ionic conductivity of the glass powders at room temperature. The ionic conductivity shows a greater increase when the Na2S content goes from x=20 to 30, then the increase slows down as the Na2S content enters in the range of x=40 to 60 and the range of x=70 to 75. The sample 60Na was synthesized twice, and the Raman spectroscopy and conductivity measurements were well reproduced. As the previous Raman analysis show, between 20Na and 40Na the structure is going through the network collapse as the intensity of the signal of 0-NBS is diminishing. This structure modification process might be the reason why the conductivity increases. The conductivity increases when Na2S content rises from x=60 to 70 and 75. This can be explained by the appearance of the contribution of 4-NBS entities in the 70Na and 75Na samples, as shown by Raman spectroscopy (Figure II-14).

Figure III- 15

 15 Figure III-15 Evolution of composition-dependent ionic conductivity of cold-pressed glasspowders at 25°C.

  pellets. As shown in Figure III-16, at low temperature (T = 10 °C) the ionic conductivities range from at σmin = 3.7 × 10 -6 S.cm -1 to σmax = 4.7 × 10 -6 S.cm -1 with a change ratio of 0.27. At high temperature (T = 90 °C), the ionic conductivities range from σmin = 2.8 × 10 -4 S.cm -1 to σmax = 8.8 × 10 -4 S.cm -1 with a change ratio of3.14. No linearity between the pellet thickness and conductivity is observed. The obvious conductivities gap at 90 °C is possibly due to the instability of compositions at high temperature since the gap is much smaller at 10 °C.

Figure III- 16

 16 Figure III-16 Variable-temperature ionic conductivity of glass sample 50Na on different thicknesses.

Figure III- 17 ,

 17 overall, sample 70Na_5Ga, which contains the most GeS2, possesses the best conductivity among the three samples. 70Na and 70Na_25Ga on the other hand, have almost identical conductivity evolution with temperature. This behavior suggests that the dominant GeS2 glass former, though the difference is small, indeed helps the mobility of the charge carriers (Na + ). However, the identical conductivity between 70Na and 70Na_50Ga suggests that the local structure difference is minimal despite the dominant Ga2S3 glass former. Comparing the studied samples with the literature sample composition of 70Na2S-30Ga2S3 104 , considerable improves are observed for all three samples. The introduction of multiple glass formers can enhance the cation diffusion 176 . Pradel et al. found out that a specific composition in the Li2S-SiS2-GeS2 glass system, the mixed glass former effect can help increase the conductivity by two orders of magnitude 177 .

Figure III- 17

 17 Figure III-17 Comparison of ionic conductivities of glass samples 70Na, 70Na_5Ga, 70Na_25Ga and glass sample of pseudo-binary 70[Na2S]-30[Ga2S3] from literature 104 .

Figure III- 18

 18 Figure III-18 Polarization current-time curve at a voltage of 100 mV of glass samples (a) 70Na, (b) 50Na and (c) 25Na, with the stable current indicated in each plot.

  chapters we studied the local structure, thermal properties and discussed the ionic and electronic conductivities of the Na2S-Ga2S3-GeS2 pseudo-ternary glass system. Glassy materials generally exhibit a better ionic conductivity than their crystalline equivalent because of their open structure and large free volume. However, in some cases, glass-ceramics can overperform their glass counterpart in terms of ionic conductivity thanks to the unique crystalline structure which promotes ion mobility.Take an example of a nano-crystallized glass 90[V2O5]-10[P2O5]: the core-shell model postulates that each crystallite (referred to as the "core") is enveloped by a thin shell, characterized by a distinct structure and properties shared neither by the crystallites nor by the glass matrix. The defective nature of this shell contributes to the creation of ionic defects, in this case oxygen vacancies, along with the emergence of small polarons 181 .When there is a substantial concentration of these small crystallites, the individual shells surrounding them overlap, giving rise to pathways that facilitate the conduction of small polarons, as shown in Figure IV-1.

Figure IV- 1

 1 Figure IV-1 SEM image of a nanocrystallized glass 90[V2O5]-10[P2O5], with an accompanying illustration depicting a straightforward conduction pathway running alongsidethe interfacial regions adjacent to the crystallites (the lighter areas) 182 .

2 .

