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Introduction: aim of the thesis

Current concern about greenhouse gasses, climate changes, and depletion of fossil fuel sources, has brought to a rapid development of new renewable energy sources such as sun, wind, tides, etc. However, because of the intermittent presence of these sources, efficient energy storage systems are necessary for a sustainable society. Among the various energy conversion/storage systems proposed over the last years, electrochemical storage, and more specifically batteries, seems to be the most suitable candidate for such task.

In a battery, the chemical energy contained in the electrodes is converted to electric energy by means of a redox (reduction-oxidation) reaction. Those batteries in which this reaction is irreversible are called primary cells, and on the other hand, those in which is reversible are called secondary (or rechargeable) cells.

Because of the introduction into the market of several portable devices, such as laptops, smartphones, cameras, etc., much effort has been done to develop rechargeable batteries with high power and long life. Most of these devices, are currently powered by lithium-ion batteries. Due to advantages such as light weight, long cycle life, and low self-discharge compared to other secondary batteries (i.e. nickel-cadmium, nickel-metal hydride, leadacid), Li-ion battery has taken the leadership in the rechargeable energy storage market.

However, with the increase demands of electric vehicles and stationary energy storage systems, there is a necessity of further improving the energy density of this battery.

One of the main factor limiting the performance of a Li-ion battery is the anode material.

The current negative material used in the commercial batteries is carbon graphite, which provides a theoretical capacity of 372 mAh g -1 . Hence, for high energy applications, novel materials with higher capacities than graphite are needed. Among all the compounds actually studied to replace graphite as negative electrode material, metal hydrides have shown to offer a high theoretical capacity through the general conversion reaction:

MHx + xe -+ xLi + M + xLiH
During the reaction, the metal hydride (MHx) is reduced to its metal (M), and lithium hydride (LiH) is formed. For each H atom released by the active material, one Li is stored into the electrode, attaining a high energy density. Indeed, the average theoretical capacity provided by most of metal hydrides is in the order of thousands of mAh g -1 . Furthermore, the lithiation/delithiation reaction occurs at potentials below 1 V vs. Li + /Li, suitable for negative electrode materials in high voltage batteries.

However, the sluggish kinetics and the poor reversibility of the conversion reaction still hinder the practical application of metal hydrides in commercial Li-ion batteries.

The remarkable properties of metal hydrides as potential candidates as negative materials for Li-ion batteries are the motivation of this Ph.D. study.

In this thesis, MgH2 and TiH2 have been explored as active materials. The reaction with lithium occurs at 0.5 V for MgH2, and at 0.2 V for TiH2, achieving capacities above 2000 and 1000 mAh g -1 respectively. Moreover, the abundancy of magnesium and titanium, and the easy hydrogenation of them by mechanical grinding, promise industrial production and commercial application of these hydrides in Li-ion batteries.

Previous works on these materials have shown that, during the first discharge, both MgH2 [1] and TiH2 [2] react with lithium achieving capacities close to their theoretical ones.

Nevertheless, the conversion reaction exhibits a poor reversibility [3,4]. In particular, the reformation of TiH2 has shown to be completely irreversible, and MgH2 is only partially restored.

The authors of these works have suggested as possible causes of this limited cyclability the volume changes, the poor electric conductivity, and the slow mass transportation. However, none of these hypotheses has been proved with evidences. Thus, a deeper understanding of the reaction mechanisms is needed in order to enhance the performance of these materials for practical applications.

iii

The main goal of this thesis is to improve the knowledge about the factors that hinder the insertion and extraction of lithium from the electrode. The research focuses on the understanding of the issues related to the reversibility of the conversion reaction, suggesting strategies to overcome them, increasing the performance of metal hydrides as negative electrode materials for Li-ion batteries.

This thesis is divided into six chapters. In the first one, the Li-ion battery is described in detail, providing a bibliographic background on the commercial and studied materials used in each component of the battery (i.e. negative and positive electrodes, electrolytes, separators, current collectors, and additives). In particular, the conversion reaction of metal hydrides with lithium, and the related literature published until now, are highlighted at the end of this chapter. The second chapter reports the experimental techniques and devices used for the synthesis and characterization of the investigated materials. In the third chapter is devoted to the study of the conversion reaction path during cycling. By means of X-ray diffraction (XRD) and transmission electron microscopy (TEM), the structural and composition properties of MgH2 thin films have been analysed at different dischargecharge steps, following the phase distribution within the electrode. The fourth chapter presents a study on the electrode formulation effect on the performance and cycle life of the battery. For this work, yMgH2-(1-y)TiH2 nanocomposites with different molar content (y = 0.2, 0.5, 0.6, 0.7 and 0.8) have been synthesized by reactive ball milling under hydrogen pressure and studied as electrode materials. Their structural properties have been investigated by XRD and TEM, and their electrochemical properties have been determined in half cells by galvanostatic and cyclic voltammetry measurements. The fifth chapter deals with the study of MgH2-TiH2 electrodes in all solid-state Li-ion batteries. Two different solid electrolytes based on lithium borohydride have been chosen for this work, bulk LiBH4 and nanoconfined LiBH4 in silica scaffold. The last chapter is devoted to a general discussion about the results obtained in this work, and also about the perspectives on the use of metal hydrides in commercial Li-ion batteries.

CHAPTER 1

General aspects on Li-ion batteries and state of the art

State of the art

As the consumption and performance of portable electronic devices, such as smartphones, laptops, cameras, etc., have significantly increased over the past decades, power supplies with higher gravimetric as well volumetric energy density are required. In this context, lithium-ion battery (LIB) technology is the most promising candidate to power future devices, and it is already entering the electric (EV) and hybrid electric (HEV) vehicles market. Compared with other rechargeable energy storage systems, lithium-ion batteries offer very important advantages in terms of cycle-life, flexible design, efficiency, and energy density. A comparison between Li-ion batteries and other know battery types is reported in Figure 1.1 and Table 1.1. Since the 70's, a lot of attention has been devoted to the use of lithium in batteries. Lithium is an interesting element because it is the lightest solid element at room temperature (molar mass M = 6.94 g mol -1 ), with the lowest density (ρ = 0.53 g cm -3 ), and the redox couple Li + /Li has the lowest electrochemical potential value among all the metals (-3.04 V vs. SHE) [4]. Consequently, batteries using lithium as active material offer the possibility of high voltage and high energy density.

First concepts of rechargeable lithium batteries were based on metallic lithium as negative material, and chalcogenides and oxides as positive materials [5,6]. However, the main drawback of these devices were associated to the use of metallic lithium as electrode, which has the tendency to form dendrites and powder deposits during cycling. These can cause shortcuts and side reactions inside the battery, leading to serious safety issues [7]. Even though the use of a solid electrolyte was suggested to prevent short circuit, this safety issue was the starting point for studying other systems to replace metallic lithium with lithium intercalation compounds.

In the 1980's, Goodenough showed the use of lithium transition metal oxide LiCoO2 as intercalation electrode for lithium batteries [8,9], and one year later, Ikeda filed a patent for the use of graphite as intercalation electrode in organic solvent [10]. This led to the development of the first lithium-ion battery prototype by Yoshino of Asahi Kasei Co. in 1985 [11]. Starting from these patents, Sony Co. began to produce commercial cells called Li-ion batteries in 1991 [12].

Conventional Li-ion battery materials

Lithium-ion batteries consist of two lithium insertion electrodes, separated by means of a thin sheet of microperforated plastic. The negative electrode operates at lower potential, and in its most conventional form is based on carbon, whereas the positive electrode, which works at higher potential, is made of a lithium metal oxide. During the discharge of the battery, lithium ions move from the negative to the positive side through an electrolyte containing a lithium salt. This migration of lithium ions is electronically compensated by the simultaneous flow of electrons into an external circuit, providing energy to any connected device. During the charge, an external electrical power source forces the lithium ions to move back from the positive to the negative electrode, restoring the initial status of the battery. This shuttle of lithium ions has given the name "rocking-chair" cell to the system [13,14]. Schematic discharge and charge mechanisms are illustrated in Figure 1.2. The electrode reactions and overall reaction for carbon and lithium metal oxide can be written as follows:

Negative:

(1.1)

Positive:

(1.2)

Overall:

(1.

3)

The available energy of the battery depends mostly on the capacity of electrochemical reactions and working potentials of both electrodes, but also several other factors affect the performance and cyclelife of the cell. Among these factors the main ones are: raw materials quality, electrode design, electrolyte characteristics and separator features.

Materials for positive electrodes

The choice of the positive electrode is crucial in terms of energy and power density, cost, safety, and design of the battery. To successfully be used as cathode, a positive material must fulfil several requirements:

a) The material should host as many Li ions as possible per formula unit, in order to possess a high theoretical capacity; b) Extraction/insertion of lithium should occur at high voltage (around 4 V) with minimal or no structural changes;

c) The material should have good electronic and ionic conductions;

d) It must be thermally and chemically stable, with a low cost and environmentally benign;

In this Section, the main positive materials used and studied as cathode will be described.

Layered transition metal oxide

Lithium cobalt oxide LiCoO2 (LCO) was originally commercialized by Sony Co., and is still used in most commercial lithium-ion batteries as positive electrode. Its structure consists of layers of lithium atoms that lie between planes of octahedrons formed by cobalt and oxygen atoms (Figure 1.3). LiCoO2 possess a relatively high theoretical capacity of 274 mAh g -1 , high discharge voltage curve (~4.0 V vs. Li + /Li), low self-discharge rate and good cycling performance [15,16]. The major limitations come from the cost, low thermal stability, and fast capacity fade at high current rates. Practically, its theoretical capacity is never reached, because only 0.5 Li can be reversibly cycled, providing a capacity around 140 mAh g -1 . This is due to the fact that, when x > 0.5, Li1-xCoO2 becomes unstable, releasing oxygen and cobalt. With the purpose of enhancing its performance, different types of metals (e.g. Mn, Fe, Cr, Al) were studied as dopants/partial substitutes for Co [17][18][19]. Coatings of metal oxides (e.g. Al2O3, B2O3, TiO2, ZrO2) were more effective in enhancing LCO stability and performance [20,21] because chemically and mechanically stable oxides might reduce structural change of LCO and side reactions with electrolyte during cycling. Nevertheless, full delithiation is still not possible without severe cycling losses.

Because of its lower cost compared to LiCoO2, and its possible higher energy density, LiNiO2

(LNO) has been also extensively studied as positive material. Nickel is less hazardous and cheaper compared to cobalt, however, because of LNO structural instability it has not been able to be commercialized as cathode in Li-ion batteries. Nominally, it has a crystal structure similar to LiCoO2, but pure LNO are not favourable because Ni 2+ ions have a tendency to substitute Li + sites during synthesis and delithiation, blocking the pathways of Li ions [22]. Partial substitution of Ni with Co was found to be an effective way to reduce cationic disorder [23]. However, LNO is more thermally instable than LCO, because Ni 3+ ions are more readily reduced than Co 3+ ions. The thermal stability can be enhanced by doping LNO with Mg or Al [24]. The only compound based on LNO that found practical applications is LiNi0.8Co0.15Al0.05O2 or NCA. The presence of Al in NCA improves both the thermal stability and the electrochemical properties [25]. The good specific capacity (190 mAh g-1 )

and power capability make it attractive for several applications, although it is still not considered as inherently safe as other candidates.

Three-dimensional compounds

The marked tendency of several manganese oxide phases to convert from layered to spinel structures during lithiation in electrochemical cells (or upon heating with a lithium source) attests the stability of this structure in the Li-Mn-O system. Lithium manganese oxide LiMn2O4 (LMO) benefits from the cost, abundance, and environmental friendliness of manganese compared to cobalt. In its spinel structure (cubic close-packed, ccp), illustrated in Figure 1.4, lithium occupies tetrahedral sites between the octahedrons formed by manganese and oxygen. Theoretically, this material can delivery up to 285 mAh g -1 , but this capacity is never reached because of structural instability. Indeed, when cycled with a lithium anode, LMO presents two plateau potentials, a first one slightly above 4 V, and a second one below 3 V [26]. During the second plateau, large anisotropic volume changes associated with the formation of tetragonal Li2Mn2O4 occur, leading to particle disintegration and loss of connections within the electrode [START_REF] Thackeray | Spinel Electrodes for Lithium Batteries[END_REF]. This causes a rapid loss in capacity. In contrast, the extraction of lithium above 4 V vs. Li + /Li maintains the cubic structure and results in smaller volume changes. For this reason, the discharge is typically limited around 4 V, providing a capacity of 120 mAh g -1 with a good reversibility. Moreover, below 4 V also other side reactions occur, decreasing the life of the electrode. These reactions are attributed to the degradation of the electrolyte at high potential, loss of oxygen from the delithiated spinel, and dissolution of Mn.

By using nanoparticles or partial substitution in LMO, the rate performance can be improved due to shorter Li diffusion paths and better electronic transport [START_REF] Kakuda | Electrochemical performance of Al-doped LiMn2O4 prepared by different methods in solid-state reaction[END_REF][START_REF] Numata | Advantages of blending LiNi0.8Co0.2O2 into Li1+xMn2-xO4 cathodes[END_REF]. For these reasons, nearly all commercial LMO cathodes made today are lithium substituted (Li1+xMn2-xO4, where extra Li occupies Mn sites, with maximum x = 1/3), providing a capacity between 100 -120 mAh g -1 [START_REF] Jiao | Synthesis of Ordered Mesoporous Li-Mn-O Spinel as a Positive Electrode for Rechargeable Lithium Batteries[END_REF].

Polyanion compounds

In the last two decades, several compounds with different polyanion groups (XO4) 3-with X = S, P, Si, As, Mo, W, have been widely investigated [START_REF] Manthiram | Lithium insertion into Fe2(MO4)3 frameworks: Comparison of M = W with M = Mo[END_REF][START_REF] Chung | Electronically conductive phospho-olivines as lithium storage electrodes[END_REF][START_REF] Gong | Recent advances in the research of polyanion-type cathode materials for Li-ion batteries[END_REF][START_REF] Xu | Recent progress in cathode materials research for advanced lithium ion batteries[END_REF]. Although they possess a lower theoretical capacity compared with layered oxide compounds, they possess a very stable structure operating at high potentials.

In 1997, Goodenough reported the electrochemical properties of a new class of positive materials known as phosphor-olivines [START_REF] Padhi | Phospho-olivines as Positive-Electrode Materials for Rechargeable Lithium Batteries[END_REF]. LiFePO4 (LFP) is the representative material for this group, known for its thermal stability. In its orthorhombic structure, displayed in LFP has a theoretical capacity of 170 mAh g -1 , and the extraction/insertion of Li occur at an operating voltage of 3.45 V vs. Li + /Li [START_REF] Yamada | Optimized LiFePO4 for Lithium Battery Cathodes[END_REF]. LiFePO4 and its delithiated phase FePO4, are chemically and thermally more stable than oxide materials presented so far. However, the main drawbacks are the relatively low potential, low electrical and ionic conductivity, which limit the reversible capacity.

Several strategies have been used to improve the performance of LFP. Reduction of particle size [START_REF] Delacourt | Size Effects on Carbon-Free LiFePO4 Powders[END_REF] together with carbon coating [START_REF] Chen | Reducing Carbon in LiFePO4/C Composite Electrodes to Maximize Specific Energy, Volumetric Energy, and Tap Density[END_REF] and cationic doping [START_REF] Ni | LiFePO4 doped with ions prepared by coprecipitation method[END_REF] were found to be effective to increase the rate performance.

In parallel, the partial or total substitution of Fe by other transition metals (Ni, Co, Mn) is used to increase the operating voltage. For instance, the discharge potential of LiMnPO4 is about 0.5 V higher than LFP vs. Li + /Li, increasing the specific energy by about 15% [START_REF] Delacourt | Toward Understanding of Electrical Limitations (Electronic, Ionic) in LiMPO4 (M=Fe, Mn) Electrode Materials[END_REF]. Unfortunately, it suffers from slow lithium diffusion, and the electronic conductivity is reported to be several orders of magnitude lower than LFP [START_REF] Yonemura | Comparative Kinetic Study of Olivine LixMPO4 (M=Fe, Mn)[END_REF]. LiNiPO4, LiCoPO4, LiNi0.5Co0.5PO4 and LiMn0.33Fe0.33Co0.33PO4

have also been developed showing promising results, but further improvements in power, stability and energy density are still required before practical applications [START_REF] Wolfenstine | LiNiPO4-LiCoPO4 solid solutions as cathodes[END_REF][START_REF] Okada | Cathode properties of phospho-olivine LiMPO4 for lithium secondary batteries[END_REF].

Electrolytes

The electrolyte ensures the conduction of Li ions between the positive and negative electrodes, and together with the separator, acts as a physical barrier for electrons between the two electrodes. In general, every electrolyte is designed for a particular battery application, thus several types of electrolytes have been used in lithium-ion batteries. An ideal electrolyte should fulfil the following requirements: a) Large electrochemical potential window, at least 4.5 V for lithium-ion cells with high voltage cathodes; b) High ionic conductivity (σLi+ > 10 -4 S cm -1 ) and low electronic conductivity (σe -< 10 -8 S cm - Several types of electrolytes have been used and studied in lithium-ion batteries, such as organic liquid electrolyte, ionic liquids, polymer electrolytes, inorganic solid-state electrolytes, and hybrid electrolytes [START_REF] Goodenough | Challenges for rechargeable Li batteries[END_REF][START_REF] Xu | Nonaqueous liquid electrolytes for lithium-based rechargeable batteries[END_REF][START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future[END_REF][START_REF] Agrawal | Solid polymer electrolytes: materials designing and all-solidstate battery applications: an overview[END_REF][START_REF] Fergus | Ceramic and polymeric solid electrolytes for lithium-ion batteries[END_REF].

The organic liquid electrolytes are the most commonly used and longest commercially available. They consist of a solution of a lithium salt dissolved in organic solvents, typically carbonates.

Ionic liquids are solvent-free electrolytes based on molten salts which are in the liquid state at the operating temperature.

Polymer electrolytes have also been used in micro battery devices or in batteries with metallic lithium as electrode. The lithium salts are directly incorporated in a polymer matrix. They can act as separator preventing short cut in the battery. A specific case is the gel polymer electrolyte, which consists of a liquid electrolyte dispersed into a polymer matrix.

A solid-state electrolyte is a solid compound which can conduct Li ions. Thanks to its mechanical stability, it can drastically improve the safety of the battery. However, they generally suffer of a poor ionic conductivity at room temperature.

Because organic liquid electrolytes are the most used in commercial batteries, they will be discussed in detail in the subsequent sections.

Organic solvents

A good solvent should have a high dielectric constant (ε), low viscosity (η) to facilitate ions transport, be liquid in a wide temperature range, safe, and preferable cheap and non-toxic. In practice, it is difficult to find a single solvent with all these properties, therefore mixtures of different Carbonates present a wide electrochemical window between 1.0 V (LUMO, lowest occupied molecular orbital) and 4.7 V (HOMO, highest occupied molecular orbital) vs. Li + /Li.

Cyclic carbonates such as EC and PC have higher dielectric constants and higher viscosity than chain-like carbonates such as DMC, DEC, and EMC. EC is almost always used because it provides a better formation of the passivation layer on the surface of the graphite electrode. However, it is solid at room temperature and shows a high viscosity, so it is always coupled with a less viscous carbonate such as DMC and/or DEC. The main weakness of the carbonate is their high flammability.

Inorganic liquid solvents have also been studied, but they present a narrow electrochemical window unsuitable for Li-ion batteries [START_REF] Stassen | Metallic lithium batteries for high power applications[END_REF].

Lithium salts

The lithium salt is essential to ensure the conduction of Li ions in the electrolyte. It must dissolve completely into the solvents without reacting with them, and it must possess a high ionic conductivity.

The main lithium salts commonly used in Li-ion batteries are reported in 

Solid electrolyte interphase

Because lithiated carbons are not stable in air, a Li-ion battery is always assembled in its discharge state, that means with the positive electrode lithiated. The most used liquid electrolyte, i.e. LiPF6 in EC:DMC, is only stable in the domain from 4.5 V to 0.8 V, as shown in Figure 1.6a. Hence, during the first lithium insertion into the negative electrode, the electrolyte begins to decompose/reduce on the surface of the graphite forming a passivation layer called the solid electrolyte interphase (SEI) [START_REF] Balbuena | Lithium-ion Batteries: Solid-Electrolyte Interphase[END_REF]. The creation of the SEI consumes an irreversible capacity due to the trapping of Li into the passivation layer (Figure 1.6b). SEI is a very complicated layer comprising inorganic compounds, which are normally salt degradation, as well as organic compounds originated from partial or complete reduction of the solvents [START_REF] Verma | A review of the features and analyses of the solid electrolyte interphase in Li-ion batteries[END_REF]. When the SEI totally covers the electrode material and reaches a critical thickness, it prevents the migration of electrons stopping the reduction of the electrolyte and so the formation of new SEI. This is generally achieved during the first lithiation, and so the SEI contribution is not observed in the subsequent cycles. The thickness of the SEI may vary from a few angstroms to tens or hundreds of angstroms [START_REF] Edström | A new look at the solid electrolyte interphase on graphite anodes in Li-ion batteries[END_REF]. Every property of the SEI, such as composition, thickness, morphology, compactness, stability, etc., significantly affects the performance of the battery. The SEI must be electronically insulating but ionically permeable to ensure the intercalation of lithium into the electrode material. It also acts as a physical barrier preventing intercalation of the solvent molecules (especially for propylene carbonate PC [START_REF] Aurbach | On the correlation between surface chemistry and performance of graphite negative electrodes for Li ion batteries[END_REF]) between carbon layers leading to the exfoliation of the electrode [START_REF] Chung | Origin of Graphite Exfoliation An Investigation of the Important Role of Solvent Cointercalation[END_REF]. Because SEI can dissolve and/or evolve during cycling deteriorating the battery, having a stable and effective SEI is mandatory for the life and safety of the cell.

Other components

Anode and cathode are indeed the main parts of a battery, because here is where the electrochemical reactions take place in order to provide energy, supported by the presence of the electrolyte. Nevertheless, a large fraction of a Li-ion battery originates from other components, which are necessary in terms of safety, performance, and cost of the battery. In this section, the secondary components of a cell are described.

Separators

Separators are an integral part of the performance, safety, and cost of lithium-ion batteries. A separator is a porous membrane placed between the electrodes, and its main function is to keep the negative and positive electrodes apart to prevent electrical short circuits, and at the same time it must allow rapid transport of ions. They should be very good electronic insulators, with sufficient porosity to absorb liquid electrolyte for the high ionic conductivity, and being inert towards the other components of the battery [START_REF] Zhang | A review on the separators of liquid electrolyte Li-ion batteries[END_REF]. However, the presence of the separator adds electrical resistance to the device, affecting the battery performance. Moreover, the separators provide also some protection against overcharge. They exhibit a large increase in impedance at high temperature (around 130 °C) that effectively stops ionic transport under these conditions [57]. The greater the mechanical integrity of the separator at high temperature, the greater the margin of safety it can provide. The greater the mechanical integrity of the separator at high temperature, the greater the margin of safety it can provide.

Battery separators can be divided into three groups: microporous polymer membranes, nonwoven fabric mats, and inorganic composite membranes. Because lithium-ion batteries use nonaqueous electrolytes (because of the reactivity of Li in aqueous solutions and because of the high voltage), the most used type of separators are made of microporous membranes of polyolefins.

Table 1.4 shows the different types of separators found in lithium batteries [START_REF] Arora | Battery separators[END_REF]. 

Current collectors

Generally, the electrode active material does not possess a very high electrical conductivity.

Hence, it is necessary to have a current collector, which is usually a metal grid or sheet, where to deposit the active material in order to minimize the resistance. They also act as a physical support for the active material, which otherwise would have a brittle structure. Clearly, the current collector must be stable to chemical reaction with both electrolyte and active material. For most commercial lithiumion batteries, a copper foil is used for the negative electrode, and aluminium for the positive electrode.

Copper is stable at low potential below 3 V vs. Li + /Li, whereas aluminium is stable at potentials between 3 V and 5 V [START_REF] Myung | Electrochemical behavior and passivation of current collectors in lithium-ion batteries[END_REF].

One of the main drawback of the current collectors might be the loss of adhesion during extensive cycling, leading to the degradation of the electrode. Recent research has focused on the use of threedimensional microporous current collector to improve the performance of the battery. Such current collectors offer a high porosity, high surface area, and a better mechanical stability [START_REF] Yao | LiFePO4-based electrode using micro-porous current collector for high power lithium ion battery[END_REF][START_REF] Yang | Nickel foam supported Sn-Co alloy film as anode for lithium ion batteries[END_REF].

Additives

In commercial Li-ion batteries, additives are always used to improve performance and cycle-life.

Generally, conductive materials and binders are added to the electrode, while carbonates are added to the electrolyte solution.

Electrode additives

Carbon materials like carbon black and graphite powders are widely used in negative and positive electrodes to increase the inner electrical conductivity [START_REF] Kinoshita | Carbon: Electrochemical and Physicochemical Properties[END_REF]. To optimize the energy density of the electrode, the amount of carbon in the total electrode volume needs to be minimized. In real electrodes, the required amount of conductive carbon depends on both the nature of the additive and the active material, as well as on their particle size. Generally, the quantity of carbon added is below 10 wt.% of the total electrode mass. Hence, in relation to the electrochemical capacity of the active material, the carbon contribution can be considered negligible.

A binder is a substance that holds or draws other materials together to form a cohesive whole.

They are added to the electrode mixture in order to accommodate volume changes during cycling, and to enhance the contacts between particles. A binder must be chemically and thermally stable, with a good adhesion to the electrode particles without interfering in the motion of both ions and electrons.

Generally, they are polymers, and in commercial Li-ion batteries, the most used binders for the negative electrode are PVdF (polyvinylidene fluoride) and SBR (styrene-butadiene rubber), while for the positive electrode they are PVdF and PTFE (poly-tetrafluoroethylene) [7,[START_REF] Fransson | Influence of carbon black and binder on Li-ion batteries[END_REF]. However, PVdF is relatively expensive, requires the use of volatile and toxic solvent such as N-methyl pyrrolidone (NMP), and has poor stability towards reducing agents [START_REF] Li | Investigations on cellulose-based high voltage composite cathodes for lithium ion batteries[END_REF]. For these reasons, different binders are currently under investigation. Among these materials, carboxymethyl cellulose (CMC) has shown promising results, for new generation anodes in Li-ion batteries [START_REF] Senda | Sodium Carboxymethyl Cellulose[END_REF][START_REF] Lestriez | On the binding mechanism of CMC in Si negative electrodes for Li-ion batteries[END_REF]. CMC is a derivate of cellulose, and thanks to the carboxymethyl groups (-CH2-COOH) is soluble in water, making the electrode production a safer and environmentally process.

The electrodes investigated in this thesis have been prepared adding CMC as binder to the active material powder.

Electrolyte additives

Carbonate additives can be added with the purpose of improving the formation and stability of the SEI, protecting the electrode from corrosion, stabilizing the lithium salt, improving the safety, etc. [START_REF] Blomgren | Liquid electrolytes for lithium and lithium-ion batteries[END_REF][START_REF] Zhang | A review on electrolyte additives for lithium-ion batteries[END_REF].

Among these additives, VC (vinylene carbonate) has been used in several studies. The results

show that, from the decomposition of VC, a SEI with better mechanical properties is formed, enhancing the protection and cohesion of the electrode, achieving better performance during cycling [START_REF] Aurbach | On the use of vinylene carbonate (VC) as an additive to electrolyte solutions for Li-ion batteries[END_REF].

Works have also been done in order to improve the stability of the lithium salt in the electrolyte.

Lewis basic additives [START_REF] Zhang | 2,2,2-trifluoroethyl) phosphite as a co-solvent for nonflammable electrolytes in Li-ion batteries[END_REF], such as TTFP (tris 2,2,2-trifluoroethyl), have been added to decrease the reactivity and acidity of PF5 formed during the decomposition of LiPF6.

Moreover, other carbonates and new salts to use as additives have also been studied in the past years [START_REF] Herstedt | Electrolyte additives for enhanced thermal stability of the graphite anode interface in a Li-ion battery[END_REF][START_REF] El Ouatani | The Effect of Vinylene Carbonate Additive on Surface Film Formation on Both Electrodes in Li-Ion Batteries[END_REF].

Materials for negative electrodes

Potential materials for negative electrode must fulfil the following requirements: In this part, we will discuss the main materials used and studied as anode in lithium-ion batteries, dividing them in three categories based on their reaction mechanism with Li-ions.

Insertion/intercalation materials

Much effort has been directed towards improving lithium-ion batteries, especially in terms of energy and power content, lifetime, safety and cost. Metallic lithium as anode was quickly replaced by carbonaceous material due to safety issues, although several studies are still in progress in order to use lithium metal because of its high theoretical capacity (3860 mAh g -1 ) [START_REF] Qian | High rate and stable cycling of lithium metal anode[END_REF]. In the first commercialized lithium-ion batteries carbon coke was used as negative material [START_REF] Li | Research on advanced materials for Li-ion batteries[END_REF], however, since 1997, it was replaced by graphite. Carbon graphite has a layered, planar structure. In each layer, the carbon atoms are arranged in a honeycomb lattice, with an inter-layer distance of 0.335 nm [75]. Two different structures of graphite are known: hexagonal called alpha, and rhombohedral called beta. The two structures have very similar physical properties but they differ in the stacking of layers. As shown in Figure 1.7, α-graphite has an ABAB stacking structure, whereas β-graphite has an ABCABC one. properties are listed in Table 1.5.

Table 1.5. Graphite anode properties.

Properties Value

Ref.

Theoretical capacity (mAh g -1 ) 372 [START_REF] Kaskhedikar | Lithium storage in carbon nanostructures[END_REF] Lithium diffusivity (cm 2 s-1 ) ~10 -9 [START_REF] Persson | Lithium diffusion in graphitic carbon[END_REF] Discharge potential (V) ~0.1 [START_REF] Shu | Electrochemical Intercalation of Lithium into Graphite[END_REF] Charge potential (V) ~0.2 [START_REF] Shu | Electrochemical Intercalation of Lithium into Graphite[END_REF] Volume change (%) ~10 [START_REF] Qi | In Situ Observation of Strains during Lithiation of a Graphite Electrode[END_REF] Several types of graphite are commercially available, and among these the most used are mesocarbon microbead (MCMB), mesophase-pitch-based carbon fibre (MCF), vapour grown carbon fibre (VGCF), and massive artificial graphite (MAG).

The main drawback of the graphitic compounds (also known as soft carbon) is their low specific capacity (i.e. 372 mAh g -1 ), which hinders their use in applications that require a high energy density.

Therefore, new types of carbonaceous materials are studied with the purpose of replacing soft carbons. The differences in crystallinity, size and shape of the particles affect the intercalation process, providing different capacities and insertion potential values.

Presently, the research activity is strongly focused on hard carbons, carbons nanotubes, nanofibers, and graphene, as the most promising based anode materials [START_REF] Goriparti | Review on recent progress of nanostructured anode materials for Li-ion batteries[END_REF].

Hard carbons have random alignment of graphene sheets, which provides many voids to accommodate lithium. Anode capacities between 200 and 600 mAh g -1 have been reported in a potential range 0 -1.5 V vs. Li + /Li [START_REF] Yang | Study of nano-porous hard carbons as anode materials for lithium ion batteries[END_REF][START_REF] Fujimoto | The anode performance of the hard carbon for the lithium ion battery derived from the oxygencontaining aromatic precursors[END_REF]. However, the mains weakness of hard carbons is the low initial coulombic efficiency (i.e. the ratio between the discharging and charging capacity). Although different strategies to overcome this problem have been suggested, such as fluorination, surface oxidation, and metal coating [START_REF] Wang | Pitch modified hard carbons as negative materials for lithium-ion batteries[END_REF], hard carbons have not yet been introduced on the market as electrode materials.

Carbon nanotubes (CNT) can be classified in single (SWCNT) and multiwall carbon nanotubes (MWCNT) depending on the thickness and on the number of coaxial layers. Theoretically, it has been estimated a reversible capacity of 1116 mAh g -1 for SWNT in the LiC2 stoichiometry [START_REF] Meunier | Ab Initio Investigations of Lithium Diffusion in Carbon Nanotube Systems[END_REF][START_REF] Schauerman | Recycling single-wall carbon nanotube anodes from lithium ion batteries[END_REF]. This high capacity, so far the highest among carbonaceous materials, has been attributed to the intercalation of lithium into stable sites located on the surface as well than inside the tube.

However, the achievements of complete lithiation and high coulombic efficiency during testing remain still challenging because of the presence of large structure defects and high voltage hysteresis.

In order to overcome these issues, research has been focused on the morphological features of CNT, such as wall thickness, shape, diameter, porosity, and doping [START_REF] Dileo | Enhanced capacity and rate capability of carbon nanotube based anodes with titanium contacts for lithium ion batteries[END_REF][START_REF] De Las Casas | A review of application of carbon nanotubes for lithium ion battery anode material[END_REF][START_REF] Oktaviano | Nano-drilled multiwalled carbon nanotubes: characterizations and application for LIB anode materials[END_REF]. Anyway, even if several strategies are under study, from the battery industry point of view, the CNT technology is not yet considered mature enough. In fact, open issues regarding the mass production and cost presently hinder their use in Li-ion batteries.

Graphene consists in a honeycomb carbon layer with a single-atom thickness. Because of its astonishing properties, it has been studied in a number of fields such as chemical, physical, biological and engineering sciences. Among these properties, the good electrical conductivity, high surface area, mechanical stability, and high values of charge mobility, make graphene a suitable electrode material for Li-ion batteries [START_REF] Huang | Graphene-based composites[END_REF][START_REF] Hou | Graphene-based electrochemical energy conversion and storage: fuel cells, supercapacitors and lithium ion batteries[END_REF][START_REF] Liang | Graphene-based electrode materials for rechargeable lithium batteries[END_REF]. Theoretically, graphene has a capacity between 780 and 1116 mAh g -1 , depending if the storage of Li is considered on both faces of graphene (Li2C6 stoichiometry) or with the ion covalently bond in the benzene ring (LiC2 stoichiometry), respectively [START_REF] Pan | Li storage properties of disordered graphene nanosheets[END_REF][START_REF] Hwang | Multilayer Graphynes for Lithium Ion Battery Anode[END_REF].

Experimentally, different capacity values above 700 mAh g -1 are obtained depending on the production methods of graphene [START_REF] Lian | Large reversible capacity of high quality graphene sheets as an anode material for lithium-ion batteries[END_REF][START_REF] Wang | In Situ Fabrication of Porous Graphene Electrodes for High-Performance Energy Storage[END_REF]. Presently, the research is focused on synthesis and functionalization of the surface of graphene. Because of its large area, the surface of graphene is very reactive, leading to side reactions and so to a large irreversible capacity after the first lithiation.

Moreover, the presence of defects can cause a large hysteresis during cycling [START_REF] Raccichini | The role of graphene for electrochemical energy storage[END_REF].

As well as active material, graphene can be used as support for other active materials.

Materials such as metal, semimetals, oxides, and other carbons, can be dispersed on the surface of graphene in order to obtain a composite electrode with better performance [START_REF] Xia | CoFe2O4-graphene nanocomposite as a high-capacity anode material for lithium-ion batteries[END_REF][START_REF] Li | A nanocomposite of graphene/MnO2 nanoplatelets for high-capacity lithium storage[END_REF][START_REF] Pham | Liquid phase co-exfoliated MoS2-graphene composites as anode materials for lithium ion batteries[END_REF]. Among the composite graphene-based materials, it is worth to report the promising results of Co3O4/RGO (Reduced Graphene Oxide, i.e. graphene oxide in which some oxygen-group has been removed) with a reversible capacity of 1500 mAh g Both present better ionic conductivity because of the presence of channels in their structures allowing the fast transport of Li ions. These materials have a theoretical capacity of 200 mAh g -1 and 235 mAh g -1 respectively, but they suffer of an important capacity loss during cycling.

Alloying materials

The first electrochemical alloy reaction between lithium and a metal was shown in 1971 [110]. In this reaction, an element M reacts at low potential forming an alloy with lithium according to the general equation:

(1.5)

Many metals and semi metals, mainly found in group 13 (Al, Ga, In), 14 (Si, Ge, Sn, Pb) and 15 (As, Sb, Bi) of the periodic table, are reactive towards lithium. The main studied elements are reported in Table 1. 6 [111-113].

Generally, they work in a potential range below 1.0 V vs. Li + /Li [114], providing much higher volumetric and gravimetric capacities than insertion materials described previously. The combination of the electrochemical properties, as well as the intrinsic characteristics of some elements (such as abundancy, low cost, low toxicity, etc.) explains why much effort has been devoted to develop these types of electrodes. 

Conversion materials

The last family of materials investigated as candidates for the negative electrode is referred to as conversion materials. In a general conversion reaction, a compound based on a transition metal (M) coupled with an anion (X) reacts with lithium as illustrated in Equation 1.6:

(1. In this thesis, metal hydrides are studied as active material for lithium-ion batteries, and so their electrochemical properties will be described in detail in Section 3. During the lithiation, the hydride is reduced to metal and lithium hydride (LiH). Based on the nature of the hydride, the lithiation can be completed in one or more steps.

The main advantages that make metal hydrides a promising candidate for future lithium-ion batteries are:

I. Suitable working potential window, generally between 0.1 and 1.0 V vs. Li + /Li;

II.

High theoretical capacity compared to graphite (372 mAh g -1 ). Several hydrides possess a gravimetric capacity in the order of thousands of mAh g -1 ;

III. Among conversion compounds, metal hydrides show the lowest polarization;

On the other hand, the sluggish kinetics at room temperature and the short cycle-life still remain important issues to overcome in order to use metal hydrides as electrode materials in practical energy storage applications.

In this section, the properties of metal hydrides as conversion electrode materials, their issues, and strategies to improve their performance will be described.

Gravimetric and volumetric storage capacity

The theoretical capacity of an electrode material for lithium-ion batteries can be calculated from the following equation:

(1.8)
Where x is the number of Li atoms exchanged per formula unit, F is the Faraday constant expressed as 26.801 Ah mol -1 , and M is the molar mass of the active material in g mol -1 .

For a complete lithiation, metal hydrides can form one LiH per each H atom they possess.

This, combined with the light weight of several hydrides, explains the high theoretical capacity shown by many metal hydrides. Figure 1.11 shows both the theoretical gravimetric and volumetric capacities of several hydrides. Several hydrides can deliver a gravimetric capacity more than twice that of graphite. This is mainly due to the fact that for each atom of H a hydride can store a Li per formula unit, whereas carbon graphite can store a Li every six atoms of C. The highest values are obtained for dihydrides and light complex hydrides, showing a gravimetric capacity of several thousand mAh g -1 . These large capacities make metal hydrides a good candidate material for negative electrodes in Li-ion batteries for stationary as well as mobile applications.

In the last years, several metallic and complex hydrides have been investigated as negative materials for Li-ion batteries. The main results reported from different groups are summarized in 

Thermodynamics of hydrides as electrode

The equilibrium potential at which a hydride reacts with lithium can be calculated by using the Nernst law:

𝐸 𝑒𝑞 = - ∆ 𝑟 𝐺 𝑜 𝑥 • 𝐹 (1.9)
Where Eeq is the equilibrium potential, ΔrG° is the Gibbs free energy of the reaction between the hydride and lithium, x is the number of electrons involved in the reaction, and F is the Faraday constant.

Under standard conditions (i.e. p = 1 bar, and T = 25°C), the Gibbs free energy of the reaction in Equation 1.7 can be calculated from the values of Gibbs free energy of formation of reactants and products:

∆ 𝑟 𝐺 𝑜 = [∆ 𝑓 𝐺 𝑜 (𝑀) + 𝑥∆ 𝑓 𝐺 𝑜 (LiH)] -[∆ 𝑓 𝐺 𝑜 (𝑀H 𝑥 ) + 𝑥∆ 𝑓 𝐺 𝑜 (Li)]
(1.10)

Because the Gibbs free energy of formation (ΔfG°) of pure elements, such as M and Li, is zero, Equation 1.10 can be rewritten as follows:

∆ 𝑟 𝐺 𝑜 = 𝑥∆ 𝑓 𝐺 𝑜 (LiH) -∆ 𝑓 𝐺 𝑜 (𝑀H 𝑥 ) (1.11)
Metal hydrides with a positive theoretical equilibrium potential vs. Li + /Li are possible candidates as negative electrode material for Li-ion batteries. Figure 1.12 shows the calculated equilibrium potential of different hydrides. The hydrides with a negative equilibrium potential cannot undergo the conversion reaction, because they more stable than LiH phase.

An easier way to evidence which hydride can react with lithium following the path displayed in Eq. 1.7 is to confront its Gibbs free energy of formation with that of lithium hydride. Because LiH is formed independently of the hydride taken into account, the reaction is possible when:

∆ 𝑓 𝐺 𝑜 (𝑀H 𝑥 ) 𝑥 > ∆ 𝑓 𝐺 𝑜 (LiH) (1.11)
Hence, the value of the quotient in Eq. 1.11 should be higher than ΔfG°(LiH) = 70 kJ mol -1 [133].

However, during discharge/charge cycling, the plateau curves exhibit potential values different from the theoretical ones. During lithiation the plateau is at lower potential than the theoretical one, whereas during lithiation it is at higher values. This effect is due to internal resistance, polarization, and kinetic limitations. The equilibrium potential of the MHx/Li cell can be experimentally obtained by galvanostatic intermittent titration (GITT) in open circuit voltage [134].

MgH2 and TiH2 as negative electrode materials

In this thesis MgH2-TiH2 composites will be the main active materials investigated, so it is worth to report the studies accomplished up to now about these bi-phasic composites and their single-phase counterpart hydrides (MgH2 and TiH2) as electrodes in lithium-ion batteries. They have been chosen

because they react with lithium at potentials suitable for negative electrodes (0.5 V for MgH2 and 0.2

V for TiH2 vs. Li + /Li), providing a high theoretical capacity about 2000 and 1000 mAh g -1 for MgH2 and TiH2 respectively. Moreover, they are easy to synthesize starting from their metals, and when mixed together, some cooperative effect is expected, which can improve the reactivity of the composite.

Reactivity of MgH2 with lithium

The Depending on the milling conditions and the method to fabricate the electrode, Brutti et al.

[137,138] obtained different amounts of lithium inserted/extracted, suggesting that nanoparticles homogenously mixed together possess better capacity retention thanks to the high number of interfaces. Related results, about the size effect, were found testing MgH2 after H2 absorption/desorption cycles. The particle size of the hydride is reduced through decrepitation during the solid-gas reaction, and once tested as electrode vs. Li + /Li MgH2 showed enhanced reversibility [136].

An approach to tailor the particle morphology of the hydride consisted in preparing composites of MgH2 nanoparticles dispersed into a porous carbon scaffold. By this method, Oumellal et al.

[139] enhanced the electrical conductivity in the electrode, preventing also the coarsening of the particles during cycling. These composites were able to deliver a capacity close to 500 mAh g -1 even after one hundred cycles.

Zaïdi et al.

[140] studied the effect of carboxymethyl cellulose (CMC) and carboxymethyl cellulose-formate (CMC-f) as binders. These MgH2 electrodes showed initial reversible capacity about 90% of the theoretical, and a capacity retention of ~20% after 40 cycles. This effect is attributed to the mechanical ability of the binder to accommodate the volume changes during cycling.

Exploring the field of solid electrolytes for lithium-ion batteries, Ikeda [141,142] and Zeng [143,144] investigated the electrochemical properties of MgH2 in all solid-state batteries. Working at high temperatures (120 °C), solid-state cells showed high discharge capacity even at high current densities, featuring also flatter plateau and smaller polarization effect. Capacities closed to 1000 mAh g -1 were achieved also after fifty discharge/charge cycles. Among the solid electrolyte there are several hydride-based composites which could be used (e.g. LiBH4, LiBH4-LiNH2, LiAlH4-Li3AlH6, etc. [145-148]), opening the possibility of creating in future an all hydride based battery.

Although several strategies, with promising results, have been reported, MgH2 is not yet ready to be introduced in the market as an electrode material. The poor capacity retention at room temperature still remains the main issue to overcome. Hence, more research efforts are needed to find the right optimization for practical applications.

Reactivity of TiH2 with lithium

After the promising results shown by MgH2, other hydrides were investigated as possible candidates for lithium-ion batteries. Due to its high theoretical capacity and electrical conductivity

[149], TiH2 was investigated as electrode material by Oumellal et al. [126]. Interestingly, the conversion reaction taking place during the lithiation of TiH2 was reported to be completely different compared with MgH2. XRD analysis of the electrode during the discharge (Figure1.15) showed that the reactivity of TiH2 with Li ions cannot be described with a single equation like for MgH2 (Equation 1.12), but it involves three different steps. The first step of the conversion reaction is related to the slope from x = 0 to x = 0.34, where TiH2 reacts with Li ions forming the solid solution δ-TiH2-x (fcc, marked with blue squares) and LiH.

Then, in the subsequent slope from x = 0.34 to x = 1, δ-TiH2-x is partly transformed in δ-TiH (fco, marked with red diamond) and LiH. Finally, the reaction proceeds in a pseudo plateau from x = 1 to x = 2 forming α-Ti (hcp) and LiH.

Unfortunately, the conversion reaction did not occur during the charge, implying a full irreversible behaviour of the electrode [126,150]. Interestingly, it was observed that, starting from an electrode prepared with ball milled LiH and Ti [151], TiH2 was partially formed during the charge (~40% of TiH2). In the subsequent lithiation, TiH2 was completely reduced to Ti and LiH, but once again, no electrochemical reversibility was detected in the next charge. Therefore, the fact that TiH2

is not reformed could be attributed to the large volume expansion during the discharge process (~130%), which leads to electrode pulverization.

Better performances were achieved by Kawahito et al. [152] using TiH2 in an all solid-state cell with LiBH4 as solid electrolyte. The reduction of the hydride was proved to follow a path like in the liquid electrolyte cell, with the formation of intermediate TiH2-x. During charge, a high capacity was obtained, and the cell provided a capacity of 900 mAh g -1 even after fifty cycles. These results could be attributed to an enhanced kinetics of the electrode, with a faster diffusion of species at 120°C compared to room temperature cycling.

MgH2-TiH2 composite as electrode material

Huang et al. [153] have recently investigated the composite 0.7MgH2+0.3TiH2 as negative electrode. For hydrogen storage in solid state it is reported in literature that the addition of TiH2 to MgH2 strongly enhances the transport of hydrogen in the composite [154][155][156]. During the discharge both hydrides participate in the conversion reaction, showing the plateau of MgH2 and the slope of TiH2. In the charge process, the electrode exhibits good electrochemical reversibility, with the partial reformation of both hydrides. This performance was associated to the high electrical conductivity and fast hydrogen kinetics of TiH2. However, after few cycles, the capacity quickly drops to 500 mAh g - 1 , showing the same limits than pure MgH2 and TiH2 electrodes.

Hence, different MgH2-TiH2 composites must be studied with the purpose of enhancing the performance of both hydrides. Tailoring the (micro)structure and composition of the electrode could be possible to achieve higher capacities and better reversibility during the cycling.

CHAPTER 2

Experimental techniques 

In this chapter, we describe the techniques that have been used to prepare and characterize the materials throughout this thesis. First, the synthesis of the composites and thin films used as active materials, as well as the nanoconfined solid electrolyte, will be presented, then we will describe the techniques employed to characterize their structural, microstructural, chemical, and electrochemical properties.

1 Materials preparation hydrogen at a pressure of 9 MPa (Alphagaz, 6N). The milling was carried out in two cycles of 120 minutes with 120 minutes of pause in between for cooling down the mill. A rotation speed of 400 rpm was chosen for the disk, and an opposite 800 rpm speed for the vial.

Hydrogenation is completed during the first cycle, and the purpose of the second one is only for calibration of the temperature of hydrogen gas during milling. At the end of the synthesis, the remaining hydrogen gas was evacuated and the vial unloaded inside the glove box.

Plasma-assisted sputtering

The deposition of thin films was performed by Dr. Ana Lacoste from LPSC laboratory (Grenoble, France). Two different magnesium hydride thin films were prepared by reactive plasma-assisted microwave/radio frequency sputtering [4,5], namely MgH2, and MgH2 covered with Al. In a chamber at low argon/hydrogen pressure (0.2 Pa for both gasses), plasma is created by means of multi-dipolar microwave couplers. Magnesium ions are produced from targets (99.99% Mg) and then accelerated applying a potential difference towards the copper substrates (squares of 6.7 cm side, with a thickness of ~16 μm). During the process, the temperature of the substrate did not exceed 55 °C, avoiding any thermaldriven reaction between the deposit material and the substrate.

For the covered thin films, after the formation of the hydride, a protective layer of Al (~13 nm) was deposited on top of the films with the purpose of preventing contamination of MgH2 from moisture and air. The cross section thin film as prepared is illustrated in 

Structural and Chemical characterization 2.1 X-ray powder diffraction

The X-ray diffraction method (XRD) was used to investigate the structural properties of the electrode materials. A diffractometer produces waves at a known frequency (depend on the X-ray source) which interact with the electron cloud of the atoms of the sample [8]. From this interaction, scattered radiations will propagate in all directions.

When the Bragg's law is fulfilled (Equation 2.1) a constructive interference occurs at particular angles. By measuring the intensity of these interactions within a range of angles, a diffraction pattern is observed. The sample spins on itself with a given speed (ϕ) in a stable position while source and detector move together with the same step.

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃

Diffractogram analysis: the Rietveld method

The X-ray diffraction of powder samples results in a pattern characterized by reflections (peaks in intensity) at certain positions. The height, width and position of these reflections can be used to determine different aspects of the material, such as crystal structure, crystallites size, microstrain, and phase abundance. This method was developed by Hugo Rietveld in 1969 [9]. This method uses a least square approach to refine the structural parameters (lattice parameters, atomic positions, site occupancy, and Debye-Waller factors), the scale factor, the background signal and the shape factor of a theoretical diffractogram until it matches as much as possible to the experimental pattern [10]. This is done by minimizing the function M:

𝑀 = ∑ 𝑤 𝑖 (𝑦 𝑖,𝑜𝑏𝑠 -𝑦 𝑖,𝑐𝑎𝑙𝑐 ) 2 𝑖 (2.2)
In Equation 2.2 wi is a statistical weight given by the inverse of the calculated intensity yi,calc, and yi,obs is the observed intensity at a given angular position i.

The intensity yi,calc at a position i is calculated as the sum of all the Bragg peak contribution from the different phases and the background contribution in this point:

𝑦 𝑖,𝑐𝑎𝑙𝑐 = 𝑦 𝑏𝑖 + ∑ 𝑆 𝛷 ∑ 𝑗 𝛷𝑘 • 𝐿𝑝 𝛷𝑘 • |𝐹 𝛷𝑘 | 2 𝑘 • 𝛺 𝑖𝛷𝑘 𝛷 (2.3)
Where ybi is the background contribution, SΦ is the scale factor of the phase Φ, jΦk is the multiplicity of the reflection k, LpΦk is the Lorentz-polarization factor, FΦk is the structure factor of the reflection k, and ΩiΦk is the profile shape function.

The first summation is related to all the crystalline phases Φ present in the sample, and the second one concerns all the reflections k contributing to point i.

The structure factor FΦk relates the intensity of the reflection k to the atomic arrangement of the diffraction structure:

𝐹 𝛷𝑘 = ∑ 𝑓 𝑖 𝑛 𝑗=1 • exp(𝑖2𝜋 • 𝑘 ⃗ • 𝑟 𝑗 ⃗ ⃗ ) • exp (-𝐵 𝑗 • 𝑠𝑖𝑛 2 ( 𝜃 𝜆 2 ) ) (2.4)
Where fi is the form factor of atom j, 𝑘 ⃗ is the direction of the diffraction, 𝑟 𝑗 ⃗ ⃗ is the position of atom j, and Bj is the Debye-Waller factor for atom j. This latter factor is associated with the thermal vibration of an atom around its crystallographic position, and in case of isotropic vibration it can be written as:

𝐵 = 8𝜋 2 • 𝑈 𝑖𝑠𝑜 (2.5)
With Uiso as average quadratic amplitude of the vibration.

All patterns were refined here using a function called "Thomas-Cox-Hastings pseudo-Voigt" [11], which considers the peak profile ΩiΦk as a weighted sum of a Gaussian and Lorentzian functions:

Ω = 𝜂𝐿 + (1 -𝜂) 𝐺 (2.6)
Where η is the balance between the L and G components.

The full-width at half maximum (FWHM) of the Gaussian and Lorentzian components is given respectively as:

𝐻 𝐺 = (𝑈 𝑡𝑎𝑛 2 𝜃 + 𝑉 tanθ + 𝑊) 2 (2.7)

𝐻 𝐿 = 𝑋 𝑡𝑎𝑛𝜃 + 𝑌 𝑐𝑜𝑠𝜃 (2.8)
The parameter U is largely affected by peak broadening induced by microstrains in the sample, while Y depends on the crystallite size. On the other hand, parameters V, W and X are related to the contribution of the diffractometer. Because only U and Y are correlated to the sample characteristics, from their refinement it is possible to determinate the microstrain and crystallite size in the material analysed.

The microstrain is obtained from the Gaussian contribution to the peak broadening by the following equation:

𝜀 = 𝜋 3 2 ⁄ 1.8 • 8√𝑙𝑛2 • √𝑈 -𝑈 0 (2.9) 
With ε as the average microstrain in percentage, and U0 as the instrumental contribution to the Gaussian component.

The estimation of the crystallite size is determined from the Lorentzian broadening contribution and the Scherrer equation:

𝐷 = 360 𝜋 2 • 𝜆 𝑌 -𝑌 0 (2.10)
Where D is the diameter in angstrom (Å) of the crystallite considered isotropic, λ is the wavelength in Å and Y0 is the instrumental contribution to the Lorentzian component in degrees.

To evaluate the validity of a diffraction profile refinement several reliability factors are calculated. These factors measure the agreement between the experimental pattern and the calculated one. The Bragg factor (RB) assesses the validity of the refinement for a given phase:

𝑅 𝐵 = 100 • ∑ |𝐼 𝑘,𝑜𝑏𝑠 -𝐼 𝑘,𝑐𝑎𝑙𝑐 | 𝑘 ∑ |𝐼 𝑘,𝑜𝑏𝑠 | 𝑘 (2.11) With 𝐼 𝑘 = 𝑗 𝑘 • 𝐹 𝑘 2 .
The profile factor Rp and the weighted profile factor Rwp characterize the quality of the global refinement:

𝑅 𝑝 = 100 • ∑ |𝑦 𝑖,𝑜𝑏𝑠 -𝑦 𝑖,𝑐𝑎𝑙𝑐 | 𝑖 ∑ |𝑦 𝑖,𝑜𝑏𝑠 | 𝑘 (2.12) 𝑅 𝑤𝑝 = 100 • ( ∑ 𝑤 𝑖 (𝑦 𝑖,𝑜𝑏𝑠 -𝑦 𝑖,𝑐𝑎𝑙𝑐 ) 2 𝑖 ∑ 𝑤 𝑖 (𝑦 𝑖,𝑜𝑏𝑠 ) 2 𝑖 ) 1 2 ⁄ (2.13)
The expected weighted profile factor (Rexp) reflects the statistical quality of the data:

𝑅 𝑒𝑥𝑝 = 100 • ( 𝑛 -𝑝 + 𝑐 ∑ 𝑤 𝑖 (𝑦 𝑖,𝑜𝑏𝑠 ) 2 𝑖 ) 1 2 ⁄ (2.14)
Where n is the number of points used in the refinement, p is the number of refined parameters and c is the number of constraints.

Finally, the goodness of the fit is expressed by the reduced chi-square parameter χ:

𝜒 2 = ( 𝑅 𝑤𝑝 𝑅 𝑒𝑥𝑝 ) 2 (2.15)
This statistical parameter should be as close as possible to 1.

The X-ray diffraction patterns were analysed using Rietveld method with the Fullprof Suite software [12].

Transmission electron microscopy

In a transmission electron microscope (TEM), a high energy beam of electrons (from 100 keV to 1 MeV) is shone through a very thin sample (generally < 200 nm), and the interactions between the electrons and the atoms is used to obtain information on structures, defects, interfaces, grain boundaries, etc. with atomic scale resolution [13]. The electrons generated by a field emission gun are focused into a small, thin, coherent beam by the use of the condenser lenses. This beam is restricted by a condenser aperture, which excludes high angle electrons. The beam then strikes the specimen and parts of it is transmitted and focused by the objective lens into a fluorescent screen, creating an image on a couple device camera (CCD). Figure 2.6 shows the column structure of a TEM equipment. Powder metal hydrides were investigated in a 200 kV FEI Tecnai F20 microscope.

The samples were dispersed in dimethyl carbonate, with the purpose of preventing air contamination. A few drops of this solution were placed on a sample-holder made by a carbon grid, and immediately transferred inside the microscope. Once in the TEM, the organic solvent was removed by applying high vacuum.

In the case of MgH2 thin films, their thickness (> 15 μm) did not allow their investigation without a proper preparation. As described in paragraph 2.3, suitable samples for microscope analysis were prepared by means of focused ion beam (FIB). Because of their small size and reactivity under the electron beam, a sample-holder cooled with liquid nitrogen was used for their investigation at 200 kV in a Philips CM200 microscope.

To acquire information about the different structures in the samples techniques such as bright field (BF), dark field (DF), and electron diffraction (ED) were employed, whereas high angle annular dark field (HAADF) was used to map the spatial distribution of the phases.

Focused ion beam

In a focused ion beam (FIB) equipment, a beam of ions is used to shape a sample via sputtering process [14]. The milling action of the ions can be controlled at nanometre precision, removing unwanted material and shaping the substrate as required. It is generally coupled with a scanning electron microscope, which allows a visual control during the preparation. The preparation of lamellas from MgH2 thin films, and the subsequent TEM analysis, were performed by Efi Hadjixenophontos (ITN ECOSTORE fellow) in Stuttgart University (Germany) using a SCIOS-FEI dual beam FIB/SEM equipment.

The main steps of the sample preparation are shown in Figure 2.7. Prior to the cross sectioning, a layer of ~2 μm of platinum was deposited on top of the thin film to protect the area of interest from the Ga-ion beam. Next, the thin film is excavated around the selected area, creating a thin lamella. The width of the lamella, i.e. the thickness through which TEM radiation should pass perpendicularly to the cross section, is less than 100 nm. Finally, the lamella is removed from the thin film and placed in a sample-holder to be stored in a glovebox. 

Scanning electron microscopy

The scanning electrode microscope (SEM) uses a focused beam of high energy electrons (from 0.3 to 30 keV) to create a variety of signals at the surface of a solid specimen [15]. A schematic illustration of these interactions is reported in 

Electrochemical analyses

All the electrochemical measurements were conducted using a Bio-Logic VMP3 multichannel potentiostat. For electrochemical analysis, the reactivity of a working electrode (WE) is studied against a counter electrode (CE) and/or a reference electrode (RE). The working electrode is the electrode in which the reaction of interest is occurring (i.e. the sample studied), whereas the counter electrode is an electrode used to close the current circuit in the electrochemical cell. It is also possible to have a third reference electrode (RE), to control the potential during the measurements. For all the electrochemical experiment in this thesis, the setup used only two electrodes, where the CE and RE are shorted on one electrode while the WE is the opposite electrode.

The different techniques used to investigate the electrochemical properties of the batteries are described in detail in this section.

Galvanostatic cycling

In galvanostatic cycling a constant current is imposed through the electrolytic cell, and the resulting potential between the WE and CE is measured as a function of time [16]. The constant anodic/cathodic current causes the active species in the electrodes to be oxidized/reduced at a constant rate. During cycling, the current switches from cathodic to anodic in order to introduce (discharge) and extract (charge) lithium from the WE. The switch in current can be done at specific time (i.e. changing current direction at set timeintervals) or electrode potential (i.e. when the WE reaches a given potential value). The typical galvanostatic discharge/charge profile is shown in Figure 2.9. The total quantity of electricity per mass available from a fully charged cell (or storable in a fully discharged cell) can be calculated at a specific C-rate from the charge transferred during the discharging (or charging) process in terms of C/g or mAh g -1 .

Cyclic voltammetry

In a cyclic voltammetry experiment, one sweeps the potential of the working electrode with a specific sweep rate (V/s), recording the resulting current as a function of time [17]. For a reversible electrode, a chosen potential range is scanned for both cathodic and anodic currents, in order to detect as peaks the reduction and oxidation reactions. Each peak corresponds to a specific reaction during the reduction and oxidation of the WE. Since the sweep rate is constant and the initial and switching potentials are known, it is possible to convert time to potential, and the usual protocol is to record current vs. applied potential.

The resulting current vs. applied potential graph is called cyclic voltammogram. For an ideal reversible system, a cyclic voltammogram is shown in Figure 2.10 is obtained. 

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful method for the characterization of electrode materials. It is a non-destructive technique that can provide information about the corrosion, absorption/desorption at the electrode surface, catalytic reaction kinetics, charge transfer and diffusion, etc. [18]. For this thesis, EIS has been used

to investigate the resistance of the electrodes, and the ionic conductivity of solid electrolytes. EIS is based on the application of a sinusoidal voltage (or current) to an electrochemical cell. If this perturbation is small enough, the response is a sinusoidal signal with the same frequency (f) of the perturbation, but shifted (ϕ) in phase. The ratio between the perturbation and the answer is a frequency-dependant complex number called impedance (Z). Thus, impedance represents the opposition of a circuit to a current when a voltage is applied.

𝑍 (𝑡) = 𝑉 (𝑡) 𝐼 (𝑡) = 𝑉 0 sin(𝜔𝑡) 𝐼 0 sin(𝜔𝑡 -𝜙) (2.16)
Whereas V0 and I0 are the amplitudes of the perturbation and the response respectively, and ω is the radial frequency (ω = 2𝜋f). Using the Euler's relationship exp(iN) = cosNi sinN (N is a real number, i is an imaginary unit), the previous equation can be written as follow:

𝑍 (𝑡) = 𝑉 0 exp (𝑖𝜔𝑡) 𝐼 0 exp (𝑖𝜔𝑡 -𝜙) = 𝑉 0 𝐼 0 exp(𝑖𝜙) = 𝑍 0 (cos𝜙 -𝑖 sin𝜙) (2.17)
Therefore, the impedance is given by a magnitude, Z0, and the real and imaginary parts of the phase shift.

The measured impedance Z is generally depicted with the real part on the X axis, and the imaginary part on the Y axis of a chart called Nyquist plot. The shape of this graphic depends on the complexity of the cell circuit.

In this thesis, LiBH4 have been studied as solid electrolyte for Li-ion batteries. In a typical test for evaluating the ionic conductivity, the solid electrolyte was pelletized in a die (8 mm diameter) at 200 MPa, and then placed in a Swagelok cell between two Li disks (8 mm diameter). The perturbation current was 0.1 μA, in a frequency range between 0.1

Hz and 1 MHz. The Nyquist plot of a cell with this configuration is schematically illustrated in Figure 2.11. Owing its shape, with a single semicircle, the equivalent circuit of the cell can be written as Cdl//Relectr, where Cdl is the double layer capacitance, and Relectr is the bulk resistance of the electrolyte. 

𝜌 = R 𝑒𝑙𝑒𝑐 𝐴 𝑙 (2.18) σ = 1 𝜌 (2.19)
Where ρ is the ionic resistivity, and l and A are the thickness and the area of the pelletized electrolyte. Because the electric conductivity of LiBH4 is assumed negligible, the value of σ is attributed to the mobility of lithium ions, and so it is called ionic conductivity.

Electrode formulation

For electrochemical analyses, half-cells were assembled testing MgH2 thin films and MgH2+TiH2 nanocomposites against a lithium counter electrode. Thin film electrodes were studied only in liquid electrolyte, while the nanocomposites were tested in both liquid and solid electrolytes.

MgH2 thin film electrode

After the deposition of MgH2, squares of 6.7 cm side were recovered from the sputtering chamber and stored under argon atmosphere (see Figure 2.12). From these squares, electrodes were prepared by cutting the thin film into smaller squares of side 9 mm, which were placed in a Swagelok cell as working electrode. Two Whatman glass fibre filters imbued with liquid electrolyte 1.0 M LiPF6 (in 1:1 dimethyl carbonate : ethylene carbonate) were used as separators, and lithium foil (9 mm disk) as counter electrode. For the purpose of calculating how much active material was present in each electrode, it was assumed a volume of MgH2 of 8.1·10 -5 cm 3 (9 mm x 9 mm x 1 μm) with a density of 1.45 g/cm 3 , hence a mass of active material of 0.12 mg.

MgH2+TiH2 nanocomposite electrode and formulation optimization

Half-cell with liquid electrolyte

Working electrodes were prepared by hand mixing the nanocomposites synthesized by ball milling with Carbon Super P (SP) and carboxymethyl cellulose (CMC) in a weight ratio of 1:1:1. Carbon Super P is added to increase the electric conductivity inside the electrode [19], and CMC is a binder able to accommodate the volume expansion during cycling [20]. The mixture was placed on a nickel foam disk, (9 mm diameter) used as current collector, and pressed at 150 MPa. The effects of these additives are shown in performance is attributed to the poor contacts within the electrode. Pressing the mixture (A.M. + SP) on a nickel current collector increases the contacts between particles, and also provides a better mechanical stability compared to loose powder. As result (blue dots), the electrode is full lithiated during the first discharge (the excess in capacity is due to the formation of SEI and Mg-Li alloy), and the cycle-life slightly increases. Finally, when the binder CMC is added to the mixture (red dots), the electrode achieves a higher capacity, which decreases slower during cycling, stabilizing around 300 mAh g -1 for several cycles.

Half-cells with LiBH4 as solid electrolyte

The work on solid-state cells was done in part at ICMPE and partly at SAFT Co.

(Bordeaux), in collaboration with Dr. Pedro López-Aranguren and Anh Ha Dao (ECOSTORE fellows). At ICMPE MgH2 and TiH2 have been investigated as electrode materials in half-cells, whereas at SAFT MgH2+TiH2 nanocomposites have been studied in both half-cells and complete battery using Li2S as cathode material.

Because the solid electrolyte cannot impregnate into the electrode like a liquid electrolyte, active material and solid electrolyte were mixed together to form the electrode with the purpose of increasing the number of interfaces between these materials.

For MgH2 and TiH2, the electrode mixture was prepared by ball milling the active material with carbon Super P and commercial LiBH4 in a weight ratio of 35:20:45 respectively. This ratio was chosen based on initial results compared to other ratios. In a planetary mill Fritsch Pulverisette 7, electrode mixture were loaded in a vial with 60 stainless steel balls (7 mm diameter) with a balls to powder mass ratio of 60:1. The composite was milled at 200 rpm for a total of 2 hours, in cycles of 30 minutes with a break of 15 minutes. The effect of the ball mill on the electrode activity is shown in Figure 2.14.

Not only the ball milled electrode exhibits a higher quantity of Li stored during the first discharge (1.9 vs. 1.5 Li), but the capacity retention is clearly better than the hand made one. These results undoubtedly demonstrate the importance of the mixing process when using a solid electrolyte. However, the theoretical capacity of 2 Li is not reached yet, so further optimization can be achieved. Prior to all the measurements, the cells were kept at 120 °C for 5 hours to ensure a homogeneous temperature inside the Swagelok.

Complete solid-state metal hydride-sulphur Li-ion battery

To assembly a complete solid-state Li-ion battery it was chosen to use 0.8MgH2+0.2TiH2 composite as negative material, and Li2S as positive material. To 

CHAPTER 3

Magnesium hydride thin film as electrode material 

MgH2 thin films 1.Structural and Electrochemical properties

Magnesium hydride thin films were prepared by reactive plasma-assisted microwave/radio frequency sputtering on copper substrates (see Chapter 2 section 1.2). The X-ray diffraction pattern obtained from the as-prepared thin film is reported in Figure 3.1. This plateau could be related to the reaction of MgH2 with Li, occurring at very low potential because of a high overpotential. Such difference in the potential plateau (0.5 V theoretically vs. 0.02 V experimentally) might be due to a surface barrier, which delays the conversion reaction. This hypothesis is clarified taking a look at the subsequent cycle. In the third cycle, two different plateaus are detected at 0.3 and 0.06 V during the discharge.

The plateau at 0.3 V is related to the conversion reaction of MgH2 with Li, forming Mg and

LiH [6]. The second one at 0.06 V is the Mg alloying reaction with lithium [6,7]. The conversion reaction signal is also found, though at a lower extent, in the subsequent cycle.

The previous result shows that the MgH2 conversion reaction detected in cycles 3 rd and 4 th is preceded by an activation process that operates during the two first cycles. This process is attributed to the reduction of surface contaminants, likely MgO or Mg(OH)2 [8],

that are formed over the thin film during its transfer from the deposition chamber to the glovebox. The thickness of this passivation layer should be small as it was not detected by XRD. To verify the hypothesis of a surface barrier, further experiments about the activation of the thin film have been carried out.

Surface barrier and reproducibility

The fact that the plateau found at 0.02 V is related to the reduction of a surface passivation layer was checked in a second experiment. As displayed in Figure 3.3, a MgH2 thin film was cycled under the same conditions as before but increasing Vcut-off to 0.1 V. It can be clearly seen that the conversion reaction of MgH2 does not occur in this experiment:

the cut-off voltage of 0.1 V is too high to allow the reduction of the passivation layer. Likely, passivation layers formed on MgH2 are not uniform (either in thickness and/or composition) and activation processes are not reproducible. To solve this issue, we prepared new thin films while protecting hydride MgH2 from surface contaminants. This was achieved by depositing a protective layer of aluminium on top of MgH2.

Al-coated MgHthin films 2.1 Structural properties and Electrochemical cycling

Aluminium was chosen as protective layer because it is active towards lithium and exhibits a high electric conductivity [9,10], allowing Li ions to move through the layer reaching the hydride. Because the thin films were exposed to air while transferring from the sputtering chamber to the glovebox, the oxidation of aluminium, forming Al2O3, is expected. However, Al2O3 is not a passivating layer, and it is studied as coating material for Li-ion battery electrodes [11][12][13].

Figure 3.5 shows the XRD pattern of this covered thin film. As for the previous sample, the main diffraction peaks can be indexed with two phases: rutile-type β-MgH2 and copper.

No diffraction peaks related to pure aluminium or aluminium oxide are detected, due either to their low amount or poor crystallinity. Under both cycling conditions, the first discharge curve consists of a sloping voltage profile followed by a flat plateau around 0.3 V. As demonstrated by Liu et al. [12], the initial slope is due to the irreversible lithiation of the surface aluminium oxide, forming a

Li-Al-O glass layer. These authors have attributed to Al2O3 a theoretical capacity around 530 mAh g -1 , since the oxide is 53% Al by mass. Because of the low amount of oxide in each electrode (~4·10 -6 g), its contribution to the final capacity is considered negligible.

Moreover, it should be also noted that no plateau potential related to the lithiation of pure Al, expected around 0.2 V [7], is observed. This likely relates to the fact that the amount of Al is small, and part of it is also oxidized into Al2O3. On the other hand, the plateau observed between 0.5 < x < 2.5 is related to the conversion reaction of MgH2 to Mg and 2LiH. Since x is  2, it can be asserted that the conversion reaction is completed. It is worth noting that the conversion reaction occurs already at the first cycle with no significant overpotential as compared to an activated MgH2 thin film (3 rd cycle in Figure 3.2). The Alcoating is very effective to avoid the formation of surface passivation barriers over MgH2.

For the thin film lithiated down to 5 mV (red line in Figure 3.6), a short plateau appears at  95 mV followed by a sloping potential trace till the cut-off potential. This allows for an additional capacity of x  2 that is attributed to Mg alloying reactions.

During the first charge step, different potential traces are observed depending on the lithiation cut-off voltage Vcut-off. For the film cycled with Vcut-off = 0.1 V (blue line), the potential gradually increases till reaching a sloping plateau that starts at  0.7 V. This sloping plateau is attributed to the reformation of MgH2 from Mg and LiH. The quantity of MgH2 restored is x ~ 0.5, implying a poor reversibility of the conversion reaction in thin films (~25%). For the film cycled down to lower potentials (Vcut-off = 5 mV, red line), the potential trace on charging shows first a gradual increase of the potential followed by a short plateau at 0.2 V. These features are attributed to de-alloying of Mg-Li compounds.

Finally, above 0.2 V, the potential trace is analogous as for the film cycled with Vcut-off = 0.1 V, revealing limited reformation of MgH2.

Structural modifications during the first galvanostatic cycle

With the purpose of studying the structural changes in the MgH2 thin film during LiH formed during the conversion reaction could not be detected by XRD, likely because of its low scattering power.

Microstructural modifications during the first galvanostatic cycle

XRD patterns acquired at different reaction steps within the first galvanostatic cycle have shown the complete conversion of MgH2 to Mg and then, after delithiation, the partial reformation of the hydride (Figure 3.8). Being a light hydride, LiH was not detected by Xray. XRD provides information about the formation and crystal structure of crystalline phases into the thin film electrode, but to study their spatial distribution and therefore to better understand irreversibility phenomena, other characterization techniques are needed.

For this reason, the same thin films analyzed by XRD analysis have been later analyzed by TEM. Lamellas with a thickness of ~80 nm have been cut from the thin films by FIB and the cross sections were observed under the microscope. The Al layer on top of MgH2 is not observed. The SAED electron diffraction rings of the thin film can be indexed with two phases: magnesium and magnesium oxide. Magnesium oxide is formed during the exposition of the thin film to air while transferring it into the microscope. In addition, magnesium is observed instead of magnesium hydride. This can be explained by the fact that MgH2 is not stable in high vacuum, and when illuminated by the electron beam it desorbs hydrogen promoting the nucleation of Mg [14,15].

The evolution of the thin film microstructure at different steps of the lithiation sweep is displayed in Figure 3.10. After the charge process, the thin film is partially recovered back to MgH2, thus its cross section shows zones with different morphology. From the electrode, it was estimated a quantity of Li recovered of 0.5, hence its cross section should be comparable with sample x = 1.25. However, as shown in Figure 3.13, these two electrodes exhibit different cross sections. 

Effect of the Mg alloying on the conversion reaction

It was shown in Figure 3.15a shows the evolution of the reversible capacity with cycling for the two potential ranges. When Mg alloying occurs (red squares), the initial reversible capacity is 1700 mAh g -1 , and then decreases in the subsequent cycles. In contrast, without the alloying reaction (blue circles), the capacity in the first cycle is only 400 mAh g -1 . After five cycles, the capacity with the Mg-Li alloying decreases to 600 mAh g -1 , implying a loss of 65%, while the electrode without the side reaction exhibits a capacity of 200 mAh g -1 , i.e. 50% of the initial one. Not only the capacity decreases with a higher decay in presence of the alloy, but in Figure 3.15b can be also noticed that the extent of the potential plateau of the conversion reaction is shorter compared to the electrode with Vcut-off = 0.1 V. The electrode with the alloying reaction exhibits a higher capacity (600 vs. 200 mAh g -1 ), but the main contribution comes from the Mg-Li reaction (0.7 Li), and 0.1 Li from the conversion reaction. On the other hand, without the alloy, 0.2 Li are stored thanks to the reaction between MgH2 and Li. This suggests that Mg alloying is detrimental for the conversion or reformation of the hydride. Probably, the additional volume expansion caused by the Mg-Li alloying leads to mechanical damage and loss in contacts within the electrode. However, as shown in Figure 3.6, with or without the alloying reaction, the electrode exhibits a poor reversibility already in the first cycle, hence the Mg-Li formation cannot be asserted as one of the main issues for the reformation of MgH2.

Reversibility of the conversion reaction

The cyclic voltammetry of a thin film cycled between 0.1 V (i.e. without Mg alloying) and 1 V is shown in Figure 3.16. In the first cycle, a single cathodic peak related to the reduction of MgH2 is observed at 0.21 V whereas a broad anodic peak attributed to its reformation is detected around 0.7 V. While cycling, both cathodic and anodic peaks shit to potentials closer to the theoretical one, i.e. 0.5 V (dashed line), implying an easier lithiation/delithiation compared to the first cycle. It is worth to notice that the first lithiation reaction exhibits an overpotential around 0.3 V, whereas the delithiation shows 0.2 V, compared to the theoretical potential of the conversion reaction. Moreover, the anodic peak shifts only between the first and second cycle, and then it is stable at 0.6 V. On the other hand, the cathodic peak shifts also in the third cycle, reaching 0.42 V. The fact that the lithiation reaction exhibits, during the first cycles, a higher overpotential compared to the delithiation reaction, might be due to the Al protective layer, which needs to be reduced before letting lithium to penetrate into the film and reacting with MgH2. Furthermore, the lithiation of the hydride implies nucleation and rearrangement of new phases (i.e. Mg and LiH), which require additional energy. For the analysis, because of the complexity of the system (which consists in different solid phases, Cu current collector, liquid electrolyte, etc.), only the overall cell resistance is considered. The pristine thin film exhibits a high impedance (Z), which decreases when lithium is provided within the electrode, implying that the lithiated electrode Mg+LiH has a lower electric resistance than pure MgH2. After the delithiation, MgH2 is partially restored, and so the overall resistance increases. Because of the presence of Mg, the delithiated electrode still exhibits an impedance lower compared to the pristine thin film.

Owing the fact that the lithiation was complete when the cell possessed the highest resistance, the poor reversibility cannot be attributed to the presence of insulating LiH phase, since Mg phase provides a good electronic path (i.e. low resistance).

Magnesium hydride has been deposited on copper foil by means of reactive plasmaassisted microwave/radio frequency sputtering, preparing thin films with a thickness of 1 μm. The as-deposited thin films have been studied as positive electrodes in Li-ion halfcells. Galvanostatic cycling tests have shown that the electrochemical reactivity of the MgH2 thin film strongly depends on its surface state. Indeed, thin films covered with a nanometric layer, 13 nm in thickness, of aluminium do undergo a conversion reaction with lithium during the first discharge, whereas uncovered thin films have a limited reactivity.

Uncovered electrodes needed an activation process previous to the conversion reaction evidencing the presence of a passivation layer on the surface of the electrode. The formation of this layer has been attributed to the oxidation of MgH2 [8] thin films during the handling of the samples outside the sputtering chamber.

Al-coated thin films electrodes showed a complete lithiation during the first discharge, storing 2.5 Li. The excess in capacity has been credited to the reaction of the Al overlayer with lithium forming a Li-Al-O composite [12]. As for the charge sweep, lithium could only be partially extracted (25%) from the film, which evidences a poor reversibility of the conversion reaction. Beside the conversion reaction of MgH2 with lithium, the so formed Mg undergoes an alloying reaction with lithium when the potential decreases below 0.1 V vs. Li + /Li. This reaction can provide additional capacity during cycling, but its occurrence has revealed to slightly hinder the conversion reaction. 

The objective of this chapter is to investigate the electrochemical properties of several MgH2+TiH2 composites used as active materials in lithium-ion cells. These are dihydride compounds with well-known structural and chemical properties and high theoretical capacity: 2036 and 1074 mAh g -1 for MgH2 and TiH2, respectively. Moreover, synergetic effects between them are expected as reported in the literature for hydrogen storage applications [1][2][3], which could enhance the electrochemical activity as compared to single hydride (MgH2 or TiH2) electrodes. The composites have been synthesized by reactive ball milling (RBM), and their structural properties investigated by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Galvanostatic and cyclic voltammetry tests have been carried out in different potential windows in order to evaluate the electrochemical properties of the composites as a function of their composition, as well as the contribution of each hydride as electrode material.

Synthesis of MgH2+TiH2 nanocomposites 1.Hydrogenation during RBM

The synthesis of MgH2+TiH2 composites was achieved by reactive ball milling (RBM) under hydrogen atmosphere as described in Chapter 2, section 1.1. Thanks to the monitoring system, it was possible to recorder the evolution of pressure and temperature into the vial as a function of time during the milling process. A typical pressure/temperature evolution recorded during the formation of one MgH2+TiH2 composite is shown in Figure 4.1. The milling was carried out in two cycles of 120 minutes with 120 minutes rest in between for cooling down the vial. At the beginning of the process, the temperature increases because of the frictions and collisions of the stainless-steel balls with the walls of the jar. This leads also to an increase of the pressure due to thermal gas expansion. After that, the pressure drops because hydrogen is absorbed during the formation of the hydride phases. When the hydrogenation is completed, a pressure plateau is observed. At the end of the first milling cycle, both pressure and temperature decrease to equilibrium values at ambient conditions during the rest time. The second cycle does not show any additional hydrogen absorption, being the change in pressure due to thermal variations induced by milling and resting. Thus, the second cycle can be used to calibrate the gas temperature that differs from the measured vial temperature. In this way, it is possible to calculate accurately the hydrogen uptake corresponding to the pressure change observed during the first cycle [4]. The overall hydrogen uptake during the composite formation varies between 1.96 and 2.0 H/f.u.. This confirms the full hydrogenation of both Ti and Mg. The faster absorption kinetics of the Ti-rich composites compared to the Mg-rich is remarkable.

Indeed, the hydrogenation of sample 0.2MgH2+0.8TiH2 (i.e. y = 0.2) is completed in less than 50 minutes, whereas that of composite 0.8MgH2+0.2TiH2 (i.e. y = 0.8) takes almost 80 minutes.

For the Ti-rich composite y = 0.2, the main phase is identified as tetragonal ε-TiH2.

In addition, -Fe is observed as a minor secondary phase. Its presence is attributed to the highly abrasive properties of titanium hydride, which continuously scratches the walls of the jar during milling. For this composite, MgH2 phase contribution is not detected likely due its low amount, poor crystallinity and low scattering power of Mg compared to Ti. For the equimolar mixture y = 0.5, the XRD pattern can be indexed with two phases: ε-TiH2 and the tetragonal rutile-type β-MgH2. Here, -Fe is not detected revealing lower iron contamination due to reduced abrasion by the milled material on increasing the MgH2 amount. Besides the two previous hydride phases, orthorhombic γ-MgH2 is detected for Mg-rich composites y = 0.6, 0.7 and 0.8. γ-MgH2 is a metastable polymorph of magnesium hydride commonly found in ball-milled magnesium hydride, which formation is stabilized by mechanical strain [8].

The average crystallite size (D) of the different phases calculated from the Scherrer equation is comprised between 3 nm and 11 nm. Moreover, it should be noticed that all composites contained only MgH2 and TiH2 pure hydrides with no occurrence of ternary Mg-Ti-H phases. Therefore, all milled materials can be denoted as MgH2+TiH2 nanocomposites. Nanostructuration is a significant feature of these composites. As described in Chapter 1 section 3, metal hydrides as electrode materials suffer from sluggish kinetics at room temperature, but the reactivity can be enhanced by nanostructuration, providing a high surface area and short diffusion paths for the reactants.

Phase distribution

With the purpose of getting information about the spatial distribution of the hydride phases within the nanocomposites, HAADF TEM was used for the as-milled Ti-rich (y = 0.2), equimolar (y = 0.5), and Mg-rich (y = 0.8) composites. The images are displayed in During the lithiation of MgH2 electrode, a shoulder, related to the irreversible decomposition of the liquid electrolyte on the surface of the conductive carbon forming the solid electrolyte interface (SEI) [9,10], is noticed around 0.8 V. Afterwards, a plateau for the conversion reaction of MgH2 with Li is found at 0.33 V. When further lithium is provided (red line), the alloying reaction between the freshly formed Mg and Li occurs [11][12][13]. Like for the MgH2 thin film (Chapter 3, section 2), this reaction occurs below 0.1

V, and exhibits a first slope, followed by a plateau around 0.08 V, and then a finial slope down to Vcut-off. When the discharge is interrupted at 0.15 V (blue line), the quantity of lithium stored into the electrode (x, Li equivalents) is 1.8 Li, implying a not complete conversion of MgH2. On the other hand, because of the contribution of Mg-Li alloying, 3.1

Li are stored when the electrode is cycled down to 5 mV, suggesting a complete lithiation

(x > 2).
On delithiation, Mg is recovered from the alloy below 0.2 V, and for both electrodes, the reformation of MgH2 is found as a plateau at 0.6 V. At the end of the charge, 0.44 Li and 0.95 Li are extracted for Vcut-off = 0.15 V and 5 mV, implying a reversibility within the first cycle of 25% and 31% respectively. However, it is worth to notice that the extent of the plateau related to the restoring of the hydride is longer for the half-cell with previous assertions on MgH2 thin film, i.e. the occurring of the Mg-Li alloying reaction slightly decreases the reformation of MgH2 during cycling. On lithiation, after the SEI formation at 0.8 V, a slope followed by a pseudo-plateau are observed for a TiH2 electrode. As demonstrated by Oumellal et al. [14], the conversion reaction of TiH2 cannot be explained as a single-step reaction. Indeed, the slope in the range 0.5 -0.2 V is attributed to the formation of δ-TiH2-x cubic solid solution. Pursuing the lithiation, δ-TiH2-x is completely dehydrogenated during the pseudo-plateau, achieving a quantity of lithium stored into the electrode of 2.75 Li.

During the charge, no plateau reaction is observed, implying that the reformation of the hydride from Ti and LiH did not occur, leading to a complete irreversibility of the conversion reaction.

Galvanostatic cycling of MgH2+TiH2 nanocomposites

First discharge/charge cycle

The potential vs. composition profiles of the nanocomposites on lithiation However, the overall capacity increases with Mg-content in the composites due to the growing contribution of the Mg-Li alloy reaction.

On delithiation, contrary to the discharge sweep, the potential profiles strongly depend on the composition of the nanocomposites. For the Ti-rich composite (y = 0.2) no clear plateau is noticeable during the charge process, leading to a limited amount of lithium recovery (x < 0.5 Li). Higher reversibility is obtained for the other composites, especially for the Mg-rich y = 0. The derivate plots on delithiation (Figure 4.8b) deserve much more interest. For Tirich composite y = 0.2, no peak potentials are observed during the process, suggesting that the reformation of both MgH2 and TiH2 did not occur. For the equimolar composite y = 0.5, a unique peak is detected at 0.33 V, related to the restoring of the TiH2 phase, while no signature of MgH2 phase is observed. For the Mg-rich composite y = 0.8 two peaks are detected at 0.27 V and 0.61 V. They are attributed to the reformation of TiH2 and MgH2

phases respectively. For Mg-rich composites, the area of the anodic peak corresponding to TiH2 reformation is larger than that of MgH2, even though TiH2 molar amount in the composite is lower than that of MgH2 one. This fact demonstrates that the reversibility of the conversion reaction is better for TiH2 than MgH2 for Mg-rich composites.

Reversibility of the conversion reaction for MgH2 and TiH2 phases

In order to study the reversibility of each phase in the composite, and how each conversion reaction affects that of the other phases, electrochemical cycling within selected potential windows has been carried out. By this way, we could identify under which cycling conditions and for which electrode composition the best performances are found.

Cycling of MgH2 phase

Magnesium hydride is reduced by Li ions during half-cell discharge at a potential around 0.3 V. Next, during the charge, its reformation from Mg and LiH is observed around 0.6 V. On the other hand, lithiation of titanium hydride occurs around 0.1 V, and its reformation around 0.3 V. Thus, to study the reversibility of MgH2 conversion alone, galvanostatic cycling has been restrained to a potential window between 0.17 and 1 V. As the TiH2 conversion reaction is avoided, the calculated capacity during cycling refers to the MgH2 conversion reaction alone. The capacities provided during the first two cycles are reported in Table 4.2. After the complete lithiation of the electrodes, the reformation of MgH2 has been clearly observed only in Mg-rich composites y ≥ 0.6 (Figure 4.8b). The MgH2 conversion reaction is still irreversible in Ti-rich composite y = 0.2 even when the conversion reaction of TiH2 is avoided by limiting the potential to Vcut-off = 0.17 V. In contrast, for the composite y = 0.5, the signal from the reformation of MgH2 is detected by cycling in the constrained potential window (Figure 4.9).

The best reversibility for MgH2 conversion reaction is obtained for electrode y = 0.7, where 51% of the hydride is reformed during the first charge. In the subsequent cycle, the MgH2-rich electrodes (y = 0.6, 0.7 and 0.8) exhibit a capacity retention of ~ 80% compared to the first cycle. (only MgH2 reaction) and in blue between 0.1 -1 V (both hydrides reaction).

Cycling of TiH2 phase

For the investigation of the reversibility of the TiH2 phase, a potential window between 0.1 and 0.45 V has been chosen. By this way, both the reformation of MgH2 and the Mg-Li alloy reaction are avoided. One should note however that on the first discharge from 1.0 to 0.1 V, the lithiation reaction of MgH2 into Mg and LiH takes place.

Consequently, the two latter phases coexist during the TiH2 conversion reaction. The capacities obtained during the first cycles are displayed in Table 4.3. For the Ti-rich composite (y = 0.2), the restoring of the TiH2 phase is not observed after the lithiation of the electrode. In the equimolar composite, 50% of TiH2 is recovered in the first charge. Better performances are achieved in Mg-rich electrodes, especially for y = 0.7, with a reversibility of 94% as compared to the calculated capacity of TiH2 counterpart. Moreover, Mg-rich composites (y = 0.6, 0.7 and 0.8) have a capacity retention in the second cycle above 90% of the first one.

Effect of Mg alloying on the cycling of MgH2+TiH2 composites

The alloying reaction between Mg, formed by the reduction of MgH2, and Li provides additional capacity, but it also causes additional volume expansion. Moreover, if the reversibility of the alloying reaction is low, the retained Mg-Li alloy may not undergo the conversion reaction into MgH2 and Li during the oxidation sweep. With the purpose of investigating the effect of Mg alloying on the cycle-life of the electrode, the conversion reaction has been studied in two different potential windows: 0.005 -1 V (with alloying reaction) and 0.1 -1 V (without alloying reaction). Reversible capacities in both cases are gathered in Table 4.4 for all the studied composites.

From the comparison of the electrodes studied in different potential windows is possible to notice that a higher charge capacity is obtained during the first delithiation for the composites cycled down to Vcut-off = 5 mV. This is due to the formation of the Mg-Li alloy, which is able to store additional lithium during the discharge of the electrodes. However, in the subsequent cycle, the electrodes cycled without the alloying reaction show a better capacity retention. Except for the equimolar composite y = 0.5, which exhibits a capacity retention around 40% in both potential windows, all the Mg-rich electrodes y ≥ 0.6 display a retention at least 10% higher when the Mg-Li alloy is avoided (i.e. for Vcut-off = 0.1 V).

These results are in agreement with both the MgH2 thin film and the pure MgH2

experiments, where we asserted that the formation of the Mg-Li alloy limits the reversibility of the conversion reaction.

Detailed electrochemical study of 0.7MgH2+0.3TiH2 composite

Electrodes prepared with composite y = 0.7 have shown the best capacity retention among all the composites. For this reason, it has been chosen for further electrochemical characterization. The electrochemical capacity and cycle-life have been investigated by galvanostatic cycling and cyclic voltammetry.

Reversibility of the overall conversion reaction

The reversibility of redox reactions for composite y = 0. For cathodic currents, the first sweep shows the irreversible formation of the SEI, followed by the peaks of MgH2 and TiH2 lithiation. The overlapping of these peaks is less pronounced in the subsequent cycles, for which the reaction of MgH2 shifts to 0.36 V, while TiH2 remains at 0.11 V. As for anodic currents, two oxidation peaks are found at 0.30 and 0.62 V, corresponding to the reformation of TiH2 and MgH2 from LiH and metallic Ti and Mg, respectively. It is worth to notice that