à base de magnésium ouvre la voie vers l'ingénierie des hydrures avec des propriétés de sorption d'hydrogène adaptées au stockage solide.

Résumé

L'hydrogène est devenu un important vecteur d'énergie alors que le monde poursuit sa transition vers les énergies renouvelables. Le mode de stockage de l'hydrogène a fortement évolué, passant de l'utilisation de réservoirs de gaz au début du 20ème siècle à l'utilisation de matériaux de stockage de l'hydrogène au 21e siècle. Les hydrures à structure pérovskite basés sur des éléments légers sont des matériaux prometteurs pour le stockage de l'hydrogène en raison de leur capacité gravimétrique élevée en hydrogène. Parmi ceux-ci, les pérovskites à base de magnésium, tels que NaMgH3, ont fait l'objet de nombreuses recherches. Cependant, la mauvaise cinétique de désorption de l'hydrogène et la température opérationnelle élevée restent un défi pour son utilisation pratique.

L'ambition de cette thèse était d'étudier la possibilité de modifier les propriétés structurales et fonctionnelles induites par l'utilisation de hautes pressions sur des hydrures légers cristallisant dans la structure pérovskite. Dans cette étude, la synthèse de plusieurs hydrures à structure pérovskite à base de magnésium, comme NaMgH3, et KMgH3 a été réalisée en utilisant une technique à haute pression et à haute température. L'analyse de la diffraction des rayons X in situ a révélé certaines informations sur la transformation de phase qui se produit avec les précurseurs d'hydrure binaire, ainsi que sur le mécanisme de synthèse dans des conditions extrêmes. Les études de diffraction des neutrons sur poudre à haute pression réalisées à l'Institut Laue-Langevin ont permis la détermination de propriétés mécaniques (module d'incompressibilité) de NaMgH3 et KMgH3.

La substitution de cations sur le site A de la pérovskite a également été effectuée sur NaMgH3 pour diminuer sa température de désorption de l'hydrogène. NaMgH3 substitué par du lithium (Na1-xLixMgH3) a été synthétisé à haute pression. L'analyse par calorimétrie différentielle à balayage a confirmé la réversibilité de la désorption d'hydrogène desdits matériaux.

Introduction

Il est à la fois facile et difficile d'imaginer un monde dont l'empreinte carbone serait nulle. Avec toutes les nouvelles technologies actuelles dans le secteur des énergies renouvelables, il est facile de penser que toutes les technologies basées sur les combustibles fossiles peuvent être supprimées instantanément et que le monde devient alors meilleur. Mais cela est plus facile à dire qu'à faire. Les défis politiques et économiques jouent également un rôle dans la réalisation d'une société à empreinte carbone nulle. La lumière au bout du tunnel est encore loin, disent-ils, car seuls les pays développés sont capables de faire passer la majorité de leurs sources d'énergie de non renouvelables à renouvelables. Sur une note positive, grâce à l'avancement de la recherche et du développement (R&D) dans le domaine des énergies renouvelables, la technologie finira par atteindre les économies à faible revenu, car les scientifiques s'efforcent de trouver des solutions plus faciles à gérer, moins chères, plus sûres et plus efficaces. C'est la vue d'ensemble... Pour examiner la situation dans son ensemble, il faut se pencher sur les différentes technologies actuellement disponibles. Les lycéens diront peut-être que les sources d'énergie renouvelables se résument aux centrales solaires, aux centrales hydroélectriques et aux parcs éoliens. Ils sont loin de se douter que la société se dirige lentement vers un avenir où l'hydrogène est un carburant propre.

Le contexte théorique de cette thèse présente l'hydrogène comme un vecteur énergétique pouvant être utilisé pour le transport et l'alimentation à la demande. Étant l'élément le plus léger et le plus abondant qui soit, l'hydrogène a joué un rôle important en tant que vecteur énergétique. Cependant, pour les applications stationnaires et mobiles, l'hydrogène doit être stocké. Pendant la majeure partie du début et du milieu du 20e siècle, l'hydrogène a été stocké dans de grands réservoirs de gaz cylindriques à haute pression. Ce n'est toutefois pas la façon la plus efficace de procéder. Aujourd'hui, l'objectif est de disposer d'un matériau capable de contenir autant d'hydrogène que possible, de fonctionner dans des conditions aussi réduites que possible et de durer longtemps. Dans cette étude, les matériaux appelés hydrures de pérovskite, considérés comme l'une des perspectives de stockage de l'hydrogène à l'état solide, sont présentés et discutés. Ces matériaux existent depuis la fin du 20e siècle et la recherche d'amélioration de leurs performances et de leur efficacité est toujours en cours.

Les hydrures de pérovskite fabriqués à partir de métaux légers semblent prometteurs pour le stockage de l'hydrogène à l'état solide car ces matériaux sont légers et ont une capacité gravimétrique élevée, ce qui signifie qu'ils peuvent contenir de grandes quantités d'hydrogène par unité de masse du matériau. Ces bonnes caractéristiques ont permis l'essor de la recherche pour synthétiser des hydrures de pérovskite présentant de bonnes performances de stockage de l'hydrogène. Parmi les différentes méthodes de synthèse, les techniques haute pression-haute température permettent d'explorer le comportement des matériaux solides dans des conditions extrêmes. Ainsi, certaines plages de pression et de température peuvent être exploitées pour comprendre le comportement et les caractéristiques de certaines phases métastables, qui ont la possibilité de se transformer en un état plus stable si le processus avait été réalisé dans des conditions ambiantes. De plus, travailler à des pressions extrêmes nous permet d'étudier certains changements structurels dans le solide. Ainsi, nous pouvons comprendre comment les arrangements atomiques peuvent affecter les produits de synthèse.

Ceci étant dit, l'objectif général de cette thèse est de synthétiser des hydrures de pérovskite (NaMgH3, Na1-xLixMgH3, KMgH3) en utilisant des techniques de haute pression et de haute température et de relier certaines de leurs propriétés mécaniques et thermiques à leurs performances de stockage d'hydrogène.

Les techniques expérimentales

Les synthèses et les caractérisations ont été réalisées à l'aide de presses à grand volume.

Nous mentionnons ici des presses grand volume utilisées dans l'étude qui sont disponibles à l'Institut Néel : la presse CONAC, et la presse belt. Une autre presse utilisée était la presse Paris-Edinburgh (PEP). La PEP a été adaptée aux expériences de XRD qui utilisent des faisceaux de rayons X intenses provenant de sources de lumière synchrotron, ainsi qu'aux expériences de diffraction des neutrons sur poudre (NPD). Les avantages de ce type d'expériences sont les suivants : petits volumes d'échantillons, ce qui permet de réaliser des expériences à des pressions encore plus élevées, et diminution significative des temps d'acquisition.

Toutes les synthèses ont été réalisées en utilisant des précurseurs d'hydrure binaire. Les poudres d'hydrure métallique (NaH, MgH2, LiH, KH, CaH2) ont été achetées chez Sigma-Aldrich. Toutes les procédures impliquant ces hydrures ont été réalisées sous atmosphère Ar à l'intérieur d'une boîte à gants maintenue à <1,0 ppm de O2 et de H2O. Les autres poudres utilisées étaient BN (Aldrich), Cu (Prolabo), MgO (Alfa Aesar), et NaCl commercial (La Baleine). Pour toutes les préparations d'échantillons impliquant ces poudres, après avoir été viii pesées, elles ont été broyées pendant quelques minutes à l'aide d'un mortier et d'un pilon pour obtenir un mélange homogène. L'analyse par diffraction des rayons X des matériaux sensibles à l'air a été réalisée en transmission à l'aide d'un diffractomètre à rayons X Siemens D5000T. Les échantillons ont été placés dans des tubes capillaires scellés en verre borosilicate d'un diamètre de 0,5 mm ou 0,7 mm, et analysés dans une configuration de capillaire rotatif. Les analyses de données ont été effectuées en utilisant le logiciel DIFFRAC EVA et l'analyse de Rietveld en utilisant la suite FullProf.

Les expériences de diffraction des neutrons sur poudre ont été réalisées au diffractomètre à deux axes D1B de l'Institut Laue-Langevin (ILL), Grenoble, France. Les diagrammes NPD ont été collectés à 27°C (300 K) avec une longueur d'onde de 2.52 Å. Le diffractomètre sur poudre à deux axes D1B à haute intensité de l'ILL couvre une plage angulaire de 0,8° à 128,8° avec un détecteur sensible à la position (PSD) 3 He/CF4 à haute efficacité. Les mesures sur les hydrures réactifs ont été rendues possibles par un montage spécifique développé par S. Klotz (IMPMC) avec l'aide de C. Payre (ILL). La pastille échantillon, d'une épaisseur de 3,7 mm pour le NaMgD3 et de 3,25 mm pour le KMgD3, a été placée dans un joint en TiZr et a été placée entre des enclumes en diamant fritté. Auparavant, les échantillons originaux, NaMgH3 et KMgH3, ont été deutérés dans un autoclave. Les mesures à la ligne de faisceau ont été effectuées à différentes pressions (0-10,7 GPa pour NaMgD3 et 11,63 GPa pour KMgD3). Les données ont été recueillies pendant environ 2 heures pour les basses pressions et jusqu'à 6 heures pour les hautes pressions (>6 GPa). La détermination de la pression a été effectuée en ajustant le paramètre de réseau de NaCl, utilisé ici comme milieu de transmission de pression et calibrant interne, avec l'équation d'état de Brown. Un affinement de Rietveld utilisant FullProf a été effectué sur les diagrammes de diffraction des neutrons et les paramètres de maille de NaMgD3 et KMgD3 à différentes pressions ont été déterminés. Les données des paramètres de maile ont été utilisées à l'aide de l'équation de Birch-Murnaghan du troisième ordre en utilisant le logiciel EoSFit7-GUI pour calculer le module de compressibilité. L'étude des propriétés thermiques a été réalisée à l'aide d'un calorimètre Nietzsch DSC 3500 Sirius. Les échantillons ont été chauffés jusqu'à 585°C en utilisant différentes vitesses de chauffage : 5, 10, et 20 K/min sous un flux continu d'azote de 20 mL/min. Les échantillons ont été scellés dans un creuset hexagonal en acier CrNi (AlSl 316L) avec couvercle, appelé "creuset haute pression" et résistant à une pression allant jusqu'à 100 bars. Un disque de scellement en or, qui contient également 26% Ag et 15,5% Cu, a été placé entre le creuset et le couvercle. Un creuset vide a été utilisé comme référence.

Synthèse et caractérisation d'hydrures de pérovskite

Cette partie a démontré les différentes expériences de synthèse réalisées pour synthétiser NaMgH3, NaMgH3 substitué par Li, et KMgH3. Les produits synthétisés par l'autoclave, la presse belt, la presse CONAC et la PEP ont été présentés. x L'optimisation de la synthèse du KMgH3 a également été réalisée. Ceci a été fait pour minimiser la production d'un produit secondaire, le K2MgH4. Les paramètres de maille de KMgH3 obtenue concordent bien avec les valeurs de la littérature. [START_REF] Reshak | Firstprinciples calculations of structural, elastic, electronic, and optical properties of perovskite-type KMgH3 crystals: Novel hydrogen storage material[END_REF] Propriétés thermiques des hydrures à structure pérovskite 

Cette étude

Conclusion générale et perspectives

Cette recherche de trois ans et demi a été menée pour comprendre le processus de synthèse des hydrures pérovskites, leurs propriétés et leur comportement dans des conditions extrêmes de pression et de température. La possibilité de synthétiser de nouveaux matériaux a également été explorée. Le chapitre I a fourni l'historique et le contexte nécessaires à la nécessité de synthétiser de nouveaux matériaux pour le stockage de l'hydrogène. Les matériaux actuels de stockage de l'hydrogène étant confrontés à certains problèmes concernant leur cinétique et leur thermodynamique, il est toujours nécessaire de modifier certains aspects afin d'obtenir les propriétés idéales envisagées pour un matériau de stockage de l'hydrogène parfait.

Les différentes méthodologies expérimentales présentées dans le chapitre II ont permis 
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Introduction

It is both easy and difficult to imagine a world with a zero carbon footprint. With all the new technologies nowadays in the renewable energy sector, it is easy to think that all fossil fuel-based technologies can be scrapped instantly and then the world becomes a better place. This, however, is easier said than done. Challenges in politics and economics also play in the realization of a zero carbon footprint society. The light at the end of the tunnel is still far, they say, as only developed nations are capable of transitioning majority of their energy sources from non-renewable to renewable. On a positive note, through the advancement of research and development (R&D) in the renewable energy field, eventually the technology will trickle down to low income economies as scientists are focused on making solutions that are easier to manage, cheaper, safer, and more efficient. This is the bigger picture… Looking into the smaller picture involves looking into the different technologies that are currently available. Possibly, high school kids may say that renewable energy sources consist of just solar power plants, hydroelectric plants, and wind farms. Little do they know that society is slowly going into a future with hydrogena clean fuel.

The theoretical background of this thesis presents hydrogen as energy carrier which can be used for transportation and on-demand power. Being the lightest and most abundant element there is, hydrogen has played a significant role as an energy carrier. For stationary and mobile applications however, hydrogen needs to be stored. For the most part of the early and mid-20 th century, hydrogen has been stored in large high-pressure cylindrical gas tanks. This, however, is not the most efficient way to do it. The goal nowadays is to have a material that can hold as much hydrogen as possible; something that can be operated at the minimal operational conditions as possible; something that can last long. In this study, materials called perovskite hydrides, considered as one of the prospects for solid-state hydrogen storage, are presented and discussed. These materials have been around since the end of the 20 th century and the quest to improving the material's performance and efficiency is still ongoing.

Perovskite hydrides made from light metal elements look promising for solid-state hydrogen storage because these materials are lightweight and they have high gravimetric capacity which means they can hold high amounts of hydrogen per unit mass of the material. These good characteristics enabled the outpour of research to synthesize perovskite hydrides with a good hydrogen storage performance. Among the different synthesis methods, highpressure high-temperature techniques provide the means of exploring the behavior of solid materials at extreme conditions. With this, certain pressure and temperature ranges can be exploited to understand the behavior and characteristics of some metastable phases, which have the chance to transform into a more stable state had the process been done at room conditions.

Moreover, working at extreme pressures allows us to study certain structural changes in the solid. Thus, throwing some light on how the atomic arrangements can affect the synthesis products.

Having said, therefore, the general objective of this thesis is to synthesize perovskite hydrides using high-pressure high-temperature techniques and to relate some of their mechanical and thermal properties to their hydrogen storage performance. This manuscript consists of five chapters. The first two chapters deal with the background, motivation, literature review, and the experimental techniques employed. Chapter 1 discusses the concept of solid-state hydrogen storage, the role of perovskite hydrides as hydrogen storage materials, and the method of high-pressure synthesis in synthesizing these materials. Chapter 2, on the other hand, describes the experimental methods performed during synthesis of the perovskite hydrides and characterization of the said materials. This chapter is dedicated to the different equipment used, as well as the software and analysis tools employed.

In particular, the use of a large-scale instrument at the Institut Laue-Langevin is also highlighted. The different techniques presented here allowed for the determination of certain mechanical and thermal properties of the samples studied.

After presenting the theoretical framework and the experimental techniques employed, the remaining chapters present the results and discussion of each material studied. Chapter 3 describes the synthesis and characterization of NaMgH3, Na1-xLixMgH3, and KMgH3, materials that have pretty much received attention in recent years. In this chapter, different high-pressure synthesis techniques are shown. Both the use of autoclave and anvil-type press are presented.

Moreover, the formation of NaMgH3 at the high-pressure high-temperature realm has been studied using in-situ X-ray diffraction analysis with a Paris-Edinburgh Press. This provides an understanding as to how phase transformations of the reaction precursors occur at extreme condition and how the synthesis of the perovskite hydride comes about. This chapter also determines the maximum amount of lithium substitution in NaMgH3 and describes its effect in terms of the crystal structure.

The study of one mechanical property, the bulk modulus, of NaMgH3 and KMgH3 is presented in Chapter 4. This is the first time that such experimental data for the bulk moduli of the two perovskites is reported. High-pressure neutron powder diffraction using a Paris-Edinburgh Press at the D1B beamline of the ILL facilitated the exploration of any pressureinduced phase transformation of these materials. Rietveld analysis of the neutron diffraction data provides the information about the arrangement of atoms, bond lengths, bond angles, etc. to help us understand what structural transformation the crystal is going through.

Chapter 5 talks about some thermodynamic properties of the synthesized perovskites in relation to their hydrogen storage performance. Differential scanning calorimetry studies allowed the understanding of how changing the element at the A-site affects the desorption temperature of the perovskite hydride. The obtained temperatures of desorption using different heating rates during measurements were analyzed. The experimental data also shed light on the reversibility of the hydrogen desorption process, which adds to the understanding of the performance of the hydrogen storage material being studied.

General conclusion and perspectives are given at the end of the manuscript. In addition, experimental attempts of synthesis of LiMgH3 and NaCaH3, two promising compounds predicted to be stable by theoretical calculations studies, are described as appendices.

Chapter I. Literature Review

This chapter provides the background of the study. In the first part, the motivation of the research is discussed. Here, the problem that humankind is facing in terms of energy sources is presented. Among the many solutions proposed, the use of hydrogen as energy storage is shown to be a promising one. Different ways of storing hydrogen are discussed and the choice of solid state storage is highlighted.

The second part of the chapter deals with the role of perovskite hydrides as hydrogen storage materials. An overview of the crystal structure of perovskite is presented and this section also provides a literature review of some of the perovskite hydrides already synthesized for hydrogen storage applications, most importantly NaMgH3. Recent developments for NaMgH3, including the modification in the synthesis parameters in order to improve the hydrogen storage performance of the material are also described here.

The final part of the chapter discusses the use of high-pressure high-temperature synthesis techniques. The use of autoclave-type and anvil-type synthesis apparatuses allows for certain processes that normally do not transpire at normal conditions to occur. A lot of perovskite hydrides were synthesized this way and it is interesting to note that high-pressure techniques can pave the way towards synthesizing new materials that have performances better than ever.

I.1. Context

I.1.a. The Energy Problem

In the present day, only less than 15% of the world's energy is produced from renewable sources [1]. Advanced economies such as the European Union has renewable energy penetration of 50% for most of its member states [2]. Majority of the remaining 85% are the culprits of severe waste generation that pose a threat to the environment. Burning coal, for example, in coal power plants is considered to be a very "environmentally dirty" process in energy generation. During this combustion process, CO2 is formed which then accumulates in the atmosphere and eventually lead to the greenhouse effect. The status quo of burning fossil fuels is not aligned with the principles of sustainable development [1]. Based on the Global Energy & CO2 Status Report 2019 of the International Energy Agency (IEA), global energyrelated CO2 emissions in 2018 reached a historic high of 33.1 Gt CO2, a 1.7% growth. Global annual CO2 concentration in the atmosphere averaged at 407.4 ppm compared to pre-industrial levels of around 280 ppm maximum. This increase in CO2 emissions was brought about by the 2.3% annual growth in global energy consumption.

Due to population growth and other socioeconomic factors, the demand for electricity keeps on growing. Soon, the renewable energy sector will get a bigger slice of the pie because the cost of operating renewable energy generators will hopefully become typically lower than fossil-fuel-based thermal generators, and operational costs may decrease due to the growing competition in the power market [3]. Also, non-renewable sources of energy will soon start to dry up. Certain models show the depletion timeframe of non-renewable energy sources like oil, natural gas, uranium, and coal. Based on these models, energy production from uranium will peak by the year 2025, after which depletion of this energy resource will occur. On the other hand, oil production will peak by the year 2060 and after that, oil resources will start to get depleted while natural gas production will start its decline by 2080. Depletion of coal will occur beyond 2100 [4].

Alternative fuels such as biodiesel, hydrogen, and solar fuels (using photoelectrochemical and thermochemical cells) have been developed. Among these key alternatives is hydrogen. It is foreseen to be produced in infinite quantities due to its abundance. However, currently, hydrogen is still produced mainly via natural gas reforming and electrolysis. Still, the spotlight is on hydrogen because there is a potential long-term restriction on greenhouse gases and the rate of technological advancement is increasing [5]. In the European Union, where 20% of energy demand comes from the transport sector, it is projected that in 30 years, renewable fuels such as H2-biomass, H2-photovoltaic, electricity-wind/hydro, and electricity-PV, which costs more expensive than gasoline now, will eventually become cheaper and more competitive than conventional gasoline [6]. Likewise, according to the European Commission's High Level Group for Hydrogen and Fuel Cells Technologies, the European Union will attain a Hydrogen-based economy by 2050 and that by 2040, 35% of new vehicles will be run using Hydrogen as fuel [7].

I.1.b. Hydrogen as energy store

Hydrogen is the lightest known element with a molar mass of 1.08 g/mol. In the course of history, energy carriers are being developed in a way that it moves from a more carbonbased fuel to a more hydrogen-rich fuel. The development goes from coal (C) to oil (-CH2-) to natural gas (CH4) and ultimately to hydrogen (H2). The chemical energy content of hydrogen per mass is three times larger than that of oil (39.4 kWh/Kg. hydrogen vs. 13.1 kWh/Kg. oil) even if it costs three times as much [8]. This high energy density is one of the advantages of hydrogen when used as an energy carrier in vehicle applications [START_REF] Yang | High capacity hydrogen storage materials: Attributes for automotive applications and techniques for materials discovery[END_REF]. So economically speaking, being the most abundant element in the universe, hydrogen is a good vector of energy because the benefit outweighs the challenges, which can be solved by further development in technologies.

In the past, hydrogen production is mainly carried out by reacting fossil fuels with water at high temperatures:

-CH2-+ 2H2O → 3H2 + CO2 However, this process requires energy, it uses non-renewable precursors, and it also produces CO2. The better method is to produce H2 from non-fossil feedstocks like electrolysis of water in which the energy required for this process comes from renewable sources like wind, solar, or geothermal [8]. Also, when hydrogen is combined with O2 in a proton exchange membrane fuel cell, water is the only by-product in the power generation process. This process makes it attractive for a zero-emission vehicle [START_REF] Yang | High capacity hydrogen storage materials: Attributes for automotive applications and techniques for materials discovery[END_REF].

A set of criteria needs to be met for an efficient hydrogen storage system. It should be cheap, and safe. The storage process should allow fast refueling which is also a challenge because the hydrogen absorption process is endothermic. The storage should also be compact and lightweight, but it should have at the same time significant capacity [START_REF] Ley | Complex hydrides for hydrogen storage -New perspectives[END_REF]. The U.S. Department of Energy (DOE) identifies gravimetric capacity and volumetric capacity as important parameters for hydrogen storage applications. Gravimetric capacity pertains to the amount of hydrogen that is generated by a given weight of storage material while volumetric capacity is the amount of hydrogen contained in a particular volume of storage material [7][11].

According to the DOE Technology Validation Fleet in 2009, the hydrogen storage targets in terms of gravimetric and volumetric capacities are increased from 2010 to 2015 and finally to an ultimate goal shown in Table 1 [START_REF] Yang | High capacity hydrogen storage materials: Attributes for automotive applications and techniques for materials discovery[END_REF]. The 2003 targets were higher than these because these high values were set in order for H storage systems to be equivalent to that of a gasoline fuel system of vehicles. Storage of hydrogen fuel for transportation was mainly performed by using storage cylinders. Early versions of these gas vessels were heavy and had only a 0.05 m 3 H gas/kg cylinder technical efficiency. From the 1960s, these vessels were improved using Cr-Mo alloyed cylinder steels that had an improved efficiency of 0.13 m 3 /kg. There was a variation in the exact value, depending on the design code of cylinder fabrication. In the 1970s and 1980s, problems arose when a lot of failures were experienced by hydrogen cylinder vessels, which prompted the questions on its safety. Nowadays, improvements in the cylinder material are constantly being developed such as the use of tanks made of composite materials just like the ones used for compressed natural gas (CNG) and liquefied natural gas (LNG) [START_REF] Irani | H ydrogen Storage : High-Pressure Gas[END_REF]. However, lightweight carbon fiber, the typical material used to contain hydrogen in vessels for up to 700 bar, is costly, and is more expensive than the plastic gasoline tank. Because hydrogen has a low density of 0.089 g/L at standard temperature and pressure, there is a need to store hydrogen under high pressure in order to fit the configuration of a vehicle [START_REF] Yang | High capacity hydrogen storage materials: Attributes for automotive applications and techniques for materials discovery[END_REF].

The operating temperature and pressure of a hydrogen storage system depends on the requirements of the cell. Minimum temperature can go as low as -40°C for cold weather operation and maximum temperature is set at 60°C but ultimately can go up as high as 105°C

[9] [START_REF] Ren | Current research trends and perspectives on materials-based hydrogen storage solutions: A critical review[END_REF]. The working pressure on the other hand can vary from 3 bar to 12 bar [START_REF] Yang | High capacity hydrogen storage materials: Attributes for automotive applications and techniques for materials discovery[END_REF].

With the growing popularity of hydrogen-powered automobile, it should not be forgotten that it can still be dangerous. Hydrogen has the potential to leak outside the tank and it can cause fires and even explosion [14].

I.1.c.2. Liquid state storage

In contrast to the solid state method, liquefaction is a process where liquid hydrogen is stored in cryogenic tanks at 21.2 K. The critical temperature of hydrogen is 33K and because liquid and gas exist very vaguely beyond the critical temperature, liquid hydrogen can only be stored at ambient pressures. To prevent the boil-off of hydrogen, the storage vessels should be ideally spherical. However, fabricating huge spherical containers in more difficult [8]. The regulation of temperature in the vessel is also crucial. For example, if the temperature is <180K, the capacity of a vessel is 71.3 g/L stored hydrogen, and when the temperature is 200K, this decreases to 64.2 g/L [START_REF] Ahluwalia | Dynamics of cryogenic hydrogen storage in insulated pressure vessels for automotive applications[END_REF]. It is the complicated vessel fabrication plus the energy-efficiency of the process of liquefaction and the thermal insulation required for the spherical vessels, that makes this technique a little challenging [8]. In the transportation sector, if hydrogen storage is applied to vehicles, high-pressure tanks and cryo-storage will not be suitable due to their low energy density and also due to safety reasons [START_REF] Jain | Novel hydrogen storage materials: A review of lightweight complex hydridespuye[END_REF]. Figure 1 demonstrates that physical storage using high-pressure tanks and liquefying H2 is less efficient in terms of the amount of H2 that can be stored [START_REF] Ren | Current research trends and perspectives on materials-based hydrogen storage solutions: A critical review[END_REF]. Using materials-based storage in the form of solid materials can be a better option due to a larger volumetric capacity. These materials will be discussed in the next sections.

I.1.c.3. Solid state storage

The first paper related to reversible hydrogen storage material was published in 1958.

A zirconium-nickel alloy reacted readily with hydrogen to form a mixture of ZrNiH-ZrNiH3 phases, which also showed reversibility based on its pressure-composition isotherms [START_REF] Hayes | The System of Zirconium-Nickel and[END_REF]. This was followed by the Mg2Ni/Mg2NiH4 system which has hydrogen capacity of 3.6 wt.%, which was followed by the development of other materials such as LaNi5, TiFe, ZrCr2, and V [START_REF] Wang | Tuning kinetics and thermodynamics of hydrogen storage in light metal element based systems -A review of recent progress[END_REF].

Due to the limitations brought about by simple light metal hydrides, several materials have been synthesized such as complex hydrides, metal alloys [START_REF] Tsukuda | Ability of hydrogen storage CeNi5-xGax and Mg2Ni alloys to hydrogenate acetylene[END_REF], 2D layered materials [START_REF] Han | Recent advanced in energy harvesting and storage applications with two-dimensional layered materials[END_REF],

nanocomposites [START_REF] Gao | Effects of nanocomposites (FeB, FeB/CNTs) on hydrogen storage properties of MgH2[END_REF], carbon-based nanosheets [START_REF] Alhameedi | Reversible hydrogen storage properties of defect-engineered C4N nanosheets under ambient conditions[END_REF], and metal organic frameworks [START_REF] Ma | Preparation and hydrogen storage properties of MgH2-trimesic acid-TM MOF (TM=Co, Fe) composites[END_REF].

Despite all of the available materials, dozens of investigations are still underway on the identification of new materials with high H content that can also have low operating temperatures.

For onboard applications, a hydrogen storage material should operate at 358K and the time it takes to be replenished for another cycle of hydrogenation-dehydrogenation should be within 5 minutes [START_REF] Luo | Kinetics in Mg-based hydrogen storage materials: Enhancement and mechanism[END_REF]. For Mg-based materials, this is not the case as the temperature for the release of 1 bar hydrogen is 560K. Hydrides of magnesium, lithium, and sodium have a high desorption temperature of greater than 573 K [START_REF] Nurul | The kinetics of lightweight solid-state hydrogen storage materials: A review[END_REF]. Strong Mg-H bonds account for this thermodynamic stability. This can be modified by looking at the formation enthalpy (ΔH) and entropy (ΔS) using the van't Hoff equation. On the other hand, the rate of reaction can be modified by looking at the activation energy (Ea). The activation energy can be derived from the Arrhenius equation or in these studies from the Kissinger equation which will be discussed in the succeeding section. Higher ΔH generally means that hydrogen desorption occurs at a higher temperature while high Ea means a slower reaction rate due to the higher kinetic barrier imposed [START_REF] Wang | Tuning kinetics and thermodynamics of hydrogen storage in light metal element based systems -A review of recent progress[END_REF]. In order to improve the material's performance, these barriers need to be overcome (Figure 2). It was reported in 1866 by Thomas Graham that palladium had a great absorptive capacity for hydrogen, forming PdH2the first metal hydride [26][27]. Metals reacted with hydrogen to form a solid metal-hydrogen compound is called a metal hydride or metallic hydride [8]. Compounds of hydrogen and the transition metals occur as mono-, di-, or trihydrides (MHn, n = 1, 2, 3). These binary metal hydrides have their metal lattice similar to the elemental metal's lattice having the hydrogens occupy interstitial sites [START_REF] Switendick | Metal Hydrides-Structure and Band Structure[END_REF]. Other examples include scandium hydride and titanium hydride [29][30]. When H atoms diffuse into the bulk of the material, the interstitial sites are occupied by these diffusing H atoms (see Figure 3). In the process, a solid solution is formed with a low concentration of H. This is called the α-phase.

The H content increases as more energy is added to the system. A hydride phase called the βphase is formed from nucleation sites which then grows into larger amounts and thus forming a substance that is saturated with H [7]. Intermetallic hydrides have the general formula ABxHn, where A is usually an alkaline earth metal or a rare earth metal, and B is usually a transition metal [8]. Contrary to an alloy where there is a continuous composition of a solid solution between A and B, intermetallics have a defined composition of A and B [START_REF] Matar | Intermetallic hydrides: A review with ab initio aspects[END_REF]. In ABxHn, x can be 0.5,1,2, or 5 while the hydrogen-to-metal ratio can be up to 2 [8]. An example of an intermetallic is LaNi5 that forms a hydride by absorbing more than 6 hydrogens and the absorption-desorption process proceed quickly at room temperature [31].

Complex hydrides were seen in the mid-90's to be a promising group of hydrogen storage materials [32][33]. Complex hydrides are materials that consist of hydrogen and group 1, 2, 3 light metals [START_REF] Jain | Novel hydrogen storage materials: A review of lightweight complex hydridespuye[END_REF]. In the realm of complex hydrides, materials that were investigated for hydrogen storage applications are alanates, borohydrides, amides, imides, amino boranes and alanes [START_REF] Jain | Novel hydrogen storage materials: A review of lightweight complex hydridespuye[END_REF]. This type of hydride consists of an electropositive counter ion and a coordination complex, like [BH4] -and [NH2] -, where hydrogen is covalently bonded [START_REF] Ley | Complex hydrides for hydrogen storage -New perspectives[END_REF]. Some complex hydrides, such as NaAlH4 and LiBH4 have good hydrogen storage capacities but involve higher operating temperatures because generally complex hydrides have high thermal stability which can hinder its practical use [34][11].

Due to these weak van der Waals forces, hydrogen storage that uses only physisorption occurs only at cryogenic temperatures, usually at 60-120 K. This technique is called cryoadsorption which generally requires adsorbates that have high surface areas for the process to become efficient [START_REF] Hirscher | Hydrogen storage by cryoadsorption in ultrahigh-porosity metalorganic frameworks[END_REF]. The advantages of using this technique are: low operating pressure, low cost of materials, and the simplicity of the design of storage systems. However, the small amount of H2 gas adsorbed and the low working temperatures are the major drawback of this technique [8].

I.1.c.3.

b. How hydrogen is absorbed in metals, alloys, and Intermetallics

The way a hydrogen storage material acts as a "hydrogen sponge" can be generally described in five steps [START_REF] Matar | Intermetallic hydrides: A review with ab initio aspects[END_REF].

The first step is the adsorption of molecular hydrogen on the surface. This is called physisorption where hydrogen molecules interact with the surface by weak van der Waals forces. The second and third steps are activation and decomposition of H2. In the activation process, any layer of oxides, sulfides, nitrides, etc. will be reduced by hydrogen. Then, H2 will decompose into H atoms. The fourth step is the formation of a monolayer hydride at the surface through chemisorption. In chemisorption, atomic hydrogen reacts chemically with solid materials to form hydrides [7]. Last is the diffusion of the hydride layer and H-species into the bulk.

The desorption process on the other hand begins when certain changes in the bulk brought about by, say input of energy by heating, force the hydrogen atoms to move to the surface. Hydrogen atoms then recombine to form H2 and they are released to the environment as H2 gas. According to Khafidz et al., any of these processes can be the rate-limiting step [START_REF] Nurul | The kinetics of lightweight solid-state hydrogen storage materials: A review[END_REF].

Hence, it is important to know which aspect of the material or which aspect of the absorptiondesorption process we should look into.

I.1.c.3.c. How hydrogen behaves in complex hydrides

In contrast to hydrogens going into the interstitial sites in the solid, hydrogens involved in hydrogen storage using complex hydrides bind covalently. The stronger hydrogen-host interaction present is the reason why absorbed hydrogens are largely immobile [START_REF] Eberle | Hydrogen storage in metal-hydrogen systems and their derivatives[END_REF]. In the case of the complex hydride, NaAlH4, it gives 5.6 wt.% hydrogen as described in the following reaction: 3NaAlH4 ↔ 3 NaH + 3 Al + 9/2 H2. It can be seen that a chemical reaction is involved in both the release and reabsorption of hydrogen. Another example is the liberation of 4 moles of H2 when LiBH4 undergoes hydrolysis: LiBH4 + 2H2O → LiBO2 + 4H2 [START_REF] Jain | Novel hydrogen storage materials: A review of lightweight complex hydridespuye[END_REF]. The hydrolysis reaction has to occur in order for the hydrogen to be released. The rehydrogenation involves heating the remaining product up to 500°C under 800-950 bar H2 [START_REF] Ley | Complex hydrides for hydrogen storage -New perspectives[END_REF].

I.1.c.3.c. Tuning storage performances of hydrides

Some synthesized perovskite hydrides have encountered the same issues of slow kinetics and high thermal stabilities. Generally speaking, some properties can be fine-tuned in order to improve the performance of hydrides. Modifications in the morphology, crystallinity, and chemical reactivity can be achieved by manipulating assembly parameters, synthesis conditions, presence of additives (i.e. adding or substituting ionic species), thermal annealing, and doping [START_REF] Hossain | The external and internal influences on the tuning of the properties of perovskites: An overview[END_REF]. One modification that can be performed is producing powders in nanocrystalline form. Zaluska et al. used magnesium powders in nanocrystalline form and they found out that the hydrogen storage properties of of MgH2 were significantly enhanced due to the improvement in its absorption/desorption kinetics [START_REF] Zaluska | Nanocrystalline magnesium for hydrogen storage[END_REF]. Creating structures in the micro or nano levels decreases the diffusion path lengths for hydrogen and it also reduces the thickness of the hydride layer which is formed during absorption, thus, an improved kinetics [START_REF] Jeon | Air-stable magnesium nanocomposites provide rapid and high-capacity hydrogen storage without using heavy-metal catalysts[END_REF].

Another technique to improve kinetics is the use of thin films. Novel structures are made in thin films that are beneficial for hydrogen sorption, this being a surface process [START_REF] Nurul | The kinetics of lightweight solid-state hydrogen storage materials: A review[END_REF]. Qu et al. The ABX3 perovskite crystal structure has a large A cation surrounded by 12 X anions and a small B cation surrounded by 6 X anions [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF]. Figure 4 shows the bonding of the B atom with 6 X atoms ([BX6]-octahedra), and also the A atom at the center of the cube surrounded by 12 X atoms ([AX12]-cubo-octahedra). This ideal perovskite cubic structure has a space group of Pm3 ̅ m where the X atoms are at the middle of the cell edges at 3d (1/2,0,0) while A and B atoms are at the cell center and cell corners, respectively [START_REF] Sato | Hydrides with the perovskite structure: General bonding and stability considerations and the new representative CaNiH3[END_REF]. If the radius of A is smaller than that of B, then the A cations tend to occupy the octahedral sites instead of the cubo-octahedral sites. This structure is known as the inverse perovskite structure or BAX3 [START_REF] Ikeda | Perovskite-type hydrides -synthesis, structures and properties[END_REF]. Distortion from the ideal cubic structure may occur and these materials can form orthorhombic, tetragonal, or rhombohedral structures [START_REF] Chandler | Chemical Aspects of Solution Routes to Perovskite-Phase Mixed-Metal Oxides from Metal-Organic Precursors[END_REF]. Deviations from a perfect cubic perovskite is determined by a factor called Goldschmidt tolerance factor:

𝑡 = (𝑟 𝐴 + 𝑟 𝑋 ) √2(𝑟 𝐵 + 𝑟 𝑋 )
where rA, rB, and rX are the ionic radii of the cations A and B, and the anion X (usually chalcogen or halogen), respectively. When A and B cations have their ideal equilibrium distances from the X anion, there is no distortion in the unit cell and the symmetry is cubic with space group Pm-3m. In this ideal case, t = 1. When the A-X and B-X bond lengths are different from ideal, the symmetry is decreased and t < 1. When t > 1, the structure is usually mixed cubic and hexagonal, or hexagonal close packed. The value of the tolerance factor reflects the geometric stability of a certain crystal structure. A geometric strain is present when the ratio of the ionic radii deviates from the ideal value of t = 1 [START_REF] Sato | Extending the applicability of the Goldschmidt tolerance factor to arbitrary ionic compounds[END_REF].

Materials that have a perovskite structure include perovskite oxides, ABO3, that have been well-investigated for their ion-exchange ability for different electro-chemical applications [START_REF] Wang | Hydrogen storage in perovskitetype oxides ABO 3 for Ni/MH battery applications: A density functional investigation[END_REF]. Another group of materials worth noting are the borohydrides. Schouwink et al.

performed calculations based on ionic radii and the Goldschmidt tolerance factor and they were able to map regions where the perovskite structure may exist [START_REF] Schouwink | Structure and properties of complex hydride perovskite materials[END_REF]. Their method was useful for the discovery of new materials having this particular crystal structure for different applications.

I.2.b. Perovskite hydrides

In this section, a general overview of perovskite hydrides is given. The synthesis method and the hydrogen storage mechanism are also discussed in the succeeding subsections.

1.2.b.1 Geometrical considerations

The equation for the Goldschmidt tolerance factor can be rearranged to a linear form:

𝑟 𝐵 = (r A + r X ) √2 𝑡 -𝑟 𝑋
Plotting rB vs rA and assuming rX or rH to be 0.140 nm (a value that is regularly used in literature and that is based on Shannon effective ionic radii [START_REF] Ikeda | Thermodynamical stability and electronic structure of a perovskite-type hydride[END_REF]), this equation has a slope of parallelogram, the inside of which represent the region where the perovskite structure may exist [START_REF] Ikeda | Perovskite-type hydrides -synthesis, structures and properties[END_REF]. This estimation of the formation region using the Goldschmidt tolerance factor is very useful when trying to predict and synthesize hydrides using group IA and IIA elements with a perovskite-type structure. Also, for t = 0.8-0.89, there is a tetragonal or orthorhombic distortion of the cubic symmetry, which in turn occurs at t = 0.89-1.00. On the other hand, t greater than 1 show the hexagonal variant of the perovskite structure [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF]. 

I.2.b.2 Ab initio calculations

Density functional theory investigations were also done for perovskite hydrides like CaNiH3 [START_REF] Benlamari | Structural, electronic, elastic, and thermal properties of CaNiH3 perovskite obtained from first-principles calculations Chinese[END_REF], NaBeH3 and LiBeH3 [START_REF] Rehmat | Elastic properties of perovskite-type hydrides LiBeH3 and NaBeH3 for hydrogen storage[END_REF], NaMgH3 [START_REF] Reshak | NaMgH3 a perovskite-type hydride as advanced hydrogen storage systems: Electronic structure features[END_REF], and KMgH3 [START_REF] Ghebouli | Structural, elastic, electronic, optical and thermodynamic properties of KMgH3[END_REF], to determine their structural, elastic, electronic, optical, and thermodynamic properties which can aid in the development and understanding of perovskite materials for hydrogen storage.

Li et al. performed a screening process using computational procedures to determine the hydrides with the highest potential for hydrogen release. Table 2 shows their list of perovskite hydrides, both experimentally produced and hypothetically designed [START_REF] Li | First-Principles Computational Screening of Perovskite Hydrides for Hydrogen Release[END_REF]. It can be noticed that there are more hypothetical perovskites than experimentally produced ones. Hence, this is a topic worth looking and exploring to see whether these materials can be synthesized for hydrogen storage purposes.

Table 2. Perovskite hydrides experimentally produced(*) and theoretically designed [START_REF] Li | First-Principles Computational Screening of Perovskite Hydrides for Hydrogen Release[END_REF]. The corresponding space group is written in parenthesis.

Be-based Mg-based Ca-based Sr-based Ba-based

*LiBeH3 (Pnma) LiMgH3 (R3c) LiCaH3 (R3c) *LiSrH3 (Pm3 ̅ m) *LiBaH3 (Pm3 ̅ m) NaBeH3 (Pm𝟑 ̅ m) *NaMgH3 (Pnma) NaCaH3 (P21/c) NaSrH3 (P21/c) NaBaH3 (R3c) KBeH3 (P21/c) *KMgH3 (Pm3 ̅ m) KCaH3 (Pnma) KSrH3 (Pnma) KBaH3 (R3c) RbBeH3 (P21/c) *RbMgH3 (P63/mmc) *RbCaH3 (Pm3 ̅ m) RbSrH3 (Pnma) RbBaH3 (R3c) CsBeH3 (P21/m1) *CsMgH3 (Pmmn) *CsCaH3 (Pm3 ̅ m) CsSrH3 (Pm3 ̅ m) CsBaH3 (Pnma)

I.2.b.3 Synthetic hydride perovskites

Ternary light metal hydrides with the perovskite structure such as LiBeH3, KMgH3, CsCaH3, and those with the inverse perovskite structure such as LiSrH3, and LiBaH3, have been synthesized from the late 1960's to the early 1980's [START_REF] Orgaz | Electronic structure of lithium-based antiperovskite hydrides[END_REF]. LiSrH3 and LiBaH3 were synthesized from their binary hydride precursors using a thermal analysis apparatus at 650-750°C and 1 atm [START_REF] Messer | Systems of Lithium Hydride with Alkaline Earth and Rare Earth Hydrides[END_REF] and they were found to have the inverse perovskite structure [START_REF] Narayan | Repulsion Parameters of Ions and Radicals -Application to Perovskite Structures[END_REF]. Among the hydrides synthesized presented in Table 2, five of them manifest an ideal Pm3 ̅ m structure: RbCaH3, CsCaH3, KMgH3, LiSrH3, and LiBaH3 [START_REF] Sato | Hydrides with the perovskite structure: General bonding and stability considerations and the new representative CaNiH3[END_REF]. Some of them will be discussed in the succeeding paragraphs.

LiBeH3 has been synthesized by annealing a mixture of LiH and BeH2 at 250-425°C and 45 kPa pressure [START_REF] Cantrell | Crystallographic studies of compounds from the LiH + BeH2 system[END_REF], and also by ball-milling and thermal process at 227°C (500K) [START_REF] Maienschein | Reactions of lithium hydride and beryllium hydride: thermal studies and identification of products[END_REF].

X-ray diffraction data shows that LiBeH3 has an ilmenite (FeTiO3 type) structure [START_REF] Cantrell | Crystallographic studies of compounds from the LiH + BeH2 system[END_REF]. Another perovskite in Table 2, KMgH3, was synthesized by ball milling a 1:1 mole ratio of KH and MgH2 at 400°C (673 K) under 1.0 MPa H2 pressure for 20 h [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF]. Another method of synthesis was reacting K and Mg metals with hydrogen at 15 bar H2 and 647°C (920K) for 5 min [START_REF] Schumacher | KMgH3 single crystals by synthesis from the elements[END_REF].

It was found to have a cubic perovskite structure with space group Pm3 ̅ m.

In the early 2000s, two polymorphs of CsMgH3 were synthesized. Knowing that previously synthesized perovskite hydrides show significant potential for hydrogen storage, it is desirable to continue the search for novel materials that are better and more efficient than what we currently have.

1.2.b.4 Hydrogen storage in perovskites

Perovskite hydrides have a high density of hydrogen which makes them essential in the development of safe, compact, and lightweight hydrogen storage materials for future fuel cells and also for hydrogen combustion applications [START_REF] Ikeda | Perovskite-type hydrides -synthesis, structures and properties[END_REF].

Among the synthetic perovskite hydrides, LiBeH3 offers the highest H storage capacity at 15.93 wt. % H [START_REF] Mamontov | Hydrogen mobility in the lightest reversible metal hydride[END_REF]. However, Be is very toxic which makes synthesis protocols somewhat complicated. Hence, limited studies on their applicability for hydrogen storage are available [START_REF] Rehmat | Elastic properties of perovskite-type hydrides LiBeH3 and NaBeH3 for hydrogen storage[END_REF]. The cubic perovskite KMgH3, on the other hand, according to Ref. [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF], shows a one-step decomposition reaction shown below:

KMgH3 → K + Mg + 3/2 H2
Although the theoretical amount of H released is 4.6 wt. %, an experiment at 400°C (673K)

showed that only 3.8 wt.% was released due to the presence of small amounts of KH and MgH2 in the specimen. Furthermore, the dehydrogenation in KMgH3 did not show reversible reactions [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF]. For CsMgH3, little is known for its H storage properties and it has not yet been rigorously investigated. However, first-principle calculations by Wang et al. suggest a feasible pathway for the dehydrogenation of CsMgH3 [START_REF] Wang | Theoretical study of the CsMgH3, Cs2MgH4 and Cs4Mg3H10 complex hydrides from first-principles[END_REF]:

CsMgH3 → Cs + MgH2 + 1/2 H2
In the case of RbMgH3, Wu et al. found that all of its H are desorbed at 392°C while rehydrogenation occurred at 300°C and 20.265 bar [START_REF] Wu | Crystal chemistry and dehydrogenation/rehydrogenation properties of perovskite hydrides RbMgH3 and RbCaH3[END_REF]. Their temperature programmed desorption (TPD) results show that the dehydrogenation happens in a single step:

RbMgH3 → Rb + Mg + 3/2 H2
On the other hand, RbCaH3 desorbs all of its H in the three-step reaction, as evidenced by the three peaks in Wu et al.'s TPD results, the last of which occurred at 347°C. They also observed that RbCaH3 can be rehydrogenated within the same temperature range 300-400°C and same pressure of 20.265 bar. However, the succeeding dehydrogenation is only about 70% of the first cycle in terms of hydrogen capacity [START_REF] Wu | Crystal chemistry and dehydrogenation/rehydrogenation properties of perovskite hydrides RbMgH3 and RbCaH3[END_REF]. themselves in locations that are more favorable, and thus creating the said distortions [START_REF] Fornari | Structure and dynamics of perovskite hydrides AMg H3 (A=Na, K, Rb) in relation to the corresponding fluorides: A firstprinciples study[END_REF].

Due to the difference in ionic radius of Na and Mg, there is a tendency for the rigid MgH6 octahedron to tilt which distorts the perovskite structure [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF]. This tilting mechanism has an effect to the mobility of H in the structure. Wu et al. determined the effect of temperature on the tilting angle of the MgH6 octahedron and its eventual effect on H mobility [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF]. Table 3 shows the Mg-H bond length in this octahedron. It is interesting to note that the Mg-H bond lengths in NaMgH3 are very close to the 1.94 Å (Mg-H, apical) and 1.97 Å (Mg-H, equatorial) values observed in the crystal of pure tetragonal MgH2 [START_REF] Noritake | Chemical bonding of hydrogen in MgH2[END_REF]. For the H ion to move to an adjacent empty site, it must pass through the plane defined by two Na cations and one Mg cation at the center (triangle in Figure 7). If the MgH6 octahedron is more tilted, it restricts the movement of H to the adjacent site, creating a "bottleneck", as Wu et al. described it. At higher temperatures, this tilt angle is minimized and it requires a lower activation energy for the movement of H to occur [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF]. Ref [START_REF] Bouamrane | Structural characterization of NaMgH2F and NaMgH3[END_REF] Ref [START_REF] Rönnebro | Investigation of the perovskite related structures of NaMgH3, NaMgF3 and Na3AlH6[END_REF] Ref [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF] Ref [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF] Mg-H bond length (Å) hours [START_REF] Bouamrane | Structural characterization of NaMgH2F and NaMgH3[END_REF]. This method takes a long time and consumes energy due to heating for a prolonged period of time.

A good alternative is the use of a high-pressure press. NaMgH3 has also been synthesized using solid state high-pressure synthesis [80][71]. A mixture of the hydride precursors, NaH and MgH2, is placed in a metal capsule and is placed in a graphite heater which is then assembled into the large volume press, where it is subjected to high pressure and high temperature. Recently, new hydrides are being synthesized in this manner as it brings an interesting approach compared to conventional methods.

I.2.c.3. Hydrogen Sorption Properties

The hydrogen storage property of NaMgH3 was first reported in 2005 by Ikeda et al [START_REF] Ikeda | Reversible hydriding and dehydriding reactions of perovskite-type hydride NaMgH3[END_REF]. Reversible hydriding and dehydriding processes were confirmed with 6.0 ± 0.3 wt.% of hydrogen released within 8 minutes at 400°C (673 K). Figure 8 shows the pressure-composition (p-c) isotherm of NaMgH3 at 400°C (673 K). These two reactions were confirmed by XRD data and differential scanning calorimetry (DSC) studies [START_REF] Wang | ScienceDirect Significant improvement in the dehydriding properties of perovskite hydrides , NaMgH 3 , by doping with K 2 TiF 6[END_REF]. The XRD data also shows the reemergence of NaMgH3 peaks after rehydriding at 350°C (623K) under 50 bar H2 pressure, which confirms the reversibility of the process [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF].

Several thermodynamic parameters, like enthalpy (ΔH) and entropy (ΔS) for the dehydrogenation of NaMgH3, were also determined. Table 4 summarizes these parameters.

Pottmaier et al. performed dehydriding and rehydriding on NaMgH3 for 15 cycles.

However, the hydrogen capacity decreased to 4.0% on the 15 th cycle. This was due to the segregation of small isolated blocks of Na after each measurement. Low kinetics was evidenced by the hysteresis observed as the number of cycles increased [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF]. NaH + Mg + H2 → Na + Mg + 3/2 H2 102.2 ± 0.4 125.9 ± 0.6 [START_REF] Ikeda | Thermodynamical stability and electronic structure of a perovskite-type hydride[END_REF] Researchers have tried to investigate the addition of dopants in the synthesis process to produce a product with modified structures and modified properties. In terms of hydrogen storage applications, the transport properties of hydrogen in perovskite hydrides is significant to the kinetics of the hydrogen storage process. Hao et. al. investigated the addition of dopants to NaMgH3 which enhanced the hydrogen diffusion process through additional charged defects, the dominant factor in H transport. Dopants such as Cu, Co, Zr, etc. were able to increase the diffusivity of hydrogen by up to three orders of magnitude compared to the undoped NaMgH3 [START_REF] Hao | Selection of dopants to enhance hydrogen diffusion rates in MgH2 and NaMgH3[END_REF].

Due to the promising potential of NaMgH3 as a hydrogen storage material, researchers have tried to modify NaMgH3 by incorporating different elements or compounds into the perovskite structure to address the issues about its H storage efficiency. Doping is an easy technique that is cheap, and materials can be prepared at ambient conditions. Important parameters that must be taken into consideration are cation radius and cation size variances [START_REF] Hossain | The external and internal influences on the tuning of the properties of perovskites: An overview[END_REF]. Adding dopants into the synthesis process can cause some lattice distortions in the products thereby making the structure less stable. Chaudhary et al. synthesized NaMgH3 via ball-milling with Group IV elements, such as Si, that led to its hydrogen release at lower temperatures [START_REF] Chaudhary | Thermodynamic destabilisation of MgH 2 and NaMgH 3 using Group IV elements Si[END_REF]. The resulting Si-doped NaMgH3 had an onset desorption temperature which is 80°C lower than pure NaMgH3. Wang et al., on the other hand, used carbon nanomaterials as dopants in their synthesis of NaMgH3 [START_REF] Wang | The Improvement of Dehydriding the Kinetics of NaMgH3 Hydride via Doping with Carbon Nanomaterials Metals[END_REF]. Their results indicate that addition of carbon nanomaterials reduced the crystallite size of NaMgH3 which can improve dehydriding kinetics.

Their DSC analysis also revealed that the doped samples have lower dehydriding temperatures and decomposition activation energies compared to the undoped NaMgH3. The defects brought about by the dopants also improved the maximum amount of hydrogen desorbed up to 3.64% wt. compared to 3.42% wt. from the undoped sample. Another doped NaMgH3 was prepared by Wang et al. using K2TiF6 as dopant [START_REF] Wang | ScienceDirect Significant improvement in the dehydriding properties of perovskite hydrides , NaMgH 3 , by doping with K 2 TiF 6[END_REF]. Their XRD analysis revealed that the addition of the dopant caused some variations in the lattice parameters of NaMgH3. This lattice distortion introduced into the system can facilitate better dehydriding for NaMgH3. At 365°C (638K), the doped sample released 3.8% wt. hydrogen compared to 3.5% wt from the pure NaMgH3.

Another study from Li et al. showed improved dehydriding-rehydriding kinetics in NaMgH3 In essence, doping of materials can either improve or demote certain properties.

Normally, dopants are added to hydrogen-storage materials in order to decrease the desorption temperature. However, in the case of the perovskite hydride MgNiH3, its decomposition temperature is -169.86°C (103.29 K) which makes it inappropriate for hydrogen storage. Based from DFT calculations of Abdellaoui et. al., doping MgNiH3 with Co will increase the decomposition temperature to up to 242.15°C (515.30 K) [START_REF] Abdellaoui | Enhancing of hydrogen storage properties of perovskite-type MgNiH3 by introducing cobalt dopant (MgCoxNi1-xH3) using first-principle calculations[END_REF]. Therefore, this calls for specific dopants for specific applications [START_REF] Hossain | The external and internal influences on the tuning of the properties of perovskites: An overview[END_REF].

The challenge now is to investigate and develop new materials which can elevate hydrogen storage as the preferred technology and renewable energy source, and have excellent performance in terms of cost of production, ease of fabrication, purity of the material, and storage efficiency.

Using the Kissinger method, the activation energies of the two dehydriding steps from NaMgH3 and doped-NaMgH3 can be compared. All the references in , where using R, the gas constant, the ∆𝐸 can be calculated, which is the activation energy. It can be seen in Table 5 that doped samples have lower activation energies. Hence, the dehydriding process proceeds easily compared to the undoped NaMgH3. Another way of enhancing the dehydriding property of NaMgH3 is by introducing an element into the crystal structure by substitution to produce novel hydrides with new compositions. Tao et. al synthesized K-substituted NaMgH3 using ball-milling technique [START_REF] Tao | Enhancing the dehydriding properties of perovskite-type NaMgH3 by introducing potassium as dopant[END_REF].

They were able to replace 10% of Na with K which resulted to a slight increase in lattice parameters due to the larger ionic size of K. As a result, partial substitution of Na with K allowed the XRD peaks for NaMgH3 to shift to lower 2θ values. Their synthesized Na0.9K0.1MgH3 was observed to have an onset desorption temperature of 157°C (430 K), which is lower compared to 308°C (581 K) of the unsubstituted sample. The substitution with K enabled the kinetics of hydrogen desorption to improve. For the unsubstituted NaMgH3, it took 43 minutes to desorb 3.0% wt. hydrogen at 365°C (638 K). However, for the Na0.9K0.1MgH3 sample, it only took 6 minutes to reach the same amount at the same temperature condition.

Their DFT calculations also revealed that their K-substituted NaMgH3 has a higher formation enthalpy in the Pnma structure. Hence, a lower stability was observed. These results have proven that partial substitution of Na with K in the NaMgH3 structure can improve the dehydriding properties of the said perovskite material.

Andrada-Chacon et al. prepared several compositions of NaMgH3 with partial substitutions with potassium [START_REF] Andrada-Chacón | Highpressure synthesis and structural characterization of Na1-xKxMgH3 perovskite hydrides[END_REF]. Their Na1-xKxMgH3 (0≤x≤1) samples were synthesized under high pressure conditions. A mixture of the precursors were sealed in a gold capsule and subjected to high pressure and high temperature conditions (2 GPa and 775°C) using a pistoncylinder press. Their XRD analysis revealed that the Bragg peaks for NaMgH3 have shifted to lower diffraction angles as x increased from 0 to 1 or as the amount of substituted K increased. This is due to the larger ionic size of K. Similarly, the lattice parameters and cell volumes increased as the amount of K substitution increased and there was a shift to lower diffraction angles of the peaks for NaMgH3. Their results have also showed that the orthorhombic distortion of NaMgH3 has been retained even up to x = 0.75. Hence, the K-substituted NaMgH3 samples were refined in the same space group, Pnma.

I.2.d. Li-substituted NaMgH3

Lithium has been used to modify the properties of NaMgH3. It is lighter than sodium (ANa = 22.99 u, ALi = 6.94 u). So, once incorporated into the crystal structure, lithium would make the hydride have a higher gravimetric capacity. From here on, the Li-substituted NaMgH3 will be called Na1-xLixMgH3, where x denotes the amount of Li substitution.

I.2.d.1. Synthesis

One way to synthesize Li-substituted NaMgH3 is by mechanical milling, where a mixture of NaH, LiH, and MgH2 is placed in a steel vial with small steel balls and is mechanically milled under either nitrogen [START_REF] Ikeda | Formation ability of the perovskite-type structure in LixNa 1 -XMgH3 (x = 0, 0.5 and 1.0[END_REF], hydrogen [START_REF] Wang | Structure, thermal analysis and dehydriding kinetic properties of Na1-xLixMgH3 hydrides[END_REF], or argon atmosphere [START_REF] Vasquez | Hydrogen sorption properties of LixNa1-xMgH3 (x = 0, 0.2, 0.5 & 0.8)[END_REF].

Another way is to use a high-pressure piston-cylinder press, where the mixture is subjected to to HP-HT conditions of 2 GPa and 750°C [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF]. The diffraction peaks for Na1-xLixMgH3 with x > 0 slightly shifted to higher 2θ values relative to NaMgH3 due to the partial substitution of sodium by lithium. The smaller ionic radius of Li caused the shrinkage of the cell volume of the perovskite and it becomes more pronounced as more Li is added into the structure. This volume shrinkage is shown in Table 6. The shift in the Bragg peaks here is contrary to the ones observed with K-substituted NaMgH3 where the peaks shifted to lower 2θ values [START_REF] Andrada-Chacón | Highpressure synthesis and structural characterization of Na1-xKxMgH3 perovskite hydrides[END_REF].

I.2.d.2. Crystal structure

Neutron powder diffraction data shows that Na1-xLixMgH3 also has the perovskite structure and space group Pnma [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF]. It was noted that the MgH6 octahedra became more distorted as a result of the smaller Li + ionic radius which now occupies the 12-coordinated cubo-octahedral site (A-site). A progressive distortion of this MgH6 octahedron from x = 0 to x = 0.5 was the consequence of the structural distortion induced by Li as it is being added into the system which was clearly observed in the study as the Mg-H-Mg bond angle changes from 155.12° to 153.64°, for x = 0 to x = 0.5. From Rietveld refinement of NPD data, the maximum Li content obtained was only 0.18 from the nominal x = 0.5. The Goldschmidt tolerance factor of Na1-xLixMgH3 is 0.767 for x = 0.50. This is smaller compared to 0.807 of NaMgH3, which means that Li substitution decreases the tolerance factor [START_REF] Wang | Structure, thermal analysis and dehydriding kinetic properties of Na1-xLixMgH3 hydrides[END_REF]. When x = 0.8, however, the tolerance factor was not within the perovskite range. The cell volume for x = 0.8 was larger than that of the perovskite [START_REF] Vasquez | Hydrogen sorption properties of LixNa1-xMgH3 (x = 0, 0.2, 0.5 & 0.8)[END_REF]. This is quite puzzling because as more Li is added into the structure, it is expected that the cell volume would be decreasing, but at x = 0.8, the cell volume increased. This was later explained by first principles calculations by Karfaf et al [START_REF] Karfaf | Phase transitions and lattice dynamics in perovskite-type hydride LixNa1-xMgH3[END_REF]. According to their calculations, for a Na1-xLixMgH3, the space group transforms from Pnma to R3c at x = 0.7. Figure 9 shows the equilibrium energy obtained using the Murnaghan's equation of state. From this figure, it can be seen that the Pnma structure has the lowest energy up to x = 0.7. Beyond this value, the trigonal (R3c) structure is the most stable phase. This is a probable explanation why the tolerance factor at x = 0.8 was different from the expected value for a perovskite.

Another interesting thing from Karfaf's calculations is that as pressure is increased for Na1-xLixMgH3 samples where x = 0.7, 0.75, and 0.80, the space group reverts back from R3c

to Pnma. The transition pressures are 0.32 GPa, 1.79 GPa, and 4.07 GPa, for x = 0.7, 0.75, and 0.80, respectively. The corresponding volume contraction for these transitions are 2.18%, 2.06%, and 1.84%, respectively [START_REF] Karfaf | Phase transitions and lattice dynamics in perovskite-type hydride LixNa1-xMgH3[END_REF]. 

I.2.d.3. Hydrogen sorption properties

In terms of the dehydriding properties, Na1-xLixMgH3 shows promising results. When

Na is substituted with Li, the amount of hydrogen per hydride mass increases. As a result of the distortion brought about by Li-substitution, the structural stability of the perovskite decreased, and the hydrogen desorption temperature decreased by as much as 22°C compared to the unsubstituted NaMgH3 [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF]. Table 7 shows the behavior of the desorption temperature as a function of x, x being the nominal composition of the reactants. 

Dehydriding parameters

Ref. [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF] Ref. [START_REF] Vasquez | Hydrogen sorption properties of LixNa1-xMgH3 (x = 0, 0.2, 0.5 & 0.8)[END_REF] Ref. [START_REF] Wang | Structure, thermal analysis and dehydriding kinetic properties of Na1-xLixMgH3 hydrides[END_REF] x = 0 x = 0.25 x = 0.5 x = 0 x = 0.2 x = 0.5 x = 0.8 x = 0 x = 0.5

Desorp. H2 (wt%) under 10 bar H2. Figure 10 shows XRD patterns that show that the perovskite can be reversibly formed at 350°C. At the decomposition temperature, the Gibbs free energy is just below zero. Therefore it can be said that ΔH ≅ TΔS. To have a good reversible hydrogen storage material, enthalpy of decomposition should be 30 ≤ ΔH ≤ 60 kJ/mol H2 provided that T is in the range of 50-150 °C and ΔS is estimated to be 95-140 J/K mol [START_REF] Xiao | Thermodynamic and electronic properties of quaternary hydrides LixNa1-xMgH3[END_REF][96]. If ΔH is higher than 60 kJ/mol H2, it would require higher temperature to have appreciable H2 pressure. On the other hand, if ΔH is less than 30 kJ/mol H2, there might be a problem in terms of the reversibility of the hydrogen desorption [START_REF] Alapati | Identification of destabilized metal hydrides for hydrogen storage using first principles calculations[END_REF].

For pathways 2 and 4, the ΔH of decomposition decreases as Li content increases which means that lower temperatures are needed for higher Li content. It implies that these two pathways are more favorable for the decomposition. Furthermore, between pathways 2 and 4, it is pathway 4 who had a lower calculated energy, making it the most logical pathway to follow [START_REF] Xiao | Thermodynamic and electronic properties of quaternary hydrides LixNa1-xMgH3[END_REF]. KMgH3 was also synthesized by reacting molten K and Mg metals from a mixture of KH and MgH2 with H2 gas at 15 Bar pressure and 647°C (920 K) [START_REF] Schumacher | KMgH3 single crystals by synthesis from the elements[END_REF]. At this temperature neither of the two binary hydride precursors are stable and this temperature coincides with the melting of Mg, thereby suggesting the said mechanism of KMgH3 formation. On the other hand, small amounts of KMgH3 were produced when KOH and MgH2 were reacted in a vibratory ball mill at 1000 rpm [START_REF] Wang | Improving hydrogen storage properties of MgH2 by addition of alkali hydroxides[END_REF]. Similarly, KMgH3 was a small by-product of the rehydrogenation of ball-milled MgH2-KOH-graphene at 300°C [104]. Lastly, it was also seen as a by-product of the reaction of LaH3,MgH2, and KBH4 at 434°C (707 K) [START_REF] Zhang | Synergic improvement on thermal dehydrogenation of the LaH3-MgH2-KBH4 system[END_REF].

I
During the synthesis of KMgH3, a side product can be formed. This is K2MgH4, a

Ruddlesden-Popper hydride perovskite with a formula An+1BnH3n+1, where n =1 [START_REF] Ueda | Red luminescent Eu2+ in K2MgH4 and comparison with KMgH3[END_REF]. On the other hand, four possible pathways were proposed for the synthesis of KMgH3. Table 8 shows the calculated enthalpy of formation for each pathway. It can be implied that pathway 4

is the most feasible pathway of synthesis.

I.2.e.2. Crystal structure

The structure of KMgH3 has been studied to determine its stable structure. Firstprinciples calculations were performed to 3 different phases of KMgH3 by Reshak et al [START_REF] Reshak | Firstprinciples calculations of structural, elastic, electronic, and optical properties of perovskite-type KMgH3 crystals: Novel hydrogen storage material[END_REF].

Here, structural, elastic, electronic, and optical properties were determined depending on the structure of each phase. Figure 11 shows the three different phases, including the stable one. DFT studies of electronic properties show that Mg-H bonds have an ionic-covalent nature while that of K with H and K with MgH6 units have an ionic nature though the charge 

I.2.e.3. Hydrogen sorption property

Thermal desorption mass spectroscopy shows that this hydride decomposed around 370°C which means that it is relatively stable. PCT experiment showed that KMgH3 had a single-step decomposition process. However, according to Ref. [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF], the process is irreversible.

KMgH3 → K + Mg + 3/2 H2
The enthalpy and entropy change, , for KMgH3 decomposition were found to be 110 ± 4 kJ/mol H2 and 145 ± 5 J/K mol H2, respectively [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF]. And among all the dopants investigated, lithium showed the lowest dehydrogenation reaction enthalpy making K1-xLixMgH3 (x = 0.0833 and 0.1667 with R3c structure) as the most promising for hydrogen release. They also tried to increase the pressure to 2 GPa and they found in their calculations that all M-doped samples exhibited lower dehydrogenation reaction enthalpy by as much as 0.79 eV, showing that pressure can be used to enhance the dehydriding property.

I.3. Binary hydride precursors

In this section, the different properties of the binary hydrides used as reactants in the study are discussed. Table 9 shows a summary of some of these properties. Each of these hydrides will be discussed in the succeeding subsections 

I.3.a. Magnesium hydride, MgH2

Magnesium hydride, MgH2, at ambient pressure and temperature normally exists in its α-phase which is tetragonal in structure, and which belongs to the P42/mnm space group. Upon application of pressure at room temperature, MgH2 transforms into several other phases as observed from several theoretical and experimental studies (Figure 12).

DFT analysis by Vajeeston et al showed that MgH2 successively transforms from α to γ, and then to β (number 8 in Figure 12) [START_REF] Vajeeston | Pressure-Induced Structural Transitions in MgH2[END_REF]. Aside from the γ phase, other phases were observed at higher pressures. First principle calculations showed that α to γ phase transition occurs at 1.2 GPa while γ to β phase transition occurs at 9.7 GPa. The β-phase belongs to the space group 𝑃𝑎3 ̅ (number 7 in Figure 12) [START_REF] Cui | Structural phase transitions in MgH2 under high pressure[END_REF].

Vajeeston et al. had both theoretical and experimental data for phase transformations.

Experimentally, both α and γ phases coexist up to a certain pressure before the β phase appears at around 10 GPa. Beyond 10 GPa, all three phases transform into an AuSn2-type phase δ', which is a little different from the predicted phase that is orthorhombic (Pbc21). At 5.5-9.5

GPa both α and γ phases coexist. At 9.35-10.36 GPa, all three phases coexist (number 4 in The large discrepancy in the description of MgH2 P-T phase diagram may be explained on one side by the difficulty of fine calibration in experimental measurements and on the other side, the high metastability of the compounds under extreme conditions. Experiments using HP-HT techniques were performed to obtain information on the α, γ , and β phases of MgH2 at conditions other than ambient P and T. Figure 13 In comparison, in the present experiment, the β-phase appeared at a lower temperature of 327°C (600K) at 7.4 GPa. LiH has a melting temperature of 692°C (965 K) and at 20 GPa, the calculated melting temperature is 1277±50 °C (1550±50 K) [START_REF] Chen | Compression and phase diagram of lithium hydrides at elevated pressures and temperatures by first-principles calculation[END_REF][113]. At ambient pressure, the experimental melting temperature of LiD, on the other hand, was bracketed between 675-700°C (948-973 K) [START_REF] Zhang | Thermal equations of state and melting of lithium deuteride under high pressure[END_REF]. On the other hand, NaH has a melting point of 632 °C, while KH has a melting point of 400°C [118] [START_REF] Pal | Eutectic melting in x(2LiBH4-MgH2) hydrogen storage system by the addition of KH Int[END_REF].

Going down the column of Table 9 while looking at LiH, NaH, KH, it can be noticed that there is a decreasing trend in terms of the melting temperature and the pressure of phase transition as we move from Li to K. The same can be said to the temperature of hydrogen desorption. This can be attributed to the arrangement of these metals in the periodic table ,   where Li, Na, K all belonging to Group IA metals with the following trend in atomic radius:

Li<Na<K.

For its hydrogen desorption property, LiH was found to have a very high Raman studies using DAC confirmed this phenomenon [START_REF] Li | Raman evidence of a new highpressure phase in calcium hydride[END_REF]. Moreover, DFT studies showed a PbCl2-type (Pnma)-to-InNi2-type (P63/mmc) phase transition at 16 GPa [START_REF] Li | High-pressure phase transformations in CaH2[END_REF]. Similarly, an experiment using DAC confirmed this phase transition using Raman and XRD experiments [START_REF] Tse | Structural phase transition in Ca H2 at high pressures[END_REF]. The decomposition temperature of CaH2 at 1 bar H2 pressure is >1000°C and its melting point is 816°C [134]. Calcium hydride is found to be stable after the HP-HT treatment at 5 GPa Pressure is a thermodynamic variable that can determine most of a material's properties.

It can influence the microstructure, the interatomic interactions, and chemical bonding.

Pressure is considered as the amount of force applied to a certain unit of area, but pressure can also be expressed as the amount of energy per unit volume. As an example, when 1 GPa of pressure is applied to a body-centered cubic (BCC) Fe metal, 2 kJ/mol of energy per Fe-Fe bond is applied [154]. So, a pressure of 10 GPa is comparable to energies in a weak chemical bond, while a pressure of 100 GPa is comparable to energies in a strong covalent bond.

Knowing the changes in the properties of the material is a good way of understanding the effect of high pressure on chemical bonding [154].

High pressure synthesis can be categorized into two, depending on the way pressure is generated: 1. Autoclave type with gas media, and 2. Anvil-type apparatus [START_REF] Kataoka | High-pressure synthesis of novel hydride in Mg-Ni-H and Mg-Ni-Cu-H systems[END_REF]. The former works by placing pellets of precursors in an autoclave under gas pressure which is heated for a long time. Deuterides such as Cs2MgD4 and Cs3MgD5 were synthesized by placing pellets of a mixture of CsD-MgD2 in an autoclave under 65 bar of D2 gas at 352°C (625 K) for 5 days [START_REF] Gibbons | Crystal Structures of K 2 MgCl 4 and Cs 2 MgCl 4 Can[END_REF]. The latter, on the other hand, works generally by placing the powdered samples in capsules placed in anvil cells where it will be subjected to high pressure and high temperature. And fourth is by changing the electronic properties. When interatomic distances are reduced during compression, interatomic interactions become more pronounced, leading to a broadening of the energy bands. These band overlaps can cause pressure-induced phase transitions [START_REF] Zhang | Materials discovery at high pressures[END_REF]. Proof to this is the pressure-induced transition in the vicinity of 25-30 GPa of magnetite, Fe3O4, where significant changes were seen on its magnetic and electronic properties [168]. In a similar manner, a pressure-induced electronic transition called core-level crossing transition was observed in Iridium metal at pressures of up to 140 GPa [169].

High pressure can also stabilize high and intermediate oxidation states. An example of a high oxidation state element is Fe(V), which can be stabilized at high pressure. On the other hand, an example of an element with an intermediate oxidation state is Cr(IV), the disproportionation of which to Cr(III) and Cr(VI) is prevented at high pressure [158].

As mentioned, compounds that initially cannot be formed at ambient pressures can now yield, upon compression, novel phases that were never observed before. Pressures of up to 100

GPa are now easy to reach with the development of multianvil presses and diamond anvil cells (DACs) [170]. The use of the DAC has some limitations for neutron powder diffraction applications. For this, the Paris-Edinburgh Press was developed. More details will be given in Chapter II.

In the DAC, a sample is placed in between the culet faces (flat faces) of two tiny opposing diamonds (Figure 14). Application of force across the wide face of the diamond would generate immense pressure on the sample though the flat face [171]. In addition to being able to generate pressure, diamonds are also good optical probing windows. It is possible to heat samples up to 6427°C (6700 K) using high-power lasers though the diamond windows even at pressures near 200 GPa [START_REF] Huppertz | Multianvil high-pressure/high-temperature synthesis in solid state chemistry[END_REF]. However, with DAC, only small amounts of samples can be analyzed. In perovskite hydride materials, the location of the H atoms, the tilting of the BH6 octahedra, the presence of hydrogen vacancies, etc. are among the things to be considered when investigating their hydrogen sorption/desorption kinetics [176]. So, it would be interesting to see the effect of HP on these parameters. In the case of perovskite oxides, ABO3, the BO6 octahedra tilt to compensate for any size difference brought about by the ion present on the A-site, and alleviate structural constraints [START_REF] Shimura | High-pressure synthesis and relationship between A-site ordering and local structure of multicomponent perovskites (Ln0.25Mn0.75)[END_REF]. In the case of the synthesis of a perovskite hydride ATH3 (A = Li, Na, K, Rb; T = Fe, Co, Ni) by Takagi et al. bond lengths A-H and B-H are also important. Lattice instability has been an issue during compression frustration of the corner-sharing octahedral which makes synthesis difficult. They said that substitution of Li with larger cations would balance the preferred A-H and B-H bond lengths and would therefore lower the tolerance factor to unity [START_REF] Takagi | Density-functional study of perovskite-type hydride LiNiH3 and its synthesis: Mechanism for formation of metallic perovskite[END_REF]. Thus, making way for the synthesis of the target material. Based on this, it would be interesting to see if a certain group of perovskite hydrides can be synthesized by employing the concept of substituting ions in the structure.

1.4.c. Synthesis of hydrides using HP-HT

A lot of hydrides have been synthesized using different high-pressure techniques. Kyoi Tb, and Dy at pressures of up to 6 GPa [START_REF] Kamegawa | High-pressure synthesis of novel hydrides in Mg-RE-H systems[END_REF]. Novel quaternary hydrides of Mg,Ti with Li, Na, or K, were likewise synthesized using an ultrahigh pressure technique at 8 GPa [START_REF] Takasaki | High-pressure synthesis of novel hydrides Mg7-xAxTiH16-x (A = Li, Na, K; x = 0-1.0) and their reversible hydrogen storage properties[END_REF].

High pressure increases the rate of the solid state reactions happening at high temperatures, where the perovskite is formed by ionic diffusion between the component precursors [185]. For the synthesis of a perovskite hydride, ABH3, four synthesis pathways were proposed by Li et al [START_REF] Li | First-Principles Computational Screening of Perovskite Hydrides for Hydrogen Release[END_REF]. These four pathways are the following:

A + B + 3/2 H2 → ABH3 A + BH2 + ½ H2 → ABH3 AH + B + H2 → ABH3 AH + BH2 → ABH3
The first and last pathways are the ones usually done in experiments. The first pathway was used for the preparation of these perovskite hydrides: CaNiH3 [START_REF] Sato | Hydrides with the perovskite structure: General bonding and stability considerations and the new representative CaNiH3[END_REF], CaPdH3 [186], BaPdH3

and SrPdH3 [START_REF] Yagyu | Synthesis of perovskite-type hydrides APdH3 (A = Sr, Ba) by a new method using CaH2 as a H2-source[END_REF]. The fourth pathway where equimolar mixtures of the binary hydrides were used, on the other hand, was the pathway used for the synthesis of some hydrides such as 

Chapter II. Experimental techniques

In this chapter, we describe the different processes conducted for the synthesis of our perovskite hydrides. We begin with materials preparation and handling. Then, we describe the different high-pressure techniques used. Finally, we present the characterizations performed for the said samples.

II.1. Materials preparation

Metal hydride powders (NaH, MgH2, LiH, KH, CaH2) were purchased from Sigma-Aldrich. All procedures involving these hydrides were performed under Ar atmosphere inside a glovebox maintained at <1.0 ppm O2 and H2O. Other powders used were BN (Aldrich), Cu (Prolabo), MgO (Alfa Aesar), and commercial NaCl (La Baleine). For all sample preparations involving these powders, after weighing, they were ground first for a couple of minutes using a mortar and pestle to have a homogenous mixture.

II.2. Synthesis using HP-HT

In this work, most of the synthesis and characterizations were performed using large volume presses. Here, we mention two large volume presses used in the study which are available at Institut Néel: CONAC press, and belt press.

II.2.a. The CONAC press

The CONAC press used in Institut Néel came from the Societe Savoisienne de Verins Hydrauliques, Albertville. It has a maximum working pressure of 6 GPa and a maximum temperature of 1200°C. The maximum amount of sample is about 690 mm 3 . About 1.5 g of a given sample was encapsulated in a capsule made of either gold or platinum. The capsule was then assembled according to Figure 16 and was placed in between the two WC plates as shown in Figure 17. The pressure was increased to the desired pressure, in tons, at a rate of 7 tons/min.

Then, the temperature was increased using a graphite heater at 50 W/min (Joule effect).

Pressure and temperature were controlled using a PID (proportional integral derivative) controller. The HP-HT state was held for the desired duration (e.g. 2h), after which a quench was performed. This temperature quenching is essential to prevent the reversibility of chemical reactions at high pressures [158]. Afterwards, the pressure was slowly decreased at a rate of 7 tons/min. The gold capsule was retrieved from the assembly and was opened, under argon atmosphere in a glovebox, to recover the sample for further analysis.

Pressure and temperature values were determined using calibration curves performed prior to experiments. For this press, pressure calibration was performed using small wires of Bi, Tl, and Ba placed in the middle of the sample assembly, which have known phase transition pressures. A copper wire pierced into the sample assembly was used to measure the variation in resistance to monitor the pressure of the phase transition, when the pressure was increased little by little. Temperature calibration was performed using a BN sample in a gold capsule. A K-type thermocouple is pierced into the sample assembly to measure directly the temperature of BN at different values of heating power. 

II.3. The autoclave

The high-pressure reactor available at Institut Néel is made of 316 stainless steel and can resist up to 600°C and 200 bar H2. For the synthesis of NaMgH3, about 100 mg of an NaH:MgH2 mixture was pressed into 5mm pellets and placed in an alumina crucible protected by a glass tubing and silica wool. The tube assembly was placed inside the autoclave and closed air-tight inside an Ar glovebox.

Different samples were heated for 24h, 48h, and 6.5 days, all at 400°C under 70 bar H2 pressure (with several purges prior to filling with gas). The autoclave setup is shown in Figure 19.

The autoclave was also used to deuterated samples before NPD measurements. In the case of NaMgH3, the deuteration was performed at 325°C for 8 days under D2 pressure of 40 bars with purging of D2 gas every 2 days. In the case of KMgH3, the deuteration was performed at 290°C for 4 days under D2 pressure of 50 bars with purging of D2 gas every 24 hours.

II.4. X-ray diffraction analysis II.4.a. Experimental set up X-ray diffraction analysis of air-sensitive materials was performed in transmission using a Siemens D5000T X-ray diffractometer. Samples were placed in a sealed borosilicate glass capillary tubes with a diameter of either 0.5 mm or 0.7 mm, and analyzed in a rotating capillary configuration (Figure 21). The scan performed was from 10° to 90° 2θ values with a step size of 0.016° using Cu Kα =1.54247 Å and was done for 12 h 19 minutes. Non-airsensitive powders were analyzed using a Bruker D8 Endeavor X-ray diffractometer. Samples were placed in a standard sample holder. The scan performed was from 10° to 90° 2θ values with a step size of 0.01° using Cu Kα =1.54247 Å. Data analyses were performed using DIFFRAC EVA Software and Rietveld analysis using FullProf suite.

II.4.b. Phase identification and Rietveld refinement

Phase identification was performed using the EVA software. The PDF-4+ database of ICDD (International Center for Diffraction Data) was used in the EVA software to identify the phase of each corresponding peak in a given XRD diffractogram. Afterwards, Rietveld refinement was performed. In Rietveld refinement, the measured intensity at each point in the pattern is considered. Here, structural model parameters, as well as instrumental parameters, are adjusted until the computer software obtains a least-square best fit between the experimental and calculated patterns. Originally developed for neutron powder diffraction data analysis, this method is now heavily used for X-ray data analysis [190][191]. The FullProf software was used for Rietveld refinement. The peak shape function used was Npr = 7

(Thompson-Cox-Hastings). Refined parameters include the lattice parameters a, b, and c. Also, the shape factors, X, Y, and GauSiz were refined. When applicable, the temperature factor, Bov is also refined. For the U,V, and W parameters, an .irf file was used based on a previously performed experiment with a silicon calibrant. Background points were selected manually using WinPlotr. the parameters that require further refinement and they can be identified by closely looking at the difference profiles. Figure 20a shows a good fit where the difference profile resembles a flat line. Figure 20 f and g show a difference in intensity of the calculated peak, one being higher than the experimental peak(f) and the other being lower than the expected (g). Figure 20 d and e show the effect of incorrect peak widths (FWHM). The difference profile shows a characteristic "-/+/or +/-/+" pattern.

During the refinement, the quantity S is minimized where S is:

𝑆 = 𝑆 𝑦 + 𝑐 𝑤 𝑆 𝐺
Where cw is the weighting factor that allows a weighting of the geometric observations `data-set' with respect to the diffraction data-set, Sy is the weighted difference between the observed and calculated diffraction patterns, SG is the weighted difference between the prescribed and calculated geometric restraints.

The agreement of the calculated and experimental patterns are given a numerical value in terms of R. The weighted-profile R or Rwp is defined as:

𝑅 𝑤𝑝 { ∑ 𝑤 𝑖 [𝑦 𝑖 (𝑜𝑏𝑠) -𝑦 𝑖 (𝑐𝑎𝑙𝑐)] 2 𝑖 ∑ 𝑤 𝑖 [𝑦 𝑖 (𝑜𝑏𝑠)] 2 𝑖 } 1 2 ⁄
where yi(obs) is the observed intensity at step i, yi(calc) is the calculated intensity , and wi is the weight. This Rwp value should approach the statistically expected R value, Rexp:

𝑅 𝑒𝑥𝑝 = [ (𝑁 -𝑃) ∑ 𝑤 𝑖 [𝑦 𝑖 (𝑜𝑏𝑠)] 2 𝑁 𝑖 ] 1 2 ⁄
Where N is the number of observations and P is the number of parameters. The Rexp value describes the quality of data. The ratio of Rwp and Rexp is the goodness of fit. This is shown as:

𝜒 2 = 𝑅 𝑤𝑝 𝑅 𝑒𝑥𝑝
A good fit is when 𝜒 2 is close to 1. This is a good indicator of the quality of refinement but it should not be overinterpreted. There should be a good and logical chemical sense of the structural model. The interatomic distances, bond angles, chemical composition, and other cell and atomic parameters should be reasonable. 

II.5. Paris-Edinburgh Press for in situ X-ray diffraction

Those in the field of Earth Sciences and Mineralogy are concerned with structural information and characterization of matter under extreme conditions of pressure and temperaturethe same condition there is in the deep portion of the planet Earth. Due to this interest, there is a need to develop high-pressure and high-temperature techniques that can mimic the same conditions of the Earth's interior [193]. Materials that were synthesized at high pressure and high temperature conditions can still remain intact and stable once the pressure and temperature are quenched. A popular example of this is diamond, which can in fact persist indefinitely [170]. However, some phases are not recoverable at ambient conditions especially those undergoing phase transitions. Some quenched samples may have slight differences in some properties like the degree of cation order and H-bonding configurations. Hence, it is better to obtain in situ X-ray or neutron diffraction data for these kind of samples to really investigate certain phenomena at high pressure and temperature conditions [193].

In the early 90's, the use of Diamond Anvil Cells had some limitations for neutron powder diffraction applications because it requires larger sample size and other high-pressure

techniques had some problems with background scattering from the sample with pressures of just up to 3 GPa. So, in 1992, Besson et al. developed a compact 50 kg cell that consisted of a toroidal anvil which is compressed by a small hydraulic press (250 tons) [194]. This setup was remarkable at that time due to its compactness and applicability for neutron diffraction studies.

Figure 22 shows the sample cell and Figure 23 shows the press which is a Type V press with four outside columns. This is the earliest "Paris-Edinburgh" press (PEP) developed by scientists from Paris, France and Edinburgh, UK. XRD set up using a PEP with a laboratory-sized microbeam monochromatic X-ray source [START_REF] Toulemonde | High pressure and high temperature in situ X-ray diffraction studies in the Paris-Edinburgh cell using a laboratory X-ray source High Press[END_REF]. This was their solution to the problem of having limited beamtime access in large synchrotron facilities. This developed facility was also used in exploring P-T phase diagrams of different compounds and can also be used in the synthesis of metastable phases under high pressure that are up to now remain unexplored. In our study, PEP was used for in-situ neutron diffraction and XRD experiments in the laboratory.

Assemblies used in HP synthesis experiments require a gasket with the following characteristics: good electric and thermal insulation, high mechanical strength and stability at high pressure and temperature, has the ability to deform plastically without breaking, and has minimal absorption for X-ray and/or neutrons [193].

The experimental set-up conceived at Institut Néel is a VX5 type with only 2 columns on the sides (Figure 24). It is mounted on 2 stages that move vertically and horizontally to align the sample with the X-ray beam. The pressure is increased using a manual hydraulic piston pump from 0 to about 350 bar in increments of about 50 bar. The oil pressure (in bar) and sample pressure (in GPa) are calibrated using calibrants such as NaCl, Cu, BN, and MgO.

During experiments, X-rays (λα1= 0.559421 Å, λα2= 0.563813 Å) coming from an Incoatec Ag microfocus X-ray source hits the sample precisely at the center. The position of the sample was centered using a diode. The diffracted rays were then collected by a MarXperts mar345s fast image plate detector. The patterns generated in the detector were azimuthally integrated and analyzed using the Dioptas software to determine the lattice parameters of the compounds.

Each measurement was performed for at least 2 hours. The pressure was not regulated during X-ray exposure. So, the average of the initial and final pressure was used as the reported pressure for each run.

At high-temperature conditions, the temperature was increased using a power supply from 0 W to about 100 W that generates a current that flows into the sample that generates the heat. Any high-temperature experiment must be performed on the same day. The temperature increase program should be well-planned and must be finished on the same day because stopping the heating mechanism may affect the sample as some phases may appear or disappear depending on their stabilities.

The power coming from the power supply and the corresponding sample temperature were calibrated using the same calibrants stated above, which are discussed in the succeeding section. Lattice parameters were again determined and the appropriate equations of state (EOS)

were used in the analysis.

Samples were placed in a BN capsule and were then assembled according to Figure 25.

The boron-epoxy gasket is 5mm wide and the hollow part has a diameter of 1.5 mm. The BN capsule was enclosed in a graphite capsule which is in contact with molybdenum disks which in turn are in contact with a steel ring at the outermost part. These will ensure the conduction of current during the high-temperature experiment in which electrical current is applied (heating by Joule effect). The MgO powder placed inside the steel rings serve as an insulator to protect the anvils from overheating, to ensure that the sample inside is being heated and that only few amount of heat is escaping. The assembled gasket is placed and fixed between two WC anvils using a clamp Figure 25. This fixes the tiny pieces in position to prevent oxidation.

The fixed anvils were then placed in the Paris-Edinburgh press shown in Figure 26. Here, the press is a Type VX5 press that only has two columns on the side, instead of four. The metal parts that fix the anvil in place were removed prior to increase in pressure in the press. 

II.5.a. Pressure calibration data for the Paris-Edinburgh Press

Similar to the other presses mentioned, calibration is performed using a mixture of standard samples. Here, a mixture of NaCl, MgO, and Cu was prepared having a mass ratio of 48.8:13.7:37.5. The mixture was placed in a BN capsule and were then assembled according to Figure 25. Pressure was calibrated first. The same procedure in terms of pressure increase in section II.5 was performed. XRD patterns for each pressure step were analyzed using

PowderCell to determine the lattice parameters of each component. The obtained lattice parameters were fitted using the equations of states shown in Table 10 to obtain the relationship between the oil pressure (O.P.) of the pump in bar and the actual sample pressure (S.P.) in GPa.

A polynomial fit was performed and the final curve is shown in Figure 27. The obtained polynomial fit was further used to determine the experimental conditions without the use of internal calibrants. The sample pressure obtained has an uncertainty of ± 0.02 GPa. The equation of the polynomial fit obtained is:

𝑆. 𝑃. = [0.03197(±0.00047) × 𝑂. 𝑃. ] -[0.000030(±0.000002) × 𝑂. 𝑃. 2 ]
Table 10. Equations of states used for the calibration of pressure of the Paris-Edinburgh Press. (300 K) with a wavelength of 2.52 Å selected by a pyrolytic graphite (002) monochromator.

The flux at the sample is 7.9 x10 6 n/cm 2 s. The D1B high intensity two-axis powder diffractometer at the ILL covers an angular range of 0.8° to 128.8° with a high efficiency 3 He/CF4 position sensitive detector (PSD). The schematic set-up of the D1B instrument is shown in Figure 30.

Measurements on reactive hydrides was made possible by a specific set-up developed by S. Klotz (IMPMC) with the help of C. Payre (ILL).

The sample pellet, which is 3.7 mm thick for NaMgD3 and 3.25 mm thick for KMgD3, was placed in a TiZr gasket and was placed in between sintered diamond anvils (Figure 31).

The sample, gasket, and anvils were prepared in an argon glove box. The assembly was clamped in the glove box before transferring to the PEP to avoid oxidation. Prior to this, the original samples, NaMgH3 and KMgH3, were deuterated in an autoclave using the method described in II.3.

Measurements at the beamline were performed at different pressures (0-10.7 GPa for NaMgD3 and 11.63 GPa for KMgD3). Data were collected for about 2 hours at low pressures and up to 6 hours for high pressures (>6 GPa). The pressure transmitting medium used was

NaCl which was about 50% v/v of the pellet. Pressure determination was performed by fitting the lattice parameter of NaCl, used here as a pressure transmitting medium and internal calibrant, with the Brown's equation of state [199]. 

Chapter III. Synthesis and characterization of perovskite hydrides

This chapter presents the results and discussion of the three main materials that were successfully elaborated namely, NaMgH3, Na1-xLixMgH3, and KMgH3. Here, the manner of synthesis will be discussed and structural investigations at ambient conditions will be presented. In addition to these compounds, time and energy were dedicated in an exploratory work for the synthesis of two perovskite hydrides predicted to be stable by ab initio calculations but were never formed experimentally. Unfortunately, it was not conclusive and this part of the work on LiMgH3 and NaCaH3 is proposed in appendices I and II, respectively. The synthesis of NaMgH3 from binary hydrides, NaH and MgH2, was first attempted using the CONAC Press. Synthesis conditions, such as temperature and treatment time, were optimized in the process. Preliminary experiments were performed at a pre-selected pressure of 4 GPa for 30 minutes. The temperature was varied from 450°C to 650°C. Based on the phase quantification during Rietveld refinement of XRD patterns of the products (Table 11), the temperature for the succeeding experiments was set at 650°C because it produced the most NaMgH3 in the set. Then the treatment time was changed from 30 minutes to 4 hours. Rietveld refinement of the XRD pattern revealed that more NaMgH3 was formed at longer treatment time. However, more MgO was also formed at prolonged treatment time. With this, the standard treatment time was fixed at 2 hours. So, all succeeding syntheses using the CONAC press were set at 4 GPa, 650°C, and 2 hours.

Table 11. Mole fractions of different components from the synthesis of NaMgH3 using the CONAC press at 4 GPa using 30 min treatment time at different temperatures. Quantification was performed by Rietveld refinement of XRD data.

III.1.c. Structural characterization

Rietveld analysis was performed on the NPD patterns collected to identify the lattice parameters of NaMgD3. Figure 33 shows the NPD pattern of NaMgD3 placed in a vanadium This study

25°C (298 K)

Ref. [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF] 27°C (300 K)

Ref. [ Figure 34 shows the different XRD patterns collected as temperature increases from room temperature to 677°C (950 K) while the pressure is set at 2 GPa. The initial pattern at 20°C (293 K) shows peaks from the starting reactants: NaH and MgH2. It is important to note that at this pressure and temperature, only the α-MgH2 was observed as it is the stable structure under ambient conditions. No γ-MgH2 was observed at room temperature. The peaks for other components of the sample assembly, such as BN and the gasket, were also visible.

At a higher temperature of about 176°C (449 K), peaks for the γ-MgH2 were observed.

This means that there was a phase transformation from the α-phase to the γ-phase of MgH2 at a temperature between 20°C (293K) and 176°C (449K). This is consistent with both the DFT data and experimental (Figure 13) phase diagrams of MgH2 as the P-T condition lies within the region where both the α-phase and the γ-phase exist. This new phase was present up to a temperature of 510°C (783 K) -a temperature at which the α-phase may have still been coexisted with the γ-phase to some extent. Peaks for NaH were still visible up to this temperature.

At 593°C (866 K), remarkable peaks attributed to the NaMgH3 perovskite were observed. This means that NaMgH3 formation occured between 510°C (783 K) and 593°C (866 K) at 2 GPa. This is consistent from the synthesis performed by Martinez-Coronado et al., where they observed NaMgH3 at 2 GPa and 750°C (1023 K) [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF] and with the synthesis performed by Andrada-Chacon et al., where they synthesized NaMgH3 at 2 GPa and 775°C (1048K) [START_REF] Andrada-Chacón | Highpressure synthesis and structural characterization of Na1-xKxMgH3 perovskite hydrides[END_REF].

Furthermore, peaks for NaH and the phases of MgH2 were hardly observed which supports the complete conversion of the precursors into NaMgH3. Increasing the temperature further to 677°C (950 K) allowed the peaks for the perovskite to increase in intensity signifying an improved crystallinity.

It was also observed that MgO was formed at higher temperatures. Nevertheless, the synthesized NaMgH3 was found to be stable even when the sample was quenched to room temperature and pressure. When the pressure was increased to 4 GPa, a similar sequence of appearance of phases was observed. Figure 35 shows the evolution of the XRD peaks associated with each phase as the system is being heated at 4 GPa. It can be seen that the peaks associated with NaMgH3 were first seen at a lower temperature of between 455-542°C (728-815 K), compared to 510-593°C (783-866 K) at 2 GPa. However, this comparison is vague as the temperature steps in the two experiments are not the same. The same synthesis approach was performed at a high pressure of 7.4 GPa. Figure 36 shows the XRD patterns taken at different temperatures. The initial patterns shown in black show similar peaks to that for 2 GPa and 4 GPa in terms of the phases present. However, beginning at 140°C (413 K), the α-phase was transformed to the γ-phase. The co-existence of the two was not observed at this temperature. The XRD patterns for 140-279°C (413 K -552 K), shown in blue, show the peaks for γ-MgH2. At 327°C (600 K), the appearance of the peaks associated with the β-phase was observed. Furthermore, in the current experiment, increasing the temperature to 374°C (647 K) did not produce the NaMgH3 perovskite and the β-phase persisted. It is interesting to see whether the β-phase will persist when the temperature is raised to temperatures higher than 527°C (800K), the temperature where the perovskite started to form at lower pressure of 2 and 4 GPa. [START_REF] Vajeeston | Pressure-Induced Structural Transitions in MgH2[END_REF] Table 14 shows the unit cell volume of NaMgH3 and its precursors from in situ experiments using the PEP. Demazeau mentioned that a reaction will occur in situ under pressure if the volume of the product is less than the sum of the volumes of individual precursors (ΔV<0) [158]. In Table 14, it can be seen that the volume of NaMgH3 (213.43 Å 3 ) is less than the sum of the volumes of NaH and γ-MgH2 (218.51 Å 3 ) and that of NaH and α-MgH2 (218.46 Å 3 ), while it is not the case with that of β-MgH2. Hence, this supports the hypothesis that the mechanism of NaMgH3 synthesis involves the reaction of NaH with γ-MgH2 and that is why NaMgH3 was not formed with β-MgH2.

The in-situ XRD experiments at HP-HT performed at different pressures (2, 4, and 7.4 GPa) from the equimolar NaH:MgH2 mixture led to the following observations:

-The α-γ phase transformation of MgH2 occurred within ~140-190°C for the 3 pressures used in the experiment. This is consistent with the fact that the two structures have a small energy difference.

-The NaMgH3 phase was observed at temperatures beyond ~540-590°C at 2 and 4 GPa. It was not observed at 7.4 GPa but the β-phase appeared at ~320°C.

-Smaller steps in the heating process during the PEP experiments within the same day were not possible due to time constraints.

III.2. Li-substituted NaMgH3

This section discusses the synthesis of Na1-xLixMgH3 perovskite with different values of x. Here, the A-cation of the perovskite was substituted by a smaller cation; in this case, NaH was partly replaced by LiH as starting material to enable the substitution of Na by Li. In Na1-xLixMgH3, x denotes the amount of Li substitution. X-ray diffraction analysis was performed to determine the extent of Li substitution.

III.2.a. Synthesis in CONAC press

The synthesis of Na1-xLixMgH3 was performed using gold capsules in the CONAC 40 press at 4 GPa and 650°C for 2 hours. Figure 38 shows the XRD patterns of the different synthesis products. The black pattern corresponds to the unsubstituted NaMgH3 or x = 0, as discussed in section III.1. For the sake of clarity, Na1-xLixMgH3 pertains to the target composition while (Na,Li)MgH3 stands for the resulting perovskite. There are also several peaks that are minor phases found in the XRD patterns of Na1-xLixMgH3

especially with x = 0.8. These are either oxidized product such as MgO, or unreacted reactants such as MgH2. The peaks for NaMgH3 shift to higher 2 theta values due to the replacement of Na by Li atoms (Figure 39). The [START_REF] Li | First-principles studies of K1-xMxMgH3 (M = Li, Na, Rb, or Cs) perovskite hydrides for hydrogen storage[END_REF] diffraction peak of NaMgH3 at 32.8°, for example, was shifted higher by 0.2-0.3% for all the Na1-xLixMgH3 samples. Ikeda et al. observed a 0.8% shift to higher 2 theta value for the same (112) peak for ball-milled Na1-xLixMgH3 with x = 0.5 using the same Cu Kα radiation [START_REF] Ikeda | Formation ability of the perovskite-type structure in LixNa 1 -XMgH3 (x = 0, 0.5 and 1.0[END_REF]. This shift is brought about by the smaller size of Li relative to Na. This shift also confirmed the substitution of Na by Li in the perovskite structure of the present study. The Li substitution was also confirmed by Rietveld refinement (Figure 40),

where the obtained unit cell volumes for (Na,Li)MgH3 were smaller compared to NaMgH3.

Table 15 shows the refined parameters for (Na,Li)MgH3 after Rietveld refinement of XRD data. The lattice parameters are also shown for each sample. 15. Here, it can be seen that the Table 15. Lattice and refinement parameters of Na1-xLixMgH3 synthesized using gold capsules in the CONAC 40 press at 4 GPa, 650°C, 2h. The obtained formula of (Na,Li)MgH3 from the refinements is written in the row named "formula".

amount of lithium substituted is about 10% for x = 0.1-0.25. It reaches 20% when x = 0.8. In comparison, Martinez-Coronado et al. obtained 18% substitution when x = 0.5. From Rietveld refinement of their NPD data, the occupancy of Li for x = 0.25 and x = 0.5 were 0.04 and 0.18, respectively [START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF]. Therefore, the same trend was obtained in this study where the amount of Li substitution reaches a certain limitin this case ~20%. This saturation of Li-substitution at higher values of x is also the reason why their unit cell volumes are similar. The same difficulty in substituting a significant amount of Li was observed. Furthermore, when x = 0.5 and 0.8, the formation of the perovskite (Na,Li)MgH3 seemed to be less in terms of the relative amount of the products and precursors. Thus, the solubility limit of incorporation of Li in the NaMgH3 Pmma structure has been determined to be 20%. The experimental data does not show a significant difference for x = 0.1, 0.2, and 0.25, which leads to the extent of substitution of about 11%. The extent of substitution increases to 16% and 20% for x = 0.5 and x = 0.8, respectively but the conversion rate of the reaction is very low. Even at high concentration of LiH in the starting mixture, no 𝑅3𝑐 structure is visible in contrast to ab initio predictions.

III.3. KMgH3

III.3.a. Synthesis

This section discusses the different methods of synthesizing KMgH3. Several attempts were performed using either the autoclave, the belt press, or the CONAC press.

III.3.b Synthesis using an autoclave

A 1:1 KH:MgH2 mixture was formed into 5 mm pellets and were placed in an autoclave for 4 days at 400°C under 25 bars D2 pressure with purging every 24h. The results of the XRD analysis of the sample show that the product was not pure. From the XRD pattern in Figure 41, aside from peaks for KMgD3 (𝑃𝑚3 ̅ 𝑚), peaks for K2MgD4 were also seen.

Unreacted MgH2 and an oxidized product, MgO, were also seen. . This side product can be formed when KMgH3 is synthesized from the hydrogenation of K and Mg metals [START_REF] Schumacher | KMgH3 single crystals by synthesis from the elements[END_REF]. The presence of K2MgD4 was the motivation to search for alternative synthesis routes.

III.3.c. Synthesis using a large volume press

Using the belt press, preliminary experiments were performed to optimize the synthesis temperature. Experiments were performed using a 1:1 KH:MgH2 mixture in gold capsules using the belt press in a trial-and-error fashion to obtain an optimized product.

The pressure used in the belt press was 4 GPa and treatment time was 1 hour. Table 17 shows the different products observed based on XRD results of different synthesis products at different temperatures. In the table, the '+' signs tell the relative amounts of each component.

It can be observed that at lower temperatures, the reaction of the precursors was not complete and an increase in temperature favors the formation of the desired KMgH3 product. However, the presence of a secondary product, K2MgH4, and also the reaction of the sample with the gold capsule at 650°C hinder the production of a pure KMgH3 sample. Even when platinum capsules were used, the sample mixture also had a reaction with the capsule at 650°C. Finally, the KMgH3 synthesis worked, with minimal impurities, when the sample pellet was enclosed in a BN crucible inside a Pt capsule. The synthesis was performed using the CONAC press at 2 GPa, 775°C for 30 minutes. Analysis of the XRD pattern, shown in Figure 42, showed that the main peaks come from the desired synthesis product, KMgH3 

IV.1. NaMgH3

Investigation of pressure-induced structural changes in NaMgD3 was conducted using a PEP on the D1B diffractometer at ILL using the set-up described in section II.6.

Rietveld refinement using FullProf was performed on the neutron diffraction patterns and the lattice parameters of NaMgD3 and KMgD3 at different pressures were determined. The lattice parameter data were fitted using the third order Birch-Murnaghan equation using the EoSFit7-GUI software [START_REF] Katsura | A simple derivation of the Birch-Murnaghan equations of state (EOSs) and comparison with EOSs derived from other definitions of finite strain[END_REF]: Rietveld refinement summary for NaMgD3 (Pnma) at selected pressures is shown in Table 20. Atomic positions are shown in Table 21. The atomic positions were plotted using the VESTA software. No significant tilting of the MgD6 octahedra was observed at high pressures.

Bond lengths and bond angles for NaMgD3 on the other hand are presented in Table 22. Data for the pressure 10.7 GPa was selected as it is the highest pressure attained while that of 4.6

GPa was selected as the middle pressure. From the lattice parameters, the bulk modulus and its pressure derivative were calculated using the EOSFit-7GUI software using 3 rd order Birch-Murnaghan equation of state (Figure 46) [208]. The bulk modulus obtained is 43.9(1.3) GPa and its pressure derivative is 3.4(3). The obtained V0 was 225.5(2) Å 3 . Table 23 shows the comparison of this experimental data with theoretical data. The experimental bulk modulus is greater than the calculated values from literature. On the other hand, the experimental pressure derivative of the bulk modulus is comparable to the calculated value from theoretical studies. To the best knowledge of the research group, this is the first experimental attempt to determine the bulk modulus of NaMgH3. All available data from literature were derived from calculations. The values of B0 for NaMgH3 still classify it as soft and compressible. This may be associated with the high ionic character of NaMgH3 [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF].

IV.2. KMgH3

Similar to the experiment performed with NaMgD3, KMgD3 synthesized using the CONAC press and deuterated in the autoclave, was analyzed at the D1B beamline of the ILL using the Paris-Edinburgh set-up. Figure 47 shows the NPD patterns for KMgD3 collected up to 11.6 GPa. Only a decrease in the lattice parameters was observed, and no phase transitions, in the pressure range investigated. The peaks attributed to KMgD3 shifted to higher 2θ values due to the decrease in unit cell volume (Table 24). The intense peak at around 76° is from the sintered diamond anvil. The peak at around 79° is actually an overlap of two peaksone for NaCl and one for KMgD3. These two eventually separated at 3.06 GPa as two peaks started to emerge from this pressure on. From the lattice parameters determined from Rietveld analysis, the bulk modulus and its pressure derivative were calculated using the EOSFit-7GUI software using 3 rd order Birch-Murnaghan equation of state [208]. The EOS fit is shown in Figure 48 for the relative cell volume versus Pressure data obtained from NPD studies. The bulk modulus obtained from the EOS fit is 39.0(7) GPa and its pressure derivative is 3.5 (2). Table 25 

Chapter V. Thermal properties of perovskite hydrides

This chapter deals with two types of characterization of thermal properties. The first one is the determination of thermal expansion coefficient of NaMgD3 at low temperature. The second one is related to hydrogen sorption performance.

Aside from neutron studies at high-pressure in Chapter IV, a similar experiment was performed using the same beamline at the ILL. Instead of increasing the pressure, neutron data was collected at low temperatures to see how the unit cell volume of the perovskite behaves at decreased temperatures.

On the other hand, hydrogen sorption properties of the studied perovskites, NaMgH3, (Na,Li)MgH3, and KMgH3 were characterized using differential scanning calorimetry. The hydrogen desorption temperatures of the three are compared and are then related to the cation present in the A-site of the perovskite and the reversibility of hydrogen desorption is investigated.

V.1. Volume thermal expansion coefficient of NaMgD3 at low temperature

Measurements were performed at different temperatures -263°C to 27°C (10-300 K). The EosFit7-GUI software was used here and it allows data fitting of V-T data using different equations of states namely: Berman, Fei, Holland-Powell, Salje, etc. [START_REF] Angel | EosFit7c and a Fortran module (library) for equation of state calculations[END_REF]. Berman's version is not valid for low temperatures because in his equation, α(T) has a finite value at absolute zero, which should not be the case. With the Fei equation, it is difficult to use this fitting at low temperatures because the coefficient of thermal expansion diverges to infinity when T approaches zero. With the Holland-Powell equation, there is a point at low temperatures that the coefficient of thermal expansion becomes negative. Any further decrease in temperature tends to increase the unit cell volume, which does not make sense. Among the aforementioned equations, the one from Salje was used in fitting V-T data at low temperatures. 

Rietveld refinement using

𝛼(𝑇) = 3𝑝 1 𝜃 𝑠𝑎𝑡 2 𝑉 0𝑇 1 3 ⁄ [ 𝑐𝑜𝑡ℎ 2 ( 𝜃 𝑠𝑎𝑡 𝑇 ) -1 𝑇 2 ]
A low-temperature study was conducted for NaMgD3 at the D1B beamline of ILL to characterize the structural changes down to -263°C (10 K). Unit cell volumes from these measurements can be used for the determination of its volume thermal expansion coefficient, which is defined as 𝛼(𝑇) = 𝑉 

V.2. Differential Scanning Calorimetry studies

The result of the DSC is shown in Figure 51. For NaMgH3, two endothermic peaks corresponding to the 2-step decomposition of NaMgH3 can be seen. The temperatures at the two peaks are 480.7 °C and 529.6 °C which do not agree with literature values: 391.85°C and 405.85 °C at the same heating rate of 20°C/min [91][85]. This is due to the fact that the crucibles used in the previous studies were aluminum crucibles under atmospheric pressure in a constant purge gas flow. In our study, on the other hand, high-pressure cells were used. With this, the volume is kept constant. Therefore, any gas produced during the dehydrogenation process increases the pressure in the crucible. With the increased pressure, the peak temperature associated with the release of gaseous products is shifted to higher temperatures [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF][216]. We performed an HP-DSC measurement of MgH2 at a heating rate of 10°C/min (Figure 52). The peak temperature obtained (460.3°C) is consistent with the HP-DSC result (~457°C) reported in literature at the same heating rate [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF].

Compared to the unsubstituted NaMgH3, the DSC curve for Na1-xLixMgH3 shows three endothermic peaks: the first one is for the decomposition of MgH2 (unreacted precursor) while the next two correspond to the 2-step decomposition of Na1-xLixMgH3. The peak temperature of MgH2 is a little different here compared to the peak of pure MgH2. A difference was also observed in the HP-DSC of MgH2 in literature as the peak shifted when MgH2 is in a mixture composed of other gas-producing compounds-that is the measured temperature being pressure dependent [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF]. The 3-peak pattern is similar to what was reported in literature [START_REF] Vasquez | Hydrogen sorption properties of LixNa1-xMgH3 (x = 0, 0.2, 0.5 & 0.8)[END_REF]. The temperatures of the next two dehydriding peaks are both lower in value compared to pure NaMgH3. If a comparable H2 pressure prevails in the two experiments, this supports the idea that Li-substitution lowers the thermal stability of the perovskite. The smaller cation placed at some of the A-sites caused a distortion in the unit cell because the site where sodium used to be is now occupied by a smaller lithium, thereby requiring a lower temperature for the hydrogen. Unfortunately, the comparison can only be made if the H2 pressures in the two sample crucibles were the same. However, the PCI experiment was performed at 400°C and 0.1 bar. Moreover, the reported decomposition temperature using TDS was around 370°C while the temperatures observed in the current DSC study for KMgH3 were 472.1 °C and 540.9 °C, corresponding to each of the two steps (shift of temperature due to non-ambient H2 pressure).

In the current study, based on the DSC data, it is suggested that the decomposition of KMgH3 follows the mechanism similar of NaMgH3:

KMgH3 → KH + Mg + H2 KH + Mg + H2 → K + Mg + 3/2 H2
Variation in peak temperature at different heating rates using Differential Thermal

Analysis can be used to determine the activation energy of certain solid → solid + gas reactions.

As mentioned in Chapter I, the Kissinger equation is used to determine the activation energy, Ea, of a decomposition reaction using DTA patterns at different heating rates. Here, Tp is the peak temperature while δ is the heating rate. R is the gas constant while A is a constant. This equation is used by plotting ln(𝛿 𝑇 𝑝 observed at a heating rate of 10°C/min are 477.6°C and 526.2°C, respectively. This is consistent with Tp1 and Tp2 obtained from HP-DSC using the same heating rate found in literature (~495°C and ~540°C) [START_REF] Pottmaier | Structure and thermodynamic properties of the NaMgH3 perovskite: A comprehensive study[END_REF]. It can be observed that Tp increases with the heating rate.

However, the two DSC graphs can not be compared directly as the H2 pressure inside the sample crucibles were not the same. Unfortunately, pressure regulation in the HP-DSC model used was not available. It is envisioned that we perform the same measurement using an HP-DSC. Ideally, after cation substitution, a decrease in activation energy would be observed for the desorption process. As much as we wanted to calculate for the Ea, which is part of the objective, due to the uncertainty in H2 pressure values in the crucible, it is not possible to compare the values obtained for the two decomposition steps. With the use of an HP-DSC, with pressure regulation, values for these could be reported.

V.3. Reversibility of hydrogen storage

Figure 54 shows the DSC curve of NaMgH3 upon heating and cooling. Upon cooling, two exothermic peaks can be seen which are thought to be due to the reabsorption of hydrogen.

Hydrogen absorption requires high pressures of hydrogen [216]. At the start of cooling, the estimated H2 pressure using the ideal gas equation is 115 bar. A confirmatory XRD analysis was performed to the NaMgH3 sample after DSC.

Figure 55 shows the XRD patterns of NaMgH3 after the DSC analysis compared to the initial sample. The peaks for NaMgH3 can be seen in the XRD pattern of the sample after DSC which means that the desorption of hydrogen is indeed reversible. Thus, the two exothermic peaks during cooling in Figure 54 is confirmed to be the reabsorption of hydrogen to re-form NaH and eventually NaMgH3. However, the process of re-forming NaMgH3 was incomplete. This can be observed in the XRD patterns as several other peaks are present. Products during the 2-step decomposition of NaMgH3, like NaH, MgH2, and Mg, can be seen in the XRD pattern. There were also some unknown peaks observed, probably coming from the sample holder during the retrieval of the sample. The presence of Mg, MgO, and NaH in the NaMgH3 sample after reabsorption of hydrogen was also observed in the XRD pattern found in literature [START_REF] Vasquez | Hydrogen sorption properties of LixNa1-xMgH3 (x = 0, 0.2, 0.5 & 0.8)[END_REF]. In a similar manner, Na1-xLixMgH3 was also found to have a reversible hydrogen desorption reaction. Figure 56 shows the DSC curve with three exothermic peaks. The smallest peak may be attributed to the MgH2 impurity. Pressure estimation was not possible due to the presence of both the perovskite and MgH2. Figure 57 shows the XRD patterns of Na1-xLixMgH3 after the DSC analysis compared to the initial sample. The peaks for the perovskite can still be seen in the XRD pattern of the sample after DSC which means that the desorption of hydrogen is also reversible for the Lisubstituted sample. Therefore, the two main exothermic peaks during cooling in Figure 56 correspond to the reabsorption of hydrogen. Similar to NaMgH3, XRD peaks for Na1-xLixMgH3 can still be seen after DSC. The re-formation of MgH2, on the other hand, was not observed as XRD peaks for Mg were seen instead of peaks for MgH2. The small peak during cooling in Two main exothermic peaks during cooling in Figure 58 suggest that the dehydriding of KMgH3 is reversible. The estimated H2 pressure at the start of cooling is 49 bar. The suggested reverse mechanism is similar to NaMgH3. There is the re-formation of KH and, eventually, KMgH3. This was contrary to what was reported in literature that the hydrogen desorption reaction of KMgH3 is not reversible [START_REF] Komiya | Synthesis and decomposition of perovskite-type hydrides[END_REF]. The third smaller peak is probably the side reaction product, K2MgH4, as seen in the XRD pattern in Figure 59. Figure 59 shows the XRD patterns of KMgH3 after the DSC analysis compared to the initial sample. The peaks for KMgH3 can still be seen after DSC. This supports the idea that the hydrogen desorption is reversible at 585°C and 49 bar. However, a side reaction was observed. Peaks for K2MgH4 can be seen in the XRD pattern after DSC. Hence, the decreased intensity in the KMgH3 peaks. 

Chapter Summary

The volume thermal expansion coefficient at 300 K of NaMgH3 is reported for the first time. The calculation of activation energies of the desorption process for NaMgH3 and Na1-xLixMgH3 encountered some issues due to the fact that the HP-DSC study performed lacked a pressure regulation mechanism. The reversibility of the hydrogen storage for these two samples were likewise presented.

On the other hand, KMgH3 was found to have a two-step decomposition reaction. The suggested mechanism is similar to that of NaMgH3. Likewise, the hydrogen desorption process of KMgH3 was found to be reversible as evidenced by DSC and XRD data, with a little side reaction (formation of K2MgH4).

General conclusion and perspectives

This research of three and a half years was carried out to understand the synthesis process of perovskite hydrides, their properties and behavior at extreme pressure and temperature conditions. The possibility of synthesizing new materials has also been explored.

Chapter I provided the necessary background and context for the need to synthesize new materials for hydrogen storage. With current hydrogen storage materials facing some issues about their practical applications, there is still a need to modify certain aspects in order to get the ideal properties envisioned for a perfect hydrogen storage material.

With the different experimental methodologies presented in Chapter II, the synthesis and characterization of light metal perovskite hydrides for hydrogen storage were explored.

Large volume presses were used to allow the synthesis to happen at extreme pressures and temperatures. X-ray diffraction and neutron powder diffraction studies enabled the analysis of the crystal structure of the products. Thermal properties were also investigated to explore the effect of certain modifications in structure to the hydrogen storage properties of the hydrides.

Chapter III presented and discussed the synthesis and characterization of three perovskite hydrides NaMgH3, Na1-xLixMgH3, and KMgH3. It was shown that these materials can be synthesized using the autoclave, and large volume presses such as the CONAC press, and the belt press. In-situ XRD analysis using the Paris-Edinburgh press allowed for the understanding of the synthesis pathway of NaMgH3. At 2 GPa and 4 GPa, it was observed that a phase transition of MgH2 from its α-phase to its γ-phase occurred before the reaction of it with NaH to form the perovskite NaMgH3. At a higher pressure of 7.4 GPa, the NaMgH3 perovskite was not synthesized. Instead, it was observed that a phase transformation from the γ-phase to the β-phase of MgH2 occurred. It was proposed that γ-MgH2 is involved in the reaction with NaH. The substitution of Na with Li in NaMgH3 was also investigated. The synthesis of Na1-xLixMgH3 with different values of x was performed. XRD data showed that all Li-substituted NaMgH3 had unit cell volumes that are smaller than the pure NaMgH3 due to the smaller size of the Li atom, as evidenced by the shift of the XRD peaks to higher 2 theta values. Rietveld refinement of XRD data showed that the maximum Li-substitution that can be done is 20%. It is envisioned that the extent of Li-substitution be determined at HP-HT using in situ XRD. Similarly, It would be interesting to continue the analysis of Na1-xLixMgH3 by doing experiments on its hydrogen sorption properties. Likewise, the production of a pure new materials are shown in the Appendix. This is still a work in progress. A ton of work still needs to be done in this area. So, the perspective would be to try other cation combinations for the A-sites and B-sites of the perovskite. It would also be interesting to investigate the behavior of NaMgH3 and KMgH3 both at high pressure and temperature using large-scale instruments.

In order to explore the possibility of synthesizing new materials for hydrogen storage, the high-pressure, high-temperature synthesis approach used in this thesis seemed to be very encouraging.

For a process to be spontaneous, ΔG should be negative (-). In the reaction of LiH and MgH2 to form LiMgH3, ΔS is negative (-) due to the formation of a single compound from two precursors. If ΔS is negative, then the second term of the equation above is always positive. Now, if the calculated ΔG of Li et al is correct to be negative, then the ΔH calculated by Vajeeston et al is questionable. Otherwise, if ΔH is indeed positive as suggested by Vajeeston, then ΔG is positive and the pathway is not spontaneous and will never happen.

Another Li-Mg-H compound was studied using first principle predictions. Peltzer y Blanca calculated the ΔG of a theoretical LiMgH4 compound having a cubic structure (P23 space group). However, the calculated ΔG for formation is positive and therefore is not synthesizable [221].

It is hypothesized that it could be possible to synthesize LiMgH3 at HP-HT conditions but since the material decomposes into its hydride precursors, it is impossible to observe the product at ambient conditions. With in-situ X-ray diffraction, it is possible to see the formation of the desired product at HP-HT conditions in order to understand its behavior and its decomposition. 

Experimental

Different synthesis conditions were used in the synthesis of LiMgH3 from LiH and MgH2 using both the belt press and CONAC press. Table 28 shows the summary of all experiments performed. The old-school approach of trial-and-error was used to optimize the synthesis pressure, temperature, and treatment time.

Figure 61 shows XRD patterns obtained after synthesis using the belt press. The pattern corresponding to the sample treated at 7 GPa and 650°C (bottom) is representative of most of the diffractograms collected on the samples after quenching at room temperature and ambient pressure. It can be seen that there was an α-γ phase transition that occurred with MgH2. Lithium hydride can still be seen and some oxidation was observed due to the presence of MgO. The diffractogram collected from the sample treated at 2 GPa and 400°C (top of Figure 61) is composed of the reflections assigned to LiH, MgH2, Li2O and MgO plus three unidentified peaks. These peaks cannot be assigned to a predicted structure of LiMgH3 and it was not possible to index them. Some experiments performed at 900°C have a lot of unidentified XRD peaks that may have come from the reaction of the sample mixture with the capsule. The parametric study of varying pressure and temperature did not allow to reveal the favorable conditions for the production of LiMgH3. Three hypotheses can be formulated:

1. LiMgH3 cannot be synthesized in the pressure and temperature range investigated.

2. LiMgH3 cannot be synthesized from LiH and MgH2 in the pressure and temperature range considered.

3. LiMgH3 can be elaborated under HP-HT but is not stable at ambient conditions and cannot be identified on samples brought back to ambient conditions.

Usually, when one of the precursors is thermally unstable, high pressure can aide the synthesis. Given at ambient pressure, Tdecomposition of the thermally unstable precursor is less than Treaction (Td1 < Trxn), the reaction would not occur. When the pressure is increased, Td1 is also increased, such that it would be possible that Td1 > Trxn. Then, the reaction could proceed Figure 62 shows the patterns from the in-situ XRD measurements of the synthesis of LiMgH3 from LiH and MgH2 using the PEP at 4 GPa and 7.5 GPa. At 4 GPa, the γ-phase of MgH2 was observed up to ~707°C (980 K), which was not the case with the NaH + MgH2 mixture in Chapter III, because at this temperature NaMgH3 has already formed. In the case of the LiH + MgH2 mixture, no reaction was observed at this temperature. When the temperature exceeded ~797°C (1070 K), unknown peaks were observed. This was attributed to the formation of an unknown phase (X-phase) brought about by oxidation and this was previously observed in experiments on pure MgH2 performed in the same conditions.

Similarly, no reaction was observed when the pressure was raised to 7.5 GPa. The presence of β-MgH2 was observed beyond ~297°C (570 K). This is consistent with the PEP experiment performed at 7.4 GPa in Chapter III, where the β-phase was observed beyond ~327°C (600 K). When the temperature reached ~769°C (1042 K), X-phase is formed as in the experiment at 4 GPa. Again, these were attributed to the formation of the X-phase.

Referring to the calculated Gibbs free energy and enthalpy of the reaction between LiH and MgH2 to form LiMgH3 discussed in Chapter I, it is now a question whether the calculations can translate to a synthesizable material. Compared to NaMgH3, the calculated formation enthalpy for LiMgH3 from LiH and MgH2 is not exothermic. So, this may be the reason why LiMgH3 synthesis has not yet been successfully done experimentally [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF].

Due to time constraints of this work, further investigation was not possible. A possible pathway would be to attempt the synthesis starting with other precursors, preferentially using in-situ characterization. 

Experimental

An equimolar NaH:CaH2 mixture was used for the synthesis. The mixture was placed in a gold capsule and was subjected to HP-HT conditions in the press shown in Table 30. XRD patterns were obtained for each sample. All of the samples showed similar XRD patterns like the one shown in Figure 65. It was observed that the peaks for the NaH and CaH2 precursors are the main peaks in the patterns. Therefore, the NaH and CaH2 precursors did not react at the given pressure and temperature conditions. A little oxidation also occurred due to the appearance of CaO. The investigation at different pressure and temperature did not give the favorable conditions for the synthesis of NaCaH3. Three hypotheses can be formulated, similar to those in Appendix A:

1. NaCaH3 cannot be synthesized in the pressure and temperature range investigated. 

  Une caractérisation structurelle du NaMgH3 dans des conditions ambiantes, telle que la XRD et la NPD, a également été réalisée. Les résultats de ces dernières confirment que le NaMgH3 produit dans les expériences ne diffère pas de ce qui a été obtenu dans les expériences publiées. La synthèse de NaMgH3 avec analyse XRD in-situ a également été réalisée en utilisant la PEP à 2, 4 et 7,4 GPa.

Figure A .

 A Figure A. Diagrammes XRD recueillis sur la presse Paris-Edinburgh pendant la synthèse de NaMgH3 à ~4GPa à partir d'un mélange de NaH et MgH2. Les motifs en bleu montrent l'apparence du γ-MgH2 tandis que les motifs en rouge montrent l'apparence de la pérovskite NaMgH3.

Figure B .

 B Figure B. Évolution des pics XRD pour NaMgH3 et ses précurseurs en fonction de l'augmentation de la puissance de chauffe à 4 GPa. Les températures de transition ont été obtenues à partir des courbes d'étalonnage du chapitre II.

Figure C .

 C Figure C. Vue rapprochée des pics XRD (112), (002), (240), et (312) associés à Na1-xLixMgH3 montrant le décalage vers des valeurs 2 thêta plus grandes.

  Le coefficient d'expansion thermique volumique à 300 K de NaMgH3 est rapporté pour la première fois. Le calcul des énergies d'activation du processus de désorption pour le NaMgH3 et le Na1-xLixMgH3 n'a pas été possible du fait que la pression d'hydrogène dans le creuset du dispositif de DSC-HP n'était pas maîtrisée (pression autogène). La réversibilité du stockage de l'hydrogène pour ces deux échantillons a également été présentée. D'autre part, on a constaté que le KMgH3 a une réaction de décomposition en deux étapes. Le mécanisme suggéré est similaire à celui du NaMgH3. De même, le processus de désorption de l'hydrogène du KMgH3 s'est avéré réversible comme le montrent les données DSC (Figure D) et XRD, avec cependant l'existence d'une réaction secondaire (formation de K2MgH4).
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Figure

  Figure D. Courbe DSC du KMgH3 pendant le chauffage jusqu'à 585°C et le refroidissement jusqu'à la température ambiante.

  d'explorer la synthèse et la caractérisation des hydrures de pérovskite de métal léger pour le stockage de l'hydrogène. Des presses à grand volume ont été utilisées pour permettre la synthèse à des pressions et des températures extrêmes. Des études de diffraction des rayons X et des neutrons sur poudre ont permis d'analyser la structure cristalline des produits. Les propriétés thermiques ont également été étudiées afin d'explorer l'effet de certaines modifications de la structure sur les propriétés de stockage de l'hydrogène des hydrures. Le chapitre III a présenté et discuté la synthèse et la caractérisation de trois hydrures pérovskites : NaMgH3, Na1-xLixMgH3 et KMgH3. Il a été démontré que ces matériaux peuvent xiv être synthétisés en utilisant l'autoclave, et des presses à grand volume telles que la presse CONAC, et la presse belt. L'analyse de DRX in-situ à l'aide de la presse Paris-Edinburgh a permis de comprendre la voie de synthèse du NaMgH3. A 2 GPa (450-780 K) et 4 GPa (460-730 K), il a été observé qu'une transition de phase de MgH2 de sa phase α à sa phase γ s'est produite avant sa réaction avec NaH pour former la pérovskite NaMgH3. À une pression plus élevée de 7,4 GPa, la pérovskite NaMgH3 n'a pas été synthétisée jusqu'à 650 K. Au lieu de cela, il a été observé qu'une transformation de phase de la phase γ à la phase β de MgH2 s'est produite. Il a été proposé que γ-MgH2 soit impliqué dans la réaction avec NaH. La substitution de Na par Li dans NaMgH3 a également été étudiée. La synthèse de Na1-xLixMgH3 avec différentes valeurs de x a été réalisée. Les données de DRX ont montré que tous les NaMgH3 substitués par Li avaient des volumes de cellules unitaires plus petits que le NaMgH3 pur en raison de la taille plus petite de l'atome de Li, comme le montre le déplacement des pics DRX vers des valeurs 2 thêta plus élevées. L'affinement de Rietveld des données DRX a montré que la substitution maximale de Li qui peut être faite est de 20%. Il est envisagé de déterminer l'étendue de la substitution de Li à HP-HT en utilisant la DRX in situ. De même, il serait intéressant de poursuivre l'analyse du Na1-xLixMgH3 en faisant des expériences sur ses propriétés de sorption de l'hydrogène. De même, la production d'un échantillon pur reste un défi qui devra être résolu dans le futur. D'autre part, la dernière partie du chapitre a présenté l'hydrure à structure perovskite cubique, KMgH3. Les conditions de synthèse ont été optimisées afin de ne pas produire un produit secondaire, le K2MgH4. Une propriété mécanique, le module de compressibilité, a fait l'objet du chapitre IV. L'étude de la diffraction des neutrons sur poudre à haute pression a été réalisée sur la ligne D1B de l'Institut Laue-Langevin. L'utilisation d'un instrument à grande échelle a fourni les informations nécessaires pour étudier soigneusement la structure des échantillons d'hydrure à structure pérovskite. Une étude de toute transformation de phase induite par la pression dans le NaMgH3 a été menée. Les résultats obtenus ici ont révélé qu'aucune transformation de phase n'a été observée pour NaMgH3 jusqu'à 10,7 GPa à température ambiante. L'échantillon ne peut pas être indexé dans le groupe spatial Cmcm ni dans le groupe spatial Pm3 ̅ m. Avec ces données NPD, d'autre part, le module de compressibilité expérimental et sa dérivée sous pression du NaMgD3 ont été obtenus pour la première fois. Le module de compressibilité obtenu est de 43,9(1,3) GPa et sa dérivée sous pression est de 3,4(3
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 2330707172737576767981828688909194 Cross section of the 250 ton press from Besson et al [194]. Shown are the principal parts (1) anvil and sample assembly, (3) main piston, (8) one of four columns, and (6) hydraulic ram. .......................................................................................................................... Figure 24. A VX5 type Paris-Edinburgh Press used at Institut Néel. ...................................... Figure 25. The different components in the assembly shown as arranged (left photo) and how they look like using a coin as a scale (middle photo) and clamped anvils with the sample in the middle (right photo) ........................................................................................................... Figure 26. The Paris-Edinburgh press used for in-situ XRD under high-pressure and high temperature. The two WC anvils where the samples are placed are also shown as an inset. ..  Figure 27. Pressure calibration curve for the WC anvils used in the Paris-Edinburgh Press. .  Figure 28. Temperature calibration curve for the Paris-Edinburgh Press at 2 GPa. ................  Figure 29. Temperature calibration curve for the Paris-Edinburgh Press at 4 GPa ................. Instrument layout of the D1B diffractometer at the ILL (top) and the actual experimental set-up (bottom). Small inset shows a sample diffraction pattern. Radial oscillating collimator eliminates parasitic diffraction. Image taken from ILL website. .......... Figure 31. The Paris-Edinburgh Press (VX5 type) set-up in the D1B diffractometer (left). The sample pellet as it is placed in the TiZr gasket (right). The right photo was taken while the setup is inside an Ar glovebox. .................................................................................................... Figure 32. XRD patterns of products from the NaMgH3 synthesis using the autoclave at 400°C, 70 bar H2 pressure, using different treatment times .....................................................  Figure 33. NPD pattern of NaMgD3 at ambient pressure and Rietveld analysis. Refined parameters: a, b, c, X, Biso, and atomic positions. .................................................................... xxi Figure 34. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~2GPa from a mixture of NaH and MgH2. Patterns in red show the appearance of the NaMgH3 perovskite. ........................................................................................................... Figure 35. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~4GPa from a mixture of NaH and MgH2. Patterns in blue show the appearance of γ-MgH2 while patterns in red show the appearance of the NaMgH3 perovskite. ................ Figure 36. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~7.4 GPa from a mixture of NaH and MgH2. Patterns in blue show the appearance of γ-MgH2 while patterns in orange show the appearance of β-MgH2. ................................... Figure 37. Evolution of XRD peaks for NaMgH3 and its precursors with respect to increasing temperature by heating at 4 GPa. ............................................................................................. Figure 38. XRD patterns of Na1-xLixMgH3 showing the different phases present after synthesis using the CONAC press at 4 GPa and 650°C. X denotes the composition of the starting mixture of precursors. .............................................................................................................. Figure 39. Closer view of (112), (002), (240), and (312) XRD peaks associated with Na1-xLiXMgH3 showing the shift in 2 theta values. ......................................................................... Figure 40. XRD pattern of Na1-xLixMgH3 with x = 0.1, and Rietveld analysis. ...................... Figure 41. XRD pattern of the synthesis product from the KH:MgH2 mixture subjected to 400°C and 25 bars D2 in the autoclave. ................................................................................... Figure 42. XRD pattern of the synthesis product from the KH:MgH2 mixture subjected to 775°C and 2 GPa for 30 minutes in the CONAC press ........................................................... Figure 43. NPD pattern of KMgD3 at ambient pressure and Rietveld analysis. ...................... Figure 44. NPD patterns of NaMgD3 (Pnma) up to ~11 GPa (left) and lattice parameters changes (right). The filled symbols were data from the first experiment while the hollow symbols were from the second. ................................................................................................ Figure 45. Mg-D and Na-D bond lengths in NaMgD3 (Pnma) during compression in a Paris-Edinburgh Press at room temperature. ..................................................................................... Figure 46. EOS curve fit by EOSFit-7GUI software for the relative cell volume (V/V0) vs. Pressure data of NaMgD3. ........................................................................................................ Figure 47. NPD patterns of KMgD3 up to 11.6 GPa. The peak at 2θ = 76° is for diamond. ...Figure 48. EOS curve fit by EOSFit-7GUI software for the relative cell volume (V/V0) vs. Pressure data of KMgD3. Error bars are too small to be seen. ................................................. Figure 49. Unit cell volume of NaMgD3 obtained from low temperature NPD experiments. The EoS curve shown was obtained using EoSFit7-GUI using Salje's equation [214]. ......... 99

Figure 1 .

 1 Figure 1. Comparison of volumetric capacities of physical hydrogen storage and materials-based storage [12].

Figure 2 .

 2 Figure 2. Kinetic and thermodynamic barriers that need to be overcome to improve a metal hydride's performance as discussed by Wang et al [18].

Figure 3 .

 3 Figure 3. Process of hydrogen absorption into the metal crystal to form the metal hydride.

  produced a very thin Mg layer via magnetron sputtering with improved kinetics and H capacity of 5.5 wt.%[39]. I.2. Perovskite hydrides as hydrogen storage materials I.2.a. Overview of the perovskite structure Metal oxides, metal halides, and a few metal carbides may be formed from a reaction of AXn and BXm to form ABX3 where X = O, H, C. These materials with an ABX3 formula are called perovskite. The name perovskite was derived from the mineral CaTiO3, which is commonly called perovskite[START_REF] Chandler | Chemical Aspects of Solution Routes to Perovskite-Phase Mixed-Metal Oxides from Metal-Organic Precursors[END_REF].

Figure 4 .

 4 Figure 4. Structure of a perovskite showing the BX6 octahedron and AX12 cubo-octahedron.

.

  If t is set at 0.77 and 1.00, we can generate 2 lines with different slopes (shown as the inclined dotted/solid lines in Figure5)[48]. According to the estimation of Ikeda et al., following Pauling's first rule on stabilization of the polyhedron, the rB/rX ratio has an ideal value of 0.414-0.732 and with rX = 0.140 nm, rB should be between 0.058 and 0.102 nm which are shown as the 2 horizontal lines in Figure5. These 2 inclined lines and 2 horizontal lines form a

Figure 5 .

 5 Figure 5. Estimated formation region of perovskite-type hydrides by Ikeda [48].

From

  the previous examples, it can be seen that perovskite hydrides decompose in different manners. Li et al. studied three hydrogen release pathways through computations [54]. These pathways are: ABH3 → A + B + 3/2 H2 ABH3 → A + BH2 + ½ H2 ABH3 → AH + B + H2 They suggested that beryllium-based perovskite hydrides and LiMgH3 systems follow the third pathway while the rest, including Mg-based hydrides, follow the second pathway. However, PCT curves from the experiments of Komiya et al indicates that NaMgH3 and KMgH3 follows the third and first pathways, respectively [60]. I.2.c. NaMgH3 I.2.c.1. Crystal Structure Data from X-ray diffraction (XRD) and neutron powder diffraction (NPD) experiments show that NaMgH3 (NaMgD3 in the case of NPD experiment) has a GdFeO3-type perovskite structure with space group Pnma [41][68]. A typical primitive orthorhombic unit cell of NaMgH3 is shown in Figure 6. Shown as green spheres, the Na atom at the A-site is surrounded by 12 H atoms shown in blue. Furthermore, each Mg atom, shown in purple, is bound to 6 surrounding H atoms. Sodium atoms occupy the 4c sites while Mg occupies the 4b sites. The H anion occupies the 4c and 8d sites in the structure and each H is surrounded by 4 Na and 2 Mg cations [69][70]. The tolerance factor of NaMgH3 is 0.87, which is lower than the tolerance factor of an ideal cubic perovskite structure (t = 1.0) [71]. Calculations by Fornari et al. show that lattice distortions from the ideal cubic structure are brought about by Coulombic interactions. With its ionic character, both cations and anions in the structure position

Figure 6 .Figure 7 .

 67 Figure 6. Unit cell of NaMgH3. Blue spheres represent H. [74]

Figure 8 .

 8 Figure 8. Pressure-composition isotherm (PCI) of NaMgH3 at 400°C (673 K). Point S corresponds to NaMgH3. Point M corresponds to the first dissociation, and point F corresponds to just Na and Mg. Dashed lines are plateau pressures of MgH2 and NaH at 400°C (673 K) [81].

[ 86 ]

 86 . They used in situ embedding of Mg2NiH4 and YH3 nanoparticles into NaMgH3. The Mg2NiH4 and YH3-embedded NaMgH3 showed no peaks for NaMgH3 after dehydriding, indicating that the process is complete. They also performed several cycles at different temperatures of reversible dehydriding-rehydriding reactions for both samples. They were able to observe a continuous decay and reduction in the amount of hydrogen desorbed and absorbed for the pure NaMgH3 while their embedded-NaMgH3 exhibited better kinetics and negligible reduction in activity. More recently, a study of Hang et al. revealed that doping NaMgH3 with a lamellar-structure 2D C-based material called Ti3C2 improved the hydrogen storage reversibility, showing 4.6 wt% H2 capacity after 5 cycles [87].

Figure 9 .

 9 Figure 9. Energy values for the different phases of Na1-xLixMgH3 as a function of Li concentration [94].

Figure 10 .

 10 Figure 10. XRD patterns of NaMgH3 (Li-substituted with x = 0.2) during rehydrogenation up to 350°C from Contreras-Vasquez et al [51].

  Vajeeston et.al. described the stable form to have a [KH12]-cubo-octahedral and [MgH6]octahedral structures, the ideal perovskite-type structure (𝑃𝑚3 ̅ 𝑚)[START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF]. Aside from this stable cubic phase, another KMgH3 phase which is an unusual orthorhombic was observed in another NPD experiment (λ = 1.494Å). This phase was assigned the space group Pmmm with lattice parameters: a = 5.227(2), b = 6.935(5), c = 5.100(3)[START_REF] Andrada-Chacón | Highpressure synthesis and structural characterization of Na1-xKxMgH3 perovskite hydrides[END_REF].

Figure 11 .

 11 Figure 11. Three different phases of KMgH3 named a)Stable, b) US1, and c)US2 in the study of Reshak et al [101].

I. 2

 2 .e.4. Substitution Li et al. performed first-principles studies on an M-substituted KMgH3 named K1-xMxMgH3 where M are alkali metals Li, Na, Rb, and Cs [112]. Acording to their calculations, all doped K1-xMxMgH3 samples would favor a dehydrogenation pathway shown below K1-xMxMgH3 → xMH + (1-x)KH + Mg + H2

  It was found that α-MgH2 transforms into γ-MgH2 which has the orthorhombic α-PbO2 structure at pressure above 0.39 GPa. The transformation can also occur with ball milling and mechanochemical treatment [136]. The MgH6 octahedra of the α-phase have similar Mg-H bond lengths in the axial position and equatorial positions (1.94 Å and 1.97 Å, respectively). The MgH6 octahedra of the γ phase however, has different Mg-H bond lengths that range from 1.91 to 2.0 Å [136]. According to Bastide et al. both α and γ phases coexisted at 2.5-8 GPa and 250-900°C [137]. This coexistence of phases was also observed by El-Eskandarany et al. where reactive ball milling showed that the α and γ phases transform from one form to the other depending on the milling time, i.e. the phase transformation goes back and forth due to the small difference in the energies of the two phases [138]. Kohlmann et al. observed that no α to γ phase transition was observed up to 9.3 GPa at room temperature (number 3 in Figure 12) [139]. Experiments from a DAC at room temperature, on the other hand, showed an α to γ phase transition between 0.9-9.0 GPa. Beyond 9.0 GPa, another orthorhombic phase (named HP1 with the Pbc21 space group) existed (number 2 in Figure 12) [129]. Moriwaki et.al. said that the α and γ phases of MgH2 co-existed at 0.9-9.0 GPa[129].

Figure 12 )

 12 Figure 12) [130]. El-Eskandarany et al.'s experiment showed that the cubic β-MgH2 phase was observed when α-MgH2 was subjected to cold rolling and high energy ball milling, but decomposed to α and γ phases when annealed at 220°C [141]. In addition, a comprehensive phase diagram was made by Moser et al. using DFT which shows P-T relationship and the different phases present [142]. This is shown in Figure 13 as pink circles.

Figure 12 .

 12 Figure 12. Phase transformations of MgH2 at room temperature based on theoretical (5-8, Ref.[127][143][140][142]) and experimental (1-4, Ref. [128][129][139][130]) data.

  shows the phase diagram from the results of some experiments with MgH2, including the one performed in this thesis using a Paris-Edinburgh Press at 2, 4, and 7.4 GPa. Here, the region where either α or γ phase, or a combination of both, was observed is shown as squares. The yellow circles show the region where the β phase was observed. Bortz et al. used a multianvil cell at 2 GPa and 797°C (1070K) to observe this α to γ phase transition. However, the transformation was not complete[START_REF] Bortz | Structure of the high pressure phase λ-MgH2 by neutron powder diffraction[END_REF]. Goto et al. found both the α and γ phases at 5 GPa and 950°C [145]. Moser et al. observed the γ phase appearing at 4.3 GPa and 627°C (900 K) [146]. On the other hand, a belt-type HP device was used by Bastide et al. and ex-situ analysis revealed the formation of the β phase at 8 GPa and 800°C. It was also seen as a coexisting phase with α and γ phases at 3.5-4GPa and 800°C. At a lower temperature of 650°C and 4 GPa, it coexisted only with the α phase [137].Also included in the figure are experimental data from the current study, which somewhat show no consensus with the rest. It has to be noted that utmost care must be considered when comparing in-situ characterization and post-mortem analysis. Our experiments show a larger range of stability of the α-phase which extends up to 100°C and 7.4 GPa, while the β-phase was observed at 7.4 GPa at T>300°C. The existence of the γ-phase at 7.4 GPa and 140°C (413 K) in our experiment is somewhat consistent with the DFT data in the phase diagram in Figure13as it is near the γ-β phase boundary. At 7.4 GPa and 279°C (552 K), our experiment is still consistent with the DFT phase diagram as it is near the γ-β phase boundary. The β-phase was experimentally observed by Bastide at 650°C (923K) at 4 GPa, and at 800°C (1073K) at 8 GPa.

Figure 13 .

 13 Figure 13. Pressure-Temperature phase diagram of the different phases of MgH2 at high temperature from experimental data [147][144][146][145], including this study. DFT data from Moser et. al [142] are shown in pink. Squares mean either alpha or gamma or both. Yellow circles mean beta.

  pressure and 950°C (1223 K) temperature [145]. I.4. High-pressure and high-temperature (HP-HT) synthesis of perovskite hydrides I.4.a. Generalities about HP HT

  For a larger sample size, large-volume presses are used to allow experiments on the determination of physical properties of materials under high pressure and high temperature. Millimeter-sized sample holders are used and the highest achievable pressure and temperature are around 40 GPa and 2727°C (3000 K), respectively [171].

Figure 14 .

 14 Figure 14. Schematic representation of the sample in the DAC being compressed by two opposing diamonds (in light blue).

Figure 15 .

 15 Figure 15. Octahedral tilting (left) and bond length contraction (right) experienced by the BX6 octahedra in perovskite during compression [173].

  et al. used a multi-anvil cell with pressures of up to 8 GPa to synthesize magnesium-based hydrides with Zr and Hf [179]. Bertheville et al. also used a multi-anvil cell to synthesize new ternary Cs-Mg hydrides at 3 GPa [63]. Torres et al. prepared a new hydride Mg3CuH0.6 using a novel synthesis procedure using a hydrostatic high-pressure technique with a piston cylinder press at 3.5 GPa [180]. The same piston cylinder was used by the team of Martinez-Coronado to synthesize Mg2NiH4 at 2 GPa [181] and by the team of Retuerto to synthesize Mg2FeH6 at 2 GPa [79]. Goto et al. synthesized novel Mg-Li and Mg-Pd hydrides using a cubic-anvil-type apparatus at a pressure of 2-5 GPa [182]. Using the same cubic-anvil-type apparatus, Kamegawa et al. synthesized several Mg-based hydride systems with Y, La, Ce, Pr, Sm, Gd,

BaLiH3 [ 188

 188 ], CsCaH3, RbMgH3 [64], SrLiH3 and EuLiH3 [189].

Figure 16 .

 16 Figure 16. Sample assembly shows the powder sample enclosed in a gold capsule (bottom photo) which is sandwiched between two WC plates (top photo).

Figure 17 .

 17 Figure 17. The WC plates of the CONAC press (right) is shown where the assembly previously described is placed in the center for high-pressure experiments.

Figure 18 .

 18 Figure 18. Assembly of the belt press (schematic and actual).

Figure 19 .

 19 Figure 19. The autoclave used at Institut Néel.

Figure 20 .

 20 Figure 20. Calculated profiles shown as solid lines and experimental profiles shown as circles for (a) a good fit (b) a peak that has a larger 2θ (c) a peak that has a smaller 2θ (d) a peak with a larger FWHM (e) a peak with a smaller FWHM (f) a calculated intensity that is too high, and (g) a calculated intensity that is too low.

Figure 21 .

 21 Figure 21. The rotating capillary configuration of the Siemens D5000 diffractometer. An eyepiece is attached to center the capillary prior to measurement.

Figure 22 .

 22 Figure 22. Cross section of the high-pressure anvils from Besson et al [194]. Shown are the (1) WC anvils (2) sample space (3) toroidal gasket (4) pyrophyllite gaskets and (5) steel rings.

Figure 23 .

 23 Figure 23. Cross section of the 250 ton press from Besson et al [194]. Shown are the principal parts (1) anvil and sample assembly, (3) main piston, (8) one of four columns, and (6) hydraulic ram.

Figure 24 .

 24 Figure 24. A VX5 type Paris-Edinburgh Press used at Institut Néel.

Figure 25 .Figure 26 .

 2526 Figure 25. The different components in the assembly shown as arranged (left photo) and how they look like using a coin as a scale (middle photo) and clamped anvils with the sample in the middle (right photo)

Figure 27 .

 27 Figure 27. Pressure calibration curve for the WC anvils used in the Paris-Edinburgh Press.

Figure 28 .

 28 Figure 28. Temperature calibration curve for the Paris-Edinburgh Press at 2 GPa.

Figure 29 . 20 II. 6 .

 29206 Figure 29. Temperature calibration curve for the Paris-Edinburgh Press at 4 GPa

Figure 30 .

 30 Figure 30. Instrument layout of the D1B diffractometer at the ILL (top) and the actual experimental set-up (bottom). Small inset shows a sample diffraction pattern. Radial oscillating collimator eliminates parasitic diffraction. Image taken from ILL website.

Figure 31 .

 31 Figure 31. The Paris-Edinburgh Press (VX5 type) set-up in the D1B diffractometer (left). The sample pellet as it is placed in the TiZr gasket (right). The right photo was taken while the set-up is inside an Ar glovebox.

III. 1

 1 . NaMgH3 III.1.a. Preliminary experiments with an autoclave As shown in Figure 32, NaMgH3 was successfully synthesized from NaH and MgH2 under H2 atmosphere at 400°C and 70 bars H2. Peaks for NaMgH3 belonging to the Pnma space group were observed. The compound is formed after a 24h treatment. However, a pure NaMgH3 phase was not produced. Peaks for unreacted NaH and MgO originating from the MgH2 reactant were present. The results obtained were consistent with the synthesis performed by Bouamrane et al. at 480°C, 10 bar H2 pressure and 24 h treatment time [75].

Figure 32 .

 32 Figure 32. XRD patterns of products from the NaMgH3 synthesis using the autoclave at 400°C, 70 bar H2 pressure, using different treatment times

Figure 33 .

 33 Figure 33. NPD pattern of NaMgD3 at ambient pressure and Rietveld analysis. Refined parameters: a, b, c, X, Biso, and atomic positions.

1 )

 1 III.1.d. In-situ study of the synthesis of NaMgH3 under HP-HTIn an attempt to investigate the pressure-temperature synthesis conditions of NaMgH3, in-situ XRD measurements were performed at three different pressures (2, 4, 7.4 GPa) while the temperature is increased using the Paris-Edinburgh press at Institut Néel.

Figure 34 .

 34 Figure 34. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~2GPa from a mixture of NaH and MgH2. Patterns in red show the appearance of the NaMgH3 perovskite.

Figure 35 .

 35 Figure 35. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~4GPa from a mixture of NaH and MgH2. Patterns in blue show the appearance of γ-MgH2 while patterns in red show the appearance of the NaMgH3 perovskite.

Figure 36 .

 36 Figure 36. XRD patterns collected from the Paris-Edinburgh press during the synthesis of NaMgH3 at ~7.4 GPa from a mixture of NaH and MgH2. Patterns in blue show the appearance of γ-MgH2 while patterns in orange show the appearance of β-MgH2.

Figure 37

 37 Figure37shows a different view of the evolution of the XRD peaks for the synthesis of NaMgH3 at 4 GPa. The α to γ phase transformation can still be seen as the peaks for α-MgH2 decrease in intensity up to the midway of the graph at the same time that the peaks for γ-MgH2 start to emerge. On the other hand, there is a gradual decrease in the intensity of the peak for NaH. The emergence of the NaMgH3 can be seen towards the latter part of the graph.

Figure 37 .

 37 Figure 37. Evolution of XRD peaks for NaMgH3 and its precursors with respect to increasing temperature by heating at 4 GPa.

Figure 38 .

 38 Figure 38. XRD patterns of Na1-xLixMgH3 showing the different phases present after synthesis using the CONAC press at 4 GPa and 650°C. X denotes the composition of the starting mixture of precursors.

Figure 39 .

 39 Figure 39. Closer view of (112), (002), (240), and (312) XRD peaks associated with Na1-xLiXMgH3 showing the shift in 2 theta values.

Figure 40 .

 40 Figure 40. XRD pattern of Na1-xLixMgH3 with x = 0.1, and Rietveld analysis.

  when x = 0.8. A lot of the precursors remained unreacted. For the sample with x = 0.1, oxidation might have occurred during sample handling because of the high relative amount of MgO in the sample. For x = 0.2-0.25, no NaH and LiH peaks were seen confirming the reaction of these species to form (Na,Li)MgH3. As the amount of LiH in the starting mixture was increased, in the case of x = 0.5 and x = 0.8, it became more difficult for Li to be incorporated in the perovskite structure. Thus, we see significant amounts of unreacted precursors after the synthesis.

Figure 41 .

 41 Figure 41. XRD pattern of the synthesis product from the KH:MgH2 mixture subjected to 400°C and 25 bars D2 in the autoclave.

  This chapter demonstrated the different synthesis experiments performed to synthesize NaMgH3, Li-substituted NaMgH3, and KMgH3. The products synthesized from the autoclave, the belt press, the CONAC press, and the PEP were presented.Structural characterization on NaMgH3 at ambient conditions such as XRD and NPD was also performed. Results of these confirm that the NaMgH3 produced in the experiments do not differ from what was obtained in published experiments. Synthesis of NaMgH3 with in-situ XRD analysis was also performed using the PEP at 2, 4, and 7.4 GPa. It is interesting to note that the phase transformation of MgH2 at HP-HT affects the synthesizability of NaMgH3. It was hypothesized that the γ phase MgH2 plays a role in the formation of NaMgH3 from NaH and MgH2. X-ray diffraction analysis of the synthesized Li-substituted NaMgH3 showed that the peaks associated with the perovskite shifter to higher 2 theta values. This validated the substitution of Na by Li in the A-site of the ABH3 structure. The shift to higher 2 theta valuesChapter IV. Investigation of high-pressure-induced structural changes in perovskite hydridesTo complement data obtained from X-ray diffraction, the perovskite hydride samples were also investigated using neutron powder diffraction. With this, the atomic structure of the material can be determined accurately, in particular the position of deuterium atoms. A collaboration was established with Gilles Frapper (ICM2P, Poitiers, France) in order to have a theoretical insight on the behavior of hydride perovskites under high pressure. During her internship in Frapper's group, Somayeh Faraji combined DFT calculations and the use of global evolutionary algorithm (USPEX for Universal Structure Predictor: Evolutionary Xtallography) to study stable and metastable phases of several hydride perovskites under pressure. As for NaMgH3 under pressure, a phase transformation (Pnma to Cmcm) somewhere in the area within 10 GPa was predicted (unpublished). So, it is interesting to compare theoretical and experimental results.Determining the elastic constants such as the bulk modulus is essential because they are also related to other mechanical properties such as Young's and shear moduli, as well as important thermodynamic properties such as Debye temperature, specific heat, melting point, etc[START_REF] Bouhadda | Elastic properties of perovskite-type hydride NaMgH3 for hydrogen storage[END_REF][START_REF] Rehmat | Elastic properties of perovskite-type hydrides LiBeH3 and NaBeH3 for hydrogen storage[END_REF]. So far, no experimental data on the bulk modulus of both NaMgH3 and KMgH3 is available in literature. The following study presents the first time that these values are reported.

Figure 46 .

 46 Figure 46. EOS curve fit by EOSFit-7GUI software for the relative cell volume (V/V0) vs. Pressure data of NaMgD3.

Figure 47 .

 47 Figure 47. NPD patterns of KMgD3 up to 11.6 GPa. The peak at 2θ = 76° is for diamond.

  FullProf was performed on the neutron diffraction patterns and the lattice parameters of NaMgD3 at different temperatures were determined. Coefficient of thermal expansion is usually obtained from the slope of ∆𝑉 𝑉 0 vs ∆𝑇 curves [211][212]. For experiments at lower temperature, some equations used for fitting of data do not work in this temperature range. One of the equations that can be used in this temperature range is the Salje equation.

  for α exists and that is 𝛼(𝑇) = 𝜕𝛼 𝜕𝑇 = 0 at absolute zero[START_REF] Angel | EosFit7c and a Fortran module (library) for equation of state calculations[END_REF]. For this reason, a lot of equations with different forms were proposed for α taking into account the behaviour of materials at both high and low temperatures.The unit cell volume obtained from Rietveld refinement of the NPD patterns are shown as a graph in Figure49. It was observed that there is a general linear decrease in cell volume as the system is being cooled. This contraction continues until the 100-150 K region, beyond which the decrease in the unit cell volume is no longer proportional to the decrease in temperature. For some solid materials, thermal contraction is achieved above50-77 K [215].The values obtained from the EosFit7-GUI software using the Salje equation were: V0 = 223.14(3) Å 3 , 𝜃 𝑠𝑎𝑡 = 161.1(10.6) K. Using these values, the calculated thermal expansion coefficient at 300 K is 6.9 x 10 -5 K -1 . This can be compared to the thermal expansion coefficients of α, γ, and β MgH2 which range from 2.2 to 4.3 x 10 -5 K -1 [142]. To the best knowledge of the research group, this is the first reported value of α for NaMgH3. According to Salje, the thermal expansion coefficient only becomes zero below ~𝜃𝑠𝑎𝑡 /10 which is quite the case as seen in Figure50.

Figure 49 .

 49 Figure 49. Unit cell volume of NaMgD3 obtained from low temperature NPD experiments. The EoS curve shown was obtained using EoSFit7-GUI using Salje's equation [214].

Figure 50 .

 50 Figure 50. Volume thermal expansion coefficient of NaMgD3 as a function of temperature in Kelvin.

Figure 51 .

 51 Figure 51. DSC curves of NaMgH3, Na1-xLixMgH3, and KMgH3 at a heating rate of 20°C/min. H2 pressures inside the crucibles are different.

Figure 52 .

 52 Figure 52. DSC curve of MgH2 at a heating rate of 10°C/min.

2 ⁄) 2 ⁄

 22 versus 1 𝑇 𝑝 ⁄ , the slope of which, multiplied by -R, will give us the activation energy.[START_REF] Kissinger | Reaction Kinetics in Differential Thermal Analysis Anal[END_REF] ln(𝛿 𝑇 𝑝 ) = -𝐸 𝑎 𝑅𝑇 𝑝 + ln(𝐴𝑅 𝐸 𝑎 ⁄ ) ⁄ Energy barriers on each step of the hydrogen release process are considered in the gassolid phase reactions of Mg-based hydrides. During the release and absorption reactions, the kinetics may be affected by certain metals or hydrides that are forming at the surface, and also the presence of impurities, preventing the diffusion of hydrogen[217]. Moreover, the hydrogen release process in Mg-based hydrides may have a different rate-limiting step, depending on the mechanism of the reaction which is affected by the activation energy of a particular step in the reaction. It is therefore interesting to look into the determination of activation energies for the decomposition steps during the hydrogen release of NaMgH3 and Na1-xLixMgH3.

Figure 53

 53 Figure 53 shows the DSC curves of NaMgH3 and Na1-xLixMgH3 at different heating rates. The two dehydriding temperatures are labeled as Tp1 and Tp2. Tp1 and Tp2 for NaMgH3

Figure 53 .

 53 Figure 53. DSC curves of NaMgH3 and Na1-xLixMgH3 at different heating rates. Tp = peak temperature. Pressure regulation was not available, therefore comparison is challenging.

Figure 54 .

 54 Figure 54. DSC curve of NaMgH3 while heating up to 585°C and cooling back to room temperature. Estimated pressure before cooling was 115 bar.

Figure 55 .

 55 Figure 55. XRD patterns of NaMgH3 before and after DSC up to 585°C.

Figure 56 .

 56 Figure 56. DSC curve of Na1-xLixMgH3 while heating up to 585°C and cooling back to room temperature. Pressure estimation was not possible due to the presence of unreacted MgH2.

Figure 56

 56 Figure 56 may be something else or MgH2 was not clearly seen in the XRD profile. It can also be observed that the re-formation of the Li-substituted NaMgH3 has a "cleaner" XRD pattern compared to the unsubstituted one.

Figure 57 .

 57 Figure 57. XRD patterns of Na1-xLixMgH3 before and after DSC up to 585°C.

Figure 58 .

 58 Figure 58. DSC curve of KMgH3 while heating up to 585°C and cooling back to room temperature. Estimated pressure before cooling was 49 bar.

Figure 59 .

 59 Figure 59. XRD patterns of KMgH3 before and after DSC up to 585°C.

First

  attempts of synthesizing LiMgH3 happened in the late 1960s. Tanaka et al. performed hydrogenolysis of a mixture of CH3Li and (CH3)2Mg at high temperatures while Coates et al. reported pyrolysis of the n-butyllithium adduct of (CH3)2Mg, both of which failed to synthesize the desired LiMgH3 [97][222]. Several other attempts have been made, however the product was not successfully synthesized citing a Goldschmidt tolerance factor of t = 0.727 as the reason [92][71][89][93]. This value is not within the tolerance factor fit for a perovskite structure. Goto et al. tried and subjected a mixture of MgH2-33 mol% LiH to 5 GPa and 700°C (973 K) for 4h and they were able to synthesize a different product, a Mg-Li hydride with a different composition, Mg2LiH5 [182]. They tried equimolar amounts, but they were not able to produce the desired products.

Figure 61 .

 61 Figure 61. XRD pattern of the synthesis of LiMgH3 using LiH and MgH2 at 2 GPa, 400°C (top) and 7 GPa, 650°C (bottom) using the belt press.

[

  159]. Hypothesis 3 was tested through in-situ experiment at HP-HT using the PEP at 4 GPa and 7.5 GPa.

Figure 62 .

 62 Figure 62. XRD patterns obtained in-situ using the Paris-Edinburgh press during the synthesis of LiMgH3 from LiH and MgH2 at 4 GPa (top) and 7.5 GPa (bottom).

Figure 63 .

 63 Figure 63. Enthalpy of hydrogen release (ΔHr) and enthalpy of formation (ΔHf) of perovskite hydrides from calculations [54].

Figure 64 .

 64 Figure 64. Theoretical structure of NaCaH3 [224].

Figure 65 .

 65 Figure 65. XRD pattern of the synthesis product at 2 GPa and 650°C using the conac press.

Figure 66 .

 66 Figure 66. XRD pattern of KxLi1-xMgH3, x = 0.5, compared to KMgH3.
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Table 1 .

 1 Target gravimetric and volumetric capacities set by the US DOE.

		Units	2010	2015	Ultimate
	Gravimetric capacity	wt% H2	4.5	5.5	7.5
	Volumetric capacity	g H2/L	28	40	70
	I.1.c. Hydrogen storage				
	Hydrogen storage can be performed in several ways. Figure 1 shows a comparison of
	volumetric capacities of different ways of hydrogen storage. Notice that the amount of

hydrogen stored per volume of the material is greater for the materials-based storage. The succeeding sections provide more information about these.

  Renaudin et al. 

heated CsH and MgH2 in an autoclave at 327°C (600K) and 150 bars H pressure

[START_REF] Renaudin | Synthesis and structure of an orthorhombic low-pressure polymorph of caesium magnesium hydride[END_REF]

. The product has an orthorhombic structure with a space group of Pmmn.

Bertheville et al.

, on the other hand, used high pressure synthesis. Stoichiometric mixtures of CsH and MgH2 were placed in a multi-anvil press at 30 kbar pressure and 547°C (820 K) temperature

[63]

. The CsMgH3 formed has BaRuO3 type structure, rhombohedral symmetry (space group: R-3m), while its Ca analogue, CsCaH3, has a cubic perovskite structure, and its Rb counterpart, RbMgH3, has a hexagonal perovskite type structure

[63]

. Cubic CsCaH3 and hexagonal RbMgH3 were synthesized by Gingl et al. by mixing stoichiometric amounts of the binary hydrides required at 402°C (675 K) under 200 bar H2 for 10 days

[START_REF] Gingl | Cubic CsCaH3 and hexagonal RbMgH3: New examples of fluoride-related perovskite-type hydrides[END_REF]

. As mentioned, CsCaH3 has a Pm3 ̅ m space group, while RbMgH3 has a P63/mmc space group. The Goldschmidt tolerance factor for CsCaH3 is 0.98 which is within the perovskite range while that for RbMgH3 is 1.06, which is not within the range because the Rb ions are just too large. The Ca analogue, RbCaH3, on the other hand, was experimentally synthesized by ball milling Rb and MgH2 for 1 h and consequently heated overnight at 400°C and 20 bar H2 pressure

[START_REF] Wu | Crystal chemistry and dehydrogenation/rehydrogenation properties of perovskite hydrides RbMgH3 and RbCaH3[END_REF]

. It was shown that RbCaH3 has a simple cubic perovskite structure (space group: Pm3 ̅ m). The Goldschmidt tolerance factor of RbCaH3 is 0.928.

Table 3 .

 3 

Mg-H bond lengths in NaMgH3 from different references.

  Klaveness et al. and they computed the ΔH for this reaction and it was found to be -143 kJ/mol[START_REF] Klaveness | Formation enthalpies of NaMgH3 and KMgH3: A computational study[END_REF]. For the synthesis, Ikeda et al. used 300 mg of a mixture of NaH and MgH2 in a planetary ball mill for 20 h at 10 bar H2 at ambient temperature[START_REF] Ikeda | Thermodynamical stability and electronic structure of a perovskite-type hydride[END_REF]. Ronnebro et al. prepared NaMgH3 by putting a mixture NaH and MgH2 in a heated tube furnace for 1

	was investigated by week at 380°C and 70 bar H2 pressure [68]. Sheppard et al. performed cryomilling of NaH and
	MgH2 at -196°C (77K) with subsequent annealing under 50 bar H2 at 300°C [77]. However,
	NaMgH3 can also be formed as a secondary product of certain reactions like the synthesis
	performed by Pottmaier et al. where NaMgH3 was formed as a secondary product of the
	dehydrogenation reaction between NaBH4 and MgH2 ,where the major products were mainly
	NaH, MgB2, Mg, and H2 [78].		
	1.75-2.23 1.95-1.98	1.96	1.9572 -1.9706
	I.2.c.2. Synthesis		
	There are several ways on how to synthesize NaMgH3. Usually, a mixture of the binary
	hydride precursors are mixed at certain conditions. The reaction	
	NaH + MgH2 → NaMgH3	

Mechano-chemical synthesis by mechanical ball-milling has disadvantages. The steel balls can contaminate the sample powders. The process is prone to oxidation. The reaction time is usually long and the products produced have low crystallinity

[START_REF] Retuerto | High-pressure synthesis of Mg2FeH6 complex hydride[END_REF]

. NaMgH3 was also synthesized by mixing equimolar amounts of NaH and Mg at 480°C under 10 bar H2 for 24

Table 4 .

 4 Thermodynamic parameters of the dehydrogenation of NaMgH3.

	ΔH (kJ/mol)	ΔS (J/K mol)	Reference
	86.6 ± 1.0	132.2 ± 1.3	[77]

Table 5

 5 

	used the

𝜐

) vs. 1/T are plotted and the slope is ∆𝐸 𝑅

Table 5 .

 5 Activation energies of the two-step dehydriding reaction of NaMgH3.

	Sample	∆E1 (kJ/mol)	∆E2 (kJ/mol)	Reference
	NaMgH3	180.25	156.23	[89]
	C-doped NaMgH3	113.8	126.6	[85]
	K2TiF6-doped	153.47	117.92	[82]
	NaMgH3			

I.2.c.4. Chemical substitution

Table 6 .

 6 Unit cell parameters for Na1-xLixMgH3 from NPD data by Martinez-Coronado et al.[START_REF] Martínez-Coronado | High-pressure synthesis of Na 1-xLi xMgH 3 perovskite hydrides[END_REF] 

	Nominal composition	x = 0	x = 0.25	x = 0.5
	a (Å)	5.4651(6)	5.4656(5)	5.460(1)
	b (Å)	7.7026(9)	7.7024(8)	7.698(2)
	c (Å)	5.4135(6)	5.4065(6)	5.399(1)
	V (Å 3 )	227.88(4)	227.61(4)	226.96(9)

Table 7 .

 7 Desorption temperatures and amount of H2 release by Na1-xLixMgH3 obtained by DSC-TGA.

  It has a tetragonal structure, which belongs to the I4/mmm space group[107]. It has lattice parameters: a = 4.032-4.036 Å, c = 13.524-13.592 Å [108][107]. Schumacher et al. mentioned that this side product can be formed when KMgH3 is synthesized from the hydrogenation of K and Mg metals, and that the K and Mg mixture is inhomogeneous [61]. It has a theoretical heat of formation of -236.2 kJ/mol for the reaction shown below [109].

	2KH + MgH2 →K2MgH4

Table 8 .

 8 Enthalpy of formation of KMgH3 based on the different pathways shown.

	pathway	ΔH (kJ/mol)	
		Ref. [110]	Ref. [49]
	KH + MgH2 → KMgH3	-28.40	-32.23
	K + MgH2 + ½ H2 → KMgH3	-88.92	-74.87
	KH + Mg + H2 → KMgH3	-106.95	-96.02
	K + Mg + 3/2 H2 → KMgH3	-167.47	-138.67
	The standard enthalpy of formation of KMgH3 was estimated to be -278.4±5kJ/mol by
	Bouamrane et. al. from experimental enthalpy determination for KMgH2F and K2MgF4 [108].

Table 9 .

 9 Summary of properties of the different binary hydride precursors.

		Space	Lattice	Ptransition	Tmelting	Tdesorption	B0	Ref
		group	Param.	(GPa)	(K)	(K)	(GPa)	
			(Å)					
	LiH	Fm3 ̅ m a=4.0811	36	965	993	33	[113][114]
				B1→B2				[115][116][117]
	NaH	Fm3 ̅ m a=4.8812	28.8	905	681	19.4	[118][119]
				B1→B2				[120][121]
	KH	Fm3 ̅ m	a=5.575	3-4.9	673	545	15.6±1.5	[122][123]
				B1→B2				[124][125][126]
	MgH2 P42/mnm a=4.5010	0.6-5.5		560	50.2-	[127][128][129]
			c=3.0100	α→γ→β			52.57	[130][131][132]
	CaH2	Pnma	a=5.961	15.5	1089	>1273	48.83	
			b=3.607					
			c=6.842					

[START_REF] Li | Raman evidence of a new highpressure phase in calcium hydride[END_REF]

[134]

[START_REF] Djellab | Structural, Electronic and Elastic Properties of MgH2, CaH2 and Ca4Mg3H14 for Hydrogen Storage Materials[END_REF] 

  transition from a cubic phase to a monoclinic phase and at extreme conditions may further transition to a trigonal phase[161]. Likewise, a high pressure-induced semiconductor-to-metal phase transition was observed by by Lin et al. on an inorganic halide

	perovskite Cs2In(I)In(III)Cl6 [162]. With these different phases present, a multitude of
	synthesis pathways or potential applications can be made available.
	Second is by stabilizing new stoichiometries. High pressure can play a role in altering
	the chemical composition, making it possible to produce compounds with unusual
	stoichiometries. Struzhkin et al. was able to synthesize NaH3 and NaH7 which are quite unusual
	than the typical NaH [163]. These compounds were only accessible at 40 GPa and 1727°C
	(2000 K). Another example is in the Ca-H system, where a compounds such as CaH6 and CaH12
	exist in the pressure range of 150-200 GPa [162].
	reaction A + B = AB to occur, VA/Z1 + VB/Z2 > VAB/Z3 should be the case. This means that
	application of pressure helps the synthesis of AB [159].
	Using high pressure, new materials can be synthesized that were never synthesized
	before because these conditions were not yet accessible. With high pressure, new materials
	can be synthesized mainly through four routes as discussed by Zhang et al [160].

Sato et al. were able to synthesize novel Mg-Nb hydrides by placing the precursors in NaCl capsules in a multi-anvil cell at 8 GPa and 600°C

[START_REF] Sato | Structural investigations of two new ternary magnesium-niobium hydrides, Mg6.5NbH∼14 and MgNb2H∼4[END_REF]

. The role of HP-HT is significant here as Mg and Nb do not alloy at ambient pressure.

To form a new compound, the product has to have a lower free energy than those of the precursors combined. A general rule requires that the ΔV be negative under pressure for the reaction to proceed forward

[158]

. Demazeau called it the densification effect, such that for a First of these four routes is through phase transition. Manjon et al. made a comprehensive review of different phase transitions happening to rare-earth sesquioxides such as Lu2O3, Yb2O3, Tm2O3, Eu2O3, etc. Here, they discussed that under high pressure, these materials tend to Third is by enabling new chemical reactions. As discussed by Zhang et al., high pressure can influence the electronic orbitals of elements and thus, altering their chemical reactivity

[START_REF] Zhang | Materials discovery at high pressures[END_REF]

. As an example, potassium does not react with silver at ambient conditions, but K3Ag, K2Ag, and KAg2 were formed

[164]

. On the other hand, MgNi2 does not readily react with hydrogen [165]

[START_REF] Reilly | The Reaction of Hydrogen with Alloys of Magnesium and Nickel and the Formation of Mg2NiH4[END_REF]

. However, with HP-HT conditions of 2.8-7.4 GPa and 300°C, MgNi2H3 was formed with this mixture of MgNi2 and hydrogen

[167]

.

  cylinder at room temperature. The structure parameters are presented in Table12, while bond lengths and bond angles are shown in Table13, all of which coincide with literature data.

		450°C	550°C	650°C	650°C
		30 min	30 min	30 min	4 h
	NaMgH3	0.20(1)	26.78(29)	78.72(71)	85.19(70)
	NaH	48.02(1.11)	34.99(42)	8.66(68)	2.38(12)
	α-MgH2	31.87(74)	22.66(25)	3.55(13)	-
	γ-MgH2	15.94(37)	9.08(21)	-	-
	MgO	2.26(5)	6.49(17)	9.07(67)	11.88(24)
	Mg	1.71(4)	-	-	-
	Rwp	4.37	13.3	8.45	10.4
	χ 2	9.89	6.37	4.28	3.83

Table 14 .

 14 Experimental Unit cell volume of NaMgH3 and its precursors from the in situ experiment performed using the PEP. The unit cell volume of α-MgH2 is multiplied by 2 because Z = 2, while the rest has Z = 4.

	Hydride	Pressure	Temperature	Unit Cell
		(GPa)	(K)	Volume (Å 3 )
	NaMgH3	4	815	213.43
	NaH	4	554	101.68
	α-MgH2	4	554	58.39 x 2
	NaH	4	815	104.59
	γ-MgH2	4	815	113.92
	NaH	4	300	100.45
	*β-MgH2	3.84	300	109.92
	NaH + α-MgH2	4	554	218.46
	NaH + γ-MgH2	4	815	218.51
	NaH + β-MgH2	4	300	210.37
	*calculated			

  Table 16 shows the relative amount of each phase in terms of mole fractions obtained from Rietveld refinement. When x = 0.8, the relative amount of the perovskite is less and a lot of unreacted species are present as seen from the extra XRD peaks in Figure38for x = 0.8. Because of the limited amount of NaH in the starting mixture, and the inability to further incorporate Li beyond 20%, the amount of (Na,Li)MgH3 produced is limited. In Table16, it can be seen that only 19.44 mole % of the perovskite was produced

		NaMgH3	x = 0.1	x = 0.2	x = 0.25	x = 0.5	x = 0.8
	a (Å)	5.4593(1)	5.4531(1)	5.4537(1)	5.4528(0)	5.4527(1)	5.4524(1)
	b (Å)	7.7001(2)	7.6893(1)	7.6881(1)	7.6873(1)	7.6878(1)	7.6883(2)
	c (Å)	5.4095(1)	5.3994(1)	5.3952(1)	5.3948(0)	5.3946(1)	5.3940(1)
	V (Å 3 )	227.399(7)	226.399(6)	226.217(4)	226.135( 3)	226.139(6)	226.114(9)
	Occ Na	0.500	0.443(3)	0.445(2)	0.442(1)	0.424(3)	0.40(1)
	Occ Li	0.000	0.057(3)	0.055(2)	0.058(1)	0.076(3)	0.10(1)
	formula		Na0.89Li0.11MgH3	Na0.89Li0.11MgH3	Na0.88Li0.12MgH3	Na0.84Li0.16MgH3	Na0.80Li0.20MgH3
	ATZ	201.27	194.00	194.155	193.82	191.22	187.29
	ρ (g/cm 3 )	1.470	1.423	1.424	1.423	1.404	1.375
	Rp	13.2	14.0	12.7	10.4	18.8	26.8
	Rwp	8.96	10.2	7.78	7.12	10.8	17.9
	Rexp	3.60	3.12	3.59	3.00	4.83	9.75
	χ 2	6.19	10.6	4.71	5.64	4.97	3.37

Table 16 .

 16 Mole fractions of the components of the mixture after HP-HT synthesis of Na1-xLixMgH3 using CONAC40 at 4GPa, 650C, 2h.

	Compound	NaMgH3	x = 0.1	x = 0.2	x = 0.25	x = 0.5	x = 0.8
		x = 0.0					
	(Na,Li)MgH3 69.36(0.61) 52.75 81.78(1.04) 88.17(0.95) 58.20(2.87)	19.44(1.19)
	NaH	11.55(0.24)	0.00	0.00	0.00	0.00	0.00
	MgO	10.80(0.21) 46.56	8.22(0.20)	9.77(0.17)	10.20(0.66)	2.77(0.19)
	α-MgH2	8.28(0.17)	0.06	7.64(0.15)	1.04(0.08)	14.59(0.74)	24.19(1.35)
	γ-MgH2	0.00	0.62	2.36(0.11)	1.02(0.08)	4.80(0.32)	18.38(1.05)
	LiH	--	0.00	0.00	0.00	12.21(3.24)	35.21(4.83)

Table 17 .

 17 Different phases present in the synthesis products from KH:MgH2 mixture at 4 GPa and 1h using different temperatures. The amount of '+' tells the relative amounts.

Table 19 .

 19 Structure parameters of KMgD3, space group: Pm3 ̅ m. Lattice parameters (Å): a = 4.01962[START_REF] Nurul | The kinetics of lightweight solid-state hydrogen storage materials: A review[END_REF].

	. Several

Table 20 .

 20 Structural data obtained from Rietveld refinement for NaMgD3 (Pnma) at different pressures.

		P = 0 GPa	P = 4.6 GPa	P = 10.7 GPa
	a (Å)	5.39996(39)	5.24285(241)	5.15862(332)
	b (Å)	7.68316(56)	7.38534(307)	7.15644(301)
	c (Å)	5.45257(39)	5.30265(262)	5.09220(325)
	V (Å 3 )	226.220(28)	205.320(163)	187.990(188)
	Rwp	18.7	20.4	9.61
	χ 2	30.8	12.7	17.8

Table 21 .

 21 Atomic positions of NaMgD3 at different pressures.

		P = 0 GPa	P = 4.6 GPa	P = 10.7 GPa
	Na (4c) x	0.02120(267)	-0.04292(2116)	-0.07668(1304)
	y	0.25	0.25	0.25
	z	0.00937(368)	-0.02574(2479)	-0.03341(2399)
	Mg (4b) x	0.0	0.0	0.0
	y	0.0	0.0	0.0
	z	0.5	0.5	0.5
	D1 (4c) x	-0.01734(162)	0.03020(999)	0.00619(1172)
	y	0.25	0.25	0.25
	z	0.42637(157)	0.44979(1088)	0.42472(1107)
	D2 (8d) x	0.29321(82)	0.30232(538)	0.30148( 645)
	y	0.03659(67)	0.04461(661)	0.03095( 493)
	z	0.70911(85)	0.74998(1062)	0.71674(1008)

Table 22 .

 22 Bond lengths and bond angles for NaMgD3 (Pnma).

Table 23 .

 23 Bulk modulus (B0) and its pressure derivative (B0') for NaMgD3.

		This study	Theoretical
	B0	43.9(1.3) GPa	38.4 GPa [49],
			35.95 GPa [70],
			35.9 GPa [209]
	B0'	3.4(3)	3.6 [49]
	It is interesting to compare also these values to reported bulk modulus values of its
	precursors, NaH and MgH2. The reported theoretical and experimental B0 for NaH are 22.8 and
	19.4 GPa, respectively [121]. For MgH2, the reported values are 50.2-52.57 GPa
	[131][127][132]. For MgD2, it was reported to be 49(2) GPa [139]. The experimental bulk
	modulus of NaMgH3 is closer to that of MgH2 than that of NaH. This can related to the
	atomization energy diagrams made by Shinzato et al. that says that NaMgH3 has more
	resemblance to MgH2 in terms of chemical bonding than to NaH [206].

  shows the comparison of this experimental data with theoretical data. The experimentally determined values agree with the published data. To the best knowledge of the research group, this is the first time that such experimental data are reported. The obtained V0 was 64.64(3) Å 3 . It is interesting to compare also these values to reported bulk modulus values of its precursors, KH and MgH2. The reported values for KH are B0 = 15.6 ±1.5 GPa and B0' = 4.0 ±0.5 [125]. For MgH2, the reported values are 50.2-52.57 GPa [131][127][132]. Moreover, the experimental B0 of KMgD3 is less than that of NaMgD3, which makes it softer and more compressible than NaMgD3. Bouhadda et al. observed that the Debye temperature, the highest achievable temperature due to a single normal vibration, of NaMgH3 (375°C or 648 K) is greater than that of KMgH3 (115°C or 388 K) which makes KMgH3 softer than NaMgH3 [70][53]. The results of the current study agree with this.

Table 24 .

 24 Structural data obtained from Rietveld refinement for KMgD3 at different pressures.

		P = 0 GPa	P = 5.82 GPa	P = 11.63 GPa
	a (Å)	4.01962(25)	3.85245(68)	3.74447(130)
	V (Å 3 )	64.947(7)	57.176(18)	52.501(31)
	Rwp	14.7	9.57	10.4
	χ 2	2.46	0.281	0.193

Table 25 .

 25 Bulk modulus (B0) and its pressure derivative (B0') for KMgD3.

		This study	Theoretical
	B0	39.0(7) GPa	34.60-40.84 GPa [53]
			35.6 GPa [49]
			35.1008 GPa [101]
	B0'	3.5(2)	3.61-3.62 [53]
			3.7 [49]
			3.57 [101]

  Salje et al. suggested the equation below to address the saturation of α at low temperature.

	𝑉 0𝑇 = [𝑝 0 + 𝑝 1 𝜃 𝑠𝑎𝑡 coth ( 𝜃 𝑠𝑎𝑡 𝑇	)]	3
	Here, 𝜃 𝑠𝑎𝑡 is the saturation temperature, while p0 and p1 are just parameter values. This
	equation can only be used for variation in volume at low temperatures [214][213]. Salje's
	equation now leads to the expression for the thermal expansion coefficient:

Table 28 .

 28 Synthesis parameters used for the synthesis of LiMgH3 from LiH and MgH2.

	Pressure Temperature	Time	Press	Capsule
	1 GPa	900°C	25 min	belt	Au
	2 GPa	400°C	1.5 h	belt	Au
	2 GPa	650°C	2 h	belt	Pt
	2 GPa	650°C	2 h	CONAC40	Pt
	2 GPa	650°C	2 h	CONAC40	Au
	2 GPa	900°C	2 h	belt	Au
	4 GPa	650°C	30 min	CONAC28	Au
	6 GPa	650°C	2 h	belt	Au
	6 GPa	900°C	2 h	belt	Au
	7 GPa	650°C	2 h	belt	Au
	7 GPa	800°C	2 h	belt	Au
	7 GPa	900°C	2 h	belt	Au
	5.8 GPa	900°C	2 h	CONAC28	Au w/NaCl
	5.8 GPa	900°C	2 h	CONAC28	Au w/BN
	7 GPa	900°C	2 h	belt	Au w/BN

Table 30 .

 30 Synthesis conditions for the synthesis of NaCaH3 from NaH and CaH2.

	Pressure Temperature	Time	Press
	6 GPa	650°C	1 h	belt
	6 GPa	900°C	1 h	belt
	4 GPa	400°C	1.5 h	belt
	2 GPa	650°C	2 h	CONAC40
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Chapter Summary

Solid state hydrogen storage has been studied since the last quarter of the 20 th century.

The development of efficient hydrogen storage system is still the focus of researchers nowadays as the search for the perfect material that can be synthesized easily, that can store the hydrogen most, that can function at lower temperature, and that can be used for several cycles, is still on.

Perovskite hydrides as hydrogen storage materials have been one of the focus of hydrogen research owing to their lightness, and high gravimetric capacity. Although they show promise in the hydrogen storage field, there are still some issues that need to be addressed in order for these materials to kick off as the perfect material for the job.

In this first chapter, we have presented the state of the art about perovskite hydrides regarding synthesis, crystal structure and hydrogen sorption properties. A focus was made on NaMgH3, Na1-xLixMgH3, and KMgH3, which are the subjects of this thesis.

Also, synthesis at high pressure is indeed a very useful technique that enables researches to explore the possibility of existence of certain materials at certain pressure and temperature conditions that were not previously accessible. It is one of the motivation of our work to investigate the synthesis of perovskite hydrides by the use of HP-HT.

The next chapter deals with the experimental techniques that were used to synthesize light metal hydrides. Characterization techniques (X-ray and neutron diffraction, DSC) will be described.

Author

Ref. Investigation of the thermal properties was performed using a Nietzsch DSC 3500

NaCl

Sirius. The samples were heated up to 585°C using different heating rates: 5, 10, and 20 K/min under a continuous nitrogen flow of 20 mL/min. The samples were sealed in a CrNi steel (AlSl 316L) hexagonal crucible with lid, so called "high pressure crucible" and resistant to pressure up to 100 bars. A gold sealing disk, which also contains 26% Ag and 15.5% Cu, was placed between the crucible and the lid. An empty crucible was used as reference. 5.5 mg of sample was used for NaMgH3 and (Na,Li)MgH3 while 3.1 mg was used for KMgH3.

Chapter Summary

In this chapter, the techniques implemented for the study of lightweight hydride perovskites are described. It covers the synthesis process based on high pressure with the description of the materials preparation, the use of the autoclave and large-volume presses. The use of the Paris-Edinburgh Press for in-situ analysis of synthesis products was also presented.

Structural and thermal characterizations allowed a deeper investigation of the perovskite products. A detailed description of the experimental protocols for the pressureinduced phase transformation studies was provided, as well as a description of the Rietveld analysis performed.

The experimental mean Mg-D bond length of 1.96461 Å is longer than that of MgD2

(1.9351-1.9549 Å) [START_REF] Bortz | Structure of the high pressure phase λ-MgH2 by neutron powder diffraction[END_REF]. In the NaMgH3 perovskite, the Mg-H bond distance is shorter than the Na-H bond distance [206]. This was the case for NaMgD3 as the mean Na-D bond length is 2.58924 Å, as compared to the mean Mg-D bond length of 1.96461 Å. Furthermore, mean

Mg-D and Na-D bond lengths for NaMgD3 at 0 GPa agree well with those from Wu et al. and

Andrada-Chacon et al [41][80]. In an ideal ABX3 cubic perovskite, the A-X and B-X bond distances fit very well in the equation [START_REF] Wu | Crystal chemistry of perovskite-type hydride NaMgH3: Implications for hydrogen storage[END_REF]:

This is not the case for NaMgD3. Hence, it cannot be indexed in the 𝑃𝑚3 ̅ 𝑚 space group.

The bond lengths obtained from Rietveld refinement show that the structure of the NaMgD3 product had some distortion in the unit cell, deviating from the ideal cubic structure. XRD peaks attributed to KH and MgO were also seen. Rietveld analysis was performed to determine the lattice parameters and to quantify the phases present. 18 shows the obtained lattice parameters for both XRD and NPD data.

Table 19 shows the structure parameters. -1}]

Where P is the pressure, V is the volume, V0 is the initial volume, 𝐾 𝑇 0 is the isothermal bulk modulus at standard temperature, 𝐾 𝑇 0 ′ is the pressure derivative of the isothermal bulk modulus at standard temperature.

The sample consists of a mixture of NaMgD3 and NaCl which acts as a pressure transmitting medium and as an internal calibrant. Figure 44 shows the NPD patterns for NaMgD3 collected at higher pressure up to 10.7 GPa and the lattice parameters as a function of pressure. Only a decrease in the lattice parameters was observed in the pressure range investigated from the two experiments performed using two different assemblies. Moreover, no phase transition was observed up to 10.7 GPa. The peaks attributed to NaMgD3 shifted to higher 2θ values due to the decrease in unit cell volume (Table 20). The intense peak at 75° is from the sintered diamond anvil. For the higher achievable pressure in the experiment, the compressed NaMgD3 structure cannot be indexed in the predicted Cmcm space group nor in the 𝑃𝑚3 ̅ 𝑚 space group which would confirm a structural transition towards the ideal cubic perovskite structure. The bond lengths and bond angles presented in Table 22 show how it deviates from the bond angles in a cubic structure. Upon compression, it is interesting to see its effect on the bonding of atoms in KMgD3.

Table 26 shows the bond lengths and bond angles at selected pressures obtained from Rietveld analysis. It can be observed that all 6 Mg-D and all 12 K-D bond lengths are of the same value at a particular pressure. When the pressure was increased, there was a contraction in the bond lengths which is expected because the unit cell volume decreased according to Table 24. At higher pressure, the values of all 6 Mg-D and all 12 K-D bond lengths were still the same, which means that there is an isotropic effect to bond lengths when the pressure was increased, i.e. regardless of the direction (x, y, z) the compressed bond lengths were still the same. This can be related to the ideal perovskite structure of KMgH3. There are 6 Mg-H bonds that form an MgH6 octahedral structure and there are 12 K-H bonds that form a cubo-octahedral structure.

Having a tolerance factor of ~1.0 and its cubic symmetry, that can explain the similarity in the bond lengths observed in the NPD studies. Also, it was observed that at higher pressures, the MgH6 octahedral structure was maintained as shown in the bond angles of 90° and 180° for the D-Mg-D bonds. This is in contrast to the observed Mg-D bond lengths and bond angles for the high pressure NPD study of NaMgD3, where bond lengths and bond angles changed at higher pressure. In KMgD3 at high pressure, no MgH6 octahedral tilting was observed. This is consistent with an experiment from literature [START_REF] Andrada-Chacón | Highpressure synthesis and structural characterization of Na1-xKxMgH3 perovskite hydrides[END_REF]. Therefore, at high pressure, the kinetics of hydrogen migration in KMgH3 is similar to that at room pressure. 

Chapter Summary

In-situ high pressure neutron powder diffraction allowed the determination of the bulk modulus of NaMgD3 and KMgD3. This chapter allowed us also to get farther with the understanding of the atomic arrangements, lattice constants, bond lengths, and bond angles involved in the perovskite structure of NaMgH3 and KMgH3.

High pressure NPD studies also discarded the idea of phase transformation in NaMgD3 and KMgD3 in the pressure range studied. KMgD3 maintained its ideal cubic perovskite structure while NaMgD3 remained to have distortions at high pressure.

The determination of the bulk modulus is splendid as no other recent published data show experimental values for the bulk moduli of these materials. With these experimental values, other studies related to other mechanical properties such as Young's and shear moduli, as well as important thermodynamic properties mentioned previously can now be prompted.

The next chapter discusses the thermal properties of the perovskite hydride materials.

sample remains a challenge that must be solved in the future. On the other hand, the last part of the chapter presented the cubic perovskite hydride, KMgH3. Synthesis conditions were optimized so as not to produce a side product, K2MgH4.

One mechanical property which is the bulk modulus was the focus of chapter IV. Highpressure neutron powder diffraction study was performed at the D1B beamline of Institut Laue-Langevin. The use of large scale instrument provided the necessary information needed to carefully study the structure of the perovskite hydride samples. Investigation of any pressureinduced phase transformation in NaMgH3 was conducted. The results here revealed that no phase transformation was observed for NaMgH3 up to 10.7 GPa at room temperature. The sample cannot be indexed in the Cmcm nor in the 𝑃𝑚3 ̅ 𝑚 space group. With this NPD data, on the other hand, the experimental bulk modulus and its pressure derivative of NaMgD3 were obtained for the first time. The bulk modulus obtained is 43.9(1.3) GPa and its pressure derivative is 3.4(3). Likewise, pressure-induced phase transformation studies using NPD revealed that no phase transformation occurred for KMgD3 up to 11.6 GPa. Based on the NPD data, the experimental bulk modulus of KMgD3 was found to be 39.0(7) GPa while the pressure derivative obtained was 3.5 (2). This is also the first time that an experimental bulk modulus for this material has been reported. These values will be reported in a scientific journal article soon. It is envisioned that pressure-induced phase transformation studies with a larger pressure and temperature range be performed for all the sample presented.

In chapter V, the thermal properties of the perovskite hydrides were studied using differential scanning calorimetry. Due to uncertainties in H2 pressure, the activation energies of the two decomposition steps were not calculated. Results of the DSC also revealed a twostep decomposition for KMgH3 similar to NaMgH3. All samples, NaMgH3, Na1-xLixMgH3, and KMgH3, showed reversibility in dehydriding, as revealed by results of DSC and XRD. The reversibility observed for KMgH3 contradicts previous published data and therefore may be a good sign to spark new investigations for KMgH3 for hydrogen storage. Moreover, another neutron diffraction study at low temperatures enabled the determination of the volume coefficient of thermal expansion at 300 K for the first time for NaMgH3.

Overall, this manuscript has presented several light metal hydrides that were synthesized at extreme pressure-temperature conditions. The method of synthesizing new materials using the autoclave, the belt press, the CONAC press, and the Paris-Edinburgh Press is indeed promising for the discovery of new materials. Several attempts for the synthesis of

APPENDIX Appendix A. Synthesis and characterization of LiMgH3

Background Complete substitution of sodium by lithium in NaMgH3 was not successful. However, due to the lightweight nature of lithium, the Li-Mg-H system is still an interesting system to look into [START_REF] Li | Ab initio investigation of structures, electronic and thermodynamic properties for Li-Mg-H ternary system[END_REF]. One hydride belonging to this system Li-Mg-H is LiMgH3 which has a high gravimetric capacity of 8.8 wt% H2. This material, according to electronic structure calculations, is an insulator [219].

Previous calculations by Vajeeston et al [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF] and Li et al [START_REF] Li | Ab initio investigation of structures, electronic and thermodynamic properties for Li-Mg-H ternary system[END_REF] supported the claims that LiMgH3 is of the LiTaO3-type with a R3c space group and that it is dynamically stable.

The lattice parameters and positional parameters are shown in Table 27 while the crystal structure is shown in Figure 60. Both references in Table 27 show that the lattice parameter is close to 4. Five reaction pathways have been proposed [START_REF] Li | Ab initio investigation of structures, electronic and thermodynamic properties for Li-Mg-H ternary system[END_REF].

And all of these pathways have negative calculated Gibbs free energy which means that LiMgH3 can be synthesized. Table 27. . Optimized lattice parameters and positional parameters of ground state LiMgH3 from Li et al. [START_REF] Li | Ab initio investigation of structures, electronic and thermodynamic properties for Li-Mg-H ternary system[END_REF] and Vajeeston et al [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF].

LiMgH3 (LiTaO3, R3c)

Ref. [START_REF] Vajeeston | First-principles investigations of the MMgH3 (M = Li, Na, K, Rb, Cs) series[END_REF] Ref. [START_REF] Li | Ab initio investigation of structures, electronic and thermodynamic properties for Li-Mg-H ternary system[END_REF] Lattice [START_REF] Vajeeston | Structural investigation and thermodynamical properties of alkali calcium trihydrides[END_REF].

For the NaCaH3 synthesis pathways, Vajeeston's team noted two specific pathways that can be related to NaMgH3.

Where M represents the alkali metal These two pathways were experimentally performed for MMgH3 synthesis. However, for MCaH3 synthesis, only the second pathway is deemed feasible. According to their calculations, the heat of formation for NaCaH3 using pathway1 is 34.45 kJ mol -1 (endothermic)

while that for pathway2 is -177.79 kJ mol -1 (exothermic). The synthesis using metal precursors and H2 gas is more exothermic. Hence, synthesis may proceed using this route. Also, MCaH3 materials are believed to have a soft and compressible nature due to the low calculated B0 values from their study and due to the weak M-Ca interaction [START_REF] Vajeeston | Structural investigation and thermodynamical properties of alkali calcium trihydrides[END_REF]. Due to its soft character, they added that hydrogen destabilization may occur. However, the Ca-H bonds may be strong so hydrogen release may occur at high temperature. The endothermicity of pathway 1, the softness of MCaH3, and the strong Ca-H interaction are the problems that need to be solved.

To the best knowledge of the researcher, no study has been conducted on the synthesis of NaCaH3 using NaH and CaH2 as precursors nor on its hydrogen storage properties. There is one study by Sartori et al. that wish to form a new hydride from a mixture of NaH, CaH2, and Al [START_REF] Sartori | Studies of mixed hydrides based on Mg and Ca by reactive ball milling[END_REF]. However, no reaction was observed in their attempt to make a new hydride. The challenge is how to use HP-HT techniques in the synthesis of NaCaH3.

Table 29. Optimized lattice parameters and positional parameters of NaCaH3 from Vajeeston et al [START_REF] Vajeeston | Structural investigation and thermodynamical properties of alkali calcium trihydrides[END_REF]. 3. NaCaH3 can be elaborated under HP-HT but is not stable at ambient conditions and cannot be identified on samples brought back to ambient conditions.

Lattice parameters

Because of limited time to complete this work, further experimentation was not performed. A possible alternative would be to synthesize NaCaH3 using other precursors and to analyze using in-situ characterization.

Appendix C. Synthesis and characterization of K1-xLixMgH3

As mentioned in chapter I, among the group IA elements, it is Lithium that shows some promise for the improvement of hydrogen release when added to KMgH3 to produce a substituted product K1-xLixMgH3 [START_REF] Li | First-principles studies of K1-xMxMgH3 (M = Li, Na, Rb, or Cs) perovskite hydrides for hydrogen storage[END_REF]. So a mixture of KH, LiH, and MgH2 was prepared to have a K1-xLixMgH3 product with x = 0.5. The 50%-50% K-Li composition was initially chosen to have a baseline of the extent of Li-substitution possible. The synthesis was performed using the same sample assembly and synthesis parameters for the KMgH3 synthesis in the CONAC press described in section III.3.c. Analysis of the XRD pattern of the obtained product showed no formation of the substituted product (Figure 66). The peaks for the substituted KMgH3 product were the same as the original KMgH3 in terms of peak positions. Normally, when a smaller ion, like Li, substitutes for the bigger K ions, the peak for the perovskite shifts to a higher 2θ values due to the decrease in volume brought about by the substitution. In this case, it can be said that no such thing occurred. The peaks associated with the KMgH3 perovskite