 2 the electrode domain, olivine-type LiFePO4 was engineered for use as the cathode active component in LIBs. It is noteworthy that the LiFePO4 crystal possesses a structural arrangement that facilitates the intercalation of Li + ions, making it an effective choice as the cathode material. Traditional LiFePO4 crystals synthesized by solid-state reactions exhibit limited electronic conductivity, which reduces battery capacity and potential, particularly in high-rate discharge scenarios 186 . However, reports indicate that batteries constructed using this glass-ceramic material demonstrate robust cell performance even under high-rate discharge conditions 187 . The battery featuring the glass-ceramic material consistently maintained a higher voltage when subjected to higher currents, in contrast to the battery using conventional LiFePO4 crystal, as depicted in Figure IV-This observation indicates that the glass ceramic has a lower internal resistance and superior performance during high-rate discharges compared to the conventional battery. The reduction in metal impurities contributes to minimizing the risk of short-circuit incidents within battery systems. These promising characteristics of the LiFePO4 glass-ceramic open up new avenues for extensive research on glass-ceramics for various energy applications.

Figure IV- 2

 2 Figure IV-2 Discharge capacity and Discharge voltage of lithium-ion rechargeable batteries with LiFePO4 glass-ceramic and ceramic as cathode (from left to right) 188 .

Figure IV- 3

 3 Figure IV-3 Crystal structure of the layered CsGaGeS4, figure adapted from ref. 189 .

- 5 , 4 .

 54 the initial test was carried out at 500 °C. However, an important deformation of sample pellet and a sulfur condensation were found after the annealing process, as shown in Figure IV-This can be explained by the relatively high annealing temperature, which causes the release of sulfur from the compound. As the stoichiometry was no longer consistent, we decided to perform an in-situ high temperature XRD in order to determine the starting temperature of crystallization of this glass (results discussed in next part). Finally, we proceeded to lower the temperature to 460 °C while maintaining the same duration.

Figure IV- 4

 4 Figure IV-4 Photos of annealed pellet at 500 °C after 24 h showing (a) a deformation of pellet surface (indicated by yellow arrow) and (b) a sulfur condensation at the end of the sealed silica tube.

2. 2 .

 2 High temperature reaction 5 g of stoichiometric proportions of Na2S (Alfa Aesar, 95% purity), germanium (Umicore, 5N), gallium (Neyco, 5N), and purified sulfur (Strem Chemical Inc., 6N) were added as starting materials. Taking inspiration from the synthesis of 90[GeS2]-10[Ga2S3] glass precursor, the heating program stays the same (FigureIV-5) except that the cooling rate was set to be 2 °C.min -1 until it reaches room temperature. The silica tube containing NGGS4-Ceramic was then opened in glove box and stored.

Figure IV- 5

 5 Figure IV-5 Heating and cooling program applied to obtain NGGS4-Ceramic.

Figure IV- 6

 6 Figure IV-6 (a) XRD patterns of NGGS under heat treatment, patterns recorded in the 360-500 °C range with a step of 20 °C. Temperatures are indicated below each pattern. (b) XRD patterns of NGGS at 450 °C with time (indicated below each pattern) showing the

Figure IV-6b shows

  Figure IV-6b shows a second series of measurements where the NGGS4 powder was heated at a constant temperature of 450 °C and patterns were recorded every 30 minutes.

Figure IV- 7

 7 Figure IV-7 shows the powder XRD patterns of NGGS4-GC and NGGS4-Ceramic.Only intensity difference and minor peak differences (> 50° 2θ) were observed. The high similarity between the two XRD patterns confirms that these two different routes lead to the same crystalline structure.

Figure IV- 7

 7 Figure IV-7 XRD patterns of NGGS4-GC and NGGS4-Ceramics with Bragg positions ofNa2Ga2GeS6 (available form ref.195 ).

3. 1 . 3 .

 13 Profile refinement analysis using Le Bail method A profile refinement analysis using Le Bail method for powder XRD was conducted, as shown in Figure IV-8. An Na2Ga2GeS6 orthorhombic unit cell with Fdd2 space group (ICSD No. 759310) 195 was chosen as the refinement model. The reliability of the refined lattice parameters was justified due to the presence of low Rwp values (Rwp = 4.3).The results reveal that the lattice parameters a, b andc of NGGS4-GC are 12.094 Å, 22.55 Å and 7.186 Å respectively. To compare with that of Na2Ga2GeS6 (ICSD No. 759310), of which a, b, c are 12.432 Å, 22.584 Å and 7.239 Å, respectively. As a matter of fact, a-axis possesses a significant gap (0.31 Å) meanwhile b and c-axis differences are almost negligible (0.03 and 0.05 Å respectively). In regards of high molar percentage of Ge as well as the similarity between Ge and Ga, possible Ge substitution on Ga sites may take place and cause unit cell distortions which eventually affect the lattice parameters. Further analysis using the Rietveld method is ongoing.

Figure IV- 8

 8 Figure IV-8 Profile refinement using Le Bail method of powder XRD for NGGS-GC at ambient temperature. The red spheres are the measured data, the black line shows the fit and the blue line is the difference curve. Vertical green bars indicate the allowed Bragg positions of Na2Ga2GeS6 single crystal (ICSD No. 759310).

  the same grain and mixtures of crystal and glass (glass halo and Bragg peaks) which were coherent because of the nature of glass ceramic powders. This might be amorphous GeS2. A crystal with a size of 400 nm was successfully separated and was further investigated, as shown in Figure IV-9a. Spot diffraction patterns were observed showing varies orientations, as indicated in Figure IV-9b. According to observations, the existence of orientation (240) indicates the absence of such a plane along the c-axis, therefore, the space group can only be Fdd2. Additionally, the observed lattice parameters of selected crystal, where a = 12.7 Å, b = 23.5 Å, c = 7.3 Å, lead to an orthorhombic crystal system.

Figure IV- 9

 9 Figure IV-9 (a) TEM image of the selected crystal in the NGGS powder. (b) Spot diffraction patterns showing different observed crystal orientations.

Figure IV- 10

 10 Figure IV-10 SEM image with EDS analysis of NGGS showing an equal amount of Ga and Gein crystal.

Figure IV- 11

 11 Figure IV-11 Raman spectra of samples NGGS4, NGGS-GC and NGGS-Ceramic (from bottom to top). Signals related with vibrations of sulfur S-S bonds are marked with arrows.Spectra intensity is normalized.

Figure IV- 12

 12 Figure IV-12 Ionic conductivity comparison between (a) 50Na glass and 50Na glass-ceramic, (b) 60Na glass and 60Na glass ceramic as a function of temperature.

Figure IV- 13

 13 Figure IV-13 Ionic conductivity comparison among NGGS4, NGGS4-Ceramic and NGGS4-GC (from bottom to top).

Figure IV- 14

 14 Figure IV-14 shows the crystalline structure of reported Na2Ga2GeS6. In this structure, each Ga atom is surrounded by four S atoms, resulting in the formation of characteristic [GaS4] Td. These tetrahedra connect with each other by sharing corners, giving rise to isolated [GaS3] 3-chains. Two sets of these chains intersect, and [GeS4] Td act as linkers, creating a three-dimensional anionic framework denoted as [Ga2GeS6] 2-. Tunnels are then created along the a + c directions in the structure. These tunnels are interspersed

Figure IV- 14

 14 Figure IV-14 (a) Crystalline structure of Na2Ga2GeS6 viewed in the a-axis. (b) Infinite [GaS3] 3-chains represented as red columns and isolated [GeS4] Td 193 .

  x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] glass system which facilitates the amorphization of Ge and improve the reactivity of Ga. Comparing the milling duration of mechanosynthesis using 90[GeS2]-10[Ga2S3] glass as precursor with that of a pure mechanical milling, a significant reduction of duration is found, between 63 and 96 %. A wide range of compositions was obtained with 10≤x≤75 thanks to the mechanical milling technique. DSC analysis reveals that both Tg and Tx decrease with the increase of Na2S content.Raman spectroscopy eveals a constant collapse of Ga(Ge)S4/2 tetrahedron-based medium-range network with the introduction of Na2S, and the formation of nonbridging sulfur in the glass network. DFT calculations performed in this work determined the positions of 1-NBS and 2-NBS. PDF analysis reveals that the local structure of the glass is similar to NaGaS2 glass.The conductivity measurements on the x [Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] glass (20≤x≤75) demonstrated that the ionic conductivity increases with the addition of Na2S.

  

  

  

  

  L'ajout de deux formateurs de verres distincts ou plus, tels que Si, Sn, In, etc., à la composition d'origine semble être une manière valable de favoriser la conductivité ionique, tel que cela a été fait dans la littérature sur les dérivées de

	Na3PS4.
	➢ L'incorporation de sels métalliques halogénés, tels que le chlorure de sodium ou
	). L'ajout l'iodure de sodium, est une autre stratégie pour améliorer la conductivité ionique
	de GeS2 permet donc d'augmenter la conductivité ionique d'un ordre de grandeur par et réduire la conductivité électronique, étant donné qu'un élément électronégatif
	rapport au pseudo binaire Na2S-Ga2S3. La conductivité la plus élevée obtenue reste est introduit.'
	néanmoins modeste, mais les échantillons peuvent être envisagée pour des systèmes
	stationnaires fonctionnant à température plus élevée que 25 °C. L'étude ➢ Le recuit pour obtenir des vitrocéramiques NaGaGeS4 peut être optimisé en
	utilisant plusieurs paliers de température pour augmenter la cristallinité et
	maintenir une structure monophasée, permettant ainsi d'améliorer la
	conductivité.
	La conductivité des deux échantillons est améliorée par rapport à leur homologue en
	verre. En conclusion, la tentative de synthétiser NaGaGeS4, l'analogue de CsGaGeS4 a
	échoué. Il est possible que le cristallin Na2Ga2GeS6 avec du GeS2 amorphe résiduel
	existe dans le système au lieu du NaGaGeS4 attendu.

chronoampérométrique montre que les échantillons étudiés sont électroniquement stables. L'étude de l'épaisseur des pastilles a révélé une différence de conductivité considérable à haute température, et il est recommandé de proposer de mesurer la conductivité sur des pastilles de même épaisseur pour comparer les échantillons. Les composés amorphes peuvent être utilisés comme précurseurs de phases cristallines, parfois métastables, par traitement thermique au-dessus de leur température de transition vitreuse. De plus, certaines phases cristallines obtenues par recuit du verre présentent des propriétés de conductivité améliorées. Dans cette optique, deux méthodes distinctes ont été testées pour obtenir NaGaGeS4, un analogue de CsGaGeS4 synthétisé dans la littérature. La comparaison des DRX entre NGGS4-GC et NGGS4-Ceramic a montré une grande cohérence entre les deux motifs. Un raffinement de profil à l'aide de la méthode de Le Bail a révélé que les deux échantillons cristallisent dans le groupe spatial Fdd2, et leur structure est proche de celle de Na2Ga2GeS6. Une possible substitution du Ge sur le site du Ga peut expliquer les différences de paramètres de réseau et d'intensité relative des pics dans les diagrammes de diffraction des rayons X. Sur la base des résultats et des discussions ci-dessus, certaines perspectives sont ensuite proposées : XV ➢ ➢ Les échanges ioniques sont une stratégie de synthèse que pourrait permettre d'obtenir NaGaGeS4 à partir des composés KGaGeS4 ou CsGaGeS4 reportés dans la littérature. De plus des échange sodium/lithium permettrait d'obtenir de nouveaux électrolytes solides conducteurs du Li. Des premiers tests ont réalisés (non présentés ici) utilisant LiI pour échanger les ions sodium de la poudre NGGS4 et ont démontré sa faisabilité.
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All-solid-state batteries based on chalcogenides: State of the art

  Energy is the blood of modern society. After the eighteenth century, the widespread use of coal, oil, and electricity promoted the first and second industrial revolutions, taking

	1. Current world energy situation
	1.1. Fossil fuel dominated world

human society from agricultural to industrial civilization. Since then, energy has become an important driving force for global economic development and a common interest for many countries. The world's energy structure is dominated by fossil energy, which is likely to remain the energy basis for human survival and development for a relatively long period of time. At present, the world's total annual energy consumption is about 13900 million tons of oil equivalents (MTOE)

[START_REF] Bp | BP Statistical Review of World Energy[END_REF] 

, of which fossil energy such as oil, natural gas, and coal accounts for 80%, and most of the electricity is also produced by fossil energy, as shown in Figure

I-1

. Energy sources such as nuclear energy, solar energy, hydropower, wind power, wave energy, tidal energy, and geothermal energy account for only 15%

2 

. The price of fossil energy is relatively low, and the technology for developing and using it is relatively mature and has been systematized and standardized. Although the developed countries tried their best to get rid of their excessive dependence on oil after being hit by two oil crises in the 1970s, oil will still be the most important energy source in the next 20 years. In line with economic patterns, the increase in worldwide energy usage was reduced by half in 2022 (going from a 4.9% rise in 2021 to 2.1% in 2022). Nevertheless, this 2022 growth rate, which is still greater than the average rate of 1.4% per year observed from 2010 to 2019 2 . Fossil energy is still the energy basis for our survival on this planet.

  Taking inspiration from Hayashi et al.'s findings on lithium oxysulfide glasses 85 , Yao et al. achieved the successful synthesis of Na3PS4-xOx (0 < x ≤ 0.60) glasses through the utilization of mechanical milling

Table II -1 and Table II-2.

 II 

Table II -

 II 2 Summary of supplementary ternary samples with sample references, composition details in mol%.

Table II -

 II 3 Comparison of Na2S content between this work and work of Yao et al. 100 .

	Our work (hybrid synthesis route)	Work of Martin et al. 100 (melt-quenching)
	Na2S (mol%) (0.5GeS2-0.5Ga2S3)	Na2S (mol%) (0.9GeS2-0.1Ga2S3)
	(mol%)	(mol%)
	From 10 to 75 From 25 to 90	From 30 to 67 From 33 to 70

Germanium has a face-centered diamond cubic structure at room temperature at one standard atmosphere. The Mohs scale of germanium is approximately 6 which is right under quartz

(7) 

who is known for its hardness and stability at high temperatures. Fan et al. reported a ternary system of GeS2-Ga2S3-Li2S-LiI obtained by ball milling with germanium metal as starting reactant. Comparing the milling duration of mechanosynthesis using 90[GeS2]-10[Ga2S3] glass as precursor with that of a mechanical milling using exclusively elements as raw materials, a significant reduction of duration is found, between 63 and 96 %. This indicates that using a combination of meltquenching and ball-milling as synthesis route can greatly improve efficiency due to the difficult amorphization of Ge during mechanical milling. Synthesis duration comparison is summarized in Table II-4.

Table II -

 II 4 Comparison of milling during between our work and in the literature105 .

Table II -

 II 

	10Na	445	505	60
	20Na	450	497	47
	25Na	443	490	47
	NGGS4	437	483	46
	30Na	410	491	81
	40Na	348	470	122
	50Na	320	403	83
	60Na	285	352	67
	70Na	255	294	39
	70Na_5Ga	254	289	35
	70Na_25Ga	254	287	33
	75Na	253	286	33
	4.3. Activation energy (E a )		

5 Summary of Tg, Tx and ΔT (in °C) of studied glass samples.

Sample reference Tg (°C) (± 2 °C) Tx (°C) (± 2 °C) ΔT(°C) (± 2 °C)

Table III - 1 .

 III1 It is in the same range than other sulfide-based Na + conductors 101 . There is no clear trend between the ΔEa values and the Na content, although the highest values are reached for sample 40Na and 50Na.

Table III -

 III 1 Summary of calculated ΔEa of studied samples

	Sample reference	ΔEa (kJ/mol)
	20Na	44.27 ± 0.40
	25Na	40.87 ± 0.45
	30Na	44.85 ± 0.55
	40Na	49.00 ± 1.1
	50Na	47.62 ± 1.25
	60Na	37.28 ± 0.43
	70Na	34.83 ± 0.47
	75Na	35.95 ± 0.07

Table III -

 III 2 Comparison of room-temperature ionic conductivity of the glass powders in this work with that of the bulk glass and glass powders reported in the literature.

			Our work					Literature	
	Na2S	GeS2	Ga2S3	Sample	σ	Na2S	GeS2	Ga2S3	Sample	σ
	(mol%)	(mol%)	(mol%)	properties	(S.cm -1 )	(mol%)	(mol%)	(mol%)	properties/Ref.	(S.cm -1 )
	40	30	30	Cold-	7.6 ×	40	54	6	Bulk glass,	1.8 ×
				pressed	10 -7				Ref. 101	10 -6
				pellets						
	50	25	25	Cold-	1.1 ×	50	45	5	Bulk glass,	5.1 ×
				pressed	10 -6				Ref. 101	10 -6
				pellets						
	60	20	20	Cold-	1.4 ×	60	36	4	Bulk glass,	7.1 ×
				pressed	10 -6				Ref. 101	10 -6
				pellets						
	70	15	15	Cold-	1.2 ×	70	0	30	Cold-pressed	9.1 ×
				pressed	10 -5				pellet,	10 -7
				pellets					Ref. 104	
	75	12.5	12.5	Cold-	1.8 ×	80	0	20	Cold-pressed	1.9 ×
				pressed	10 -5				pellet,	10 -6
				pellets					Ref. 104	

Table IV -

 IV 1 Summary of studied sample with reference names, synthesis methods and nature of materials

	Reference name	Synthesis method	Nature of material
	NGGS4	Mechanical milling	Glass
	NGGS4-GC	Mechanical milling & annealing	Glass-ceramic
	NGGS4-Ceramic	High-temperature reaction	Ceramic
	2. Synthesis of NaGaGeS 4	
	2.1. Mechanical synthesis and annealing	
	The first synthesis strategy consists of synthesizing the glass 25[Na2S]-50[GeS2]-
	25[Ga2S3] (NGGS4) by mechanochemistry, and then annealing it to obtain a glass-

ceramic. The mechanical milling conditions can be found in chapter II (part II.1.3),

S.cm -1 ) when the precursor glasses crystallize into a highly conductive nanoscale application-specific integrated circuit structure[START_REF] Yamane | Crystal structure of a superionic conductor, Li7P3S11[END_REF] .

S.cm-1 , comparable to that of c-Na3PS4 (as illustrated in FigureI-19c). The slowly cooled product, NSPS, exhibits a higher Sn/P content ratio, leading to an expanded crystal volume and consequently elevated room temperature ionic conductivity. A similar effect is observed in LGPS electrolytes due to variations in crystal volume. In electrolytes such as LMPS and NMPS (where M = Si, Ge, Sn), the activation energy of

using 90[GeS2]-10[Ga2S3] glass as precursor with that of a pure mechanical milling, a significant reduction of duration is found, between 63 and 96 %. This indicates that using a combination of melt-quenching and ball-milling as synthesis route can greatly improve efficiency due to the difficult amorphization of Ge during mechanical milling. DSC analysis reveals that both Tg and Tx decrease with the increase of Na2S content.

The ΔT showed a rising then declining trend which indicates a higher thermal stability in the mid-range of Na2S content. Raman spectroscopy has been used to study the glass structure as a function of Na2S content. It reveals a constant collapse of Ga(Ge)S4/2 tetrahedron-based medium-range network with the introduction of Na2S, and the formation of non-bridging sulfur in the glass network. A feature at 320 cm -1 is detected, which becomes predominant for x=40 and is detected up to x=60. This feature could be associated with 1-NBS and 2-NBS. DFT calculations performed in this work are consistent with this hypothesis. PDF analysis reveals that the local structure of the glass is similar to NaGaS2 glass.

Chapter III:

Conductive properties of glasses in

Na 2 S-Ga 2 S 3 -GeS 2 system La spectroscopie Raman a été utilisée pour étudier la structure du verre en fonction de la teneur en Na2S. Elle a révélé un effondrement constant du réseau basé sur les tétraèdres Ga(Ge)S4/2 avec l'ajout de Na2S, ainsi que la formation de soufre non pontant dans le réseau du verre. La conductivité la plus élevée à température ambiante est obtenue pour l'échantillon avec x = 75 (σ = 1.8 × 10 -5 S.cm -1 ). La conductivité la plus élevée est atteinte pour le même échantillon à 90 °C (σ = 1.0 × 10 -3 S.cm -1 ). Une tentative de préparation de NaGaGeS4 a été menée. L'analyse par DRX a révélé que sa structure cristalline était similaire à celle de Na2Ga2GeS6. Une meilleure conductivité ionique a été obtenue par rapport à son homologue vitreux, grâce à sa structure qui favorise la mobilité des porteurs de charge.

Title : Synthesis and characterization of sulfur-based glasses and glass-ceramics for the solid-state electrolyte applications

Keywords : solid-state electrolytes, sulfur-based glasses, structural properties, ionic conductivity, glass-ceramics, mechano-synthesis.

Abstract : This thesis focuses on the synthesis of glasses in the pseudo-ternary system Na2S-Ga2S3-GeS2. Their thermal, structural, and conductivity properties were studied as a function of Na2S content. We also investigated the synthesis of one crystalline composition in this system, namely NaGaGeS4. First of all, glasses in the system x[Na2S]-(100-x) [0.5GeS2-0.5Ga2S3] were prepared via a two-step synthesis including a meltquenching synthesis of a Ge-rich precursor, then a mechanical milling step for amorphization. A wide range of composition was obtained (10 ≤ x ≤ 75). Raman spectroscopy was used to study the glass structure as a function of Na2S content.

It revealed a steady collapse of Ga(Ge)S4/2 tetrahedron-based medium-range network with the introduction of Na2S, and the formation of non-bridging sulfur in the glass network. The highest room-temperature conductivity is achieved for the sample with x = 75 (σ = 1.8 × 10 -5 S.cm -1 ).

The highest conductivity is reached for the same sample at 90 °C (σ = 1.0 × 10 -3 S.cm -1 ). An attempt of preparing NaGaGeS4 was carried out. XRD and profile refinement revealed its crystalline structure is similar to Na2Ga2GeS6. An improved ionic conductivity was obtained compared to its glassy counterpart thanks to its structure which promotes the mobility of charge carriers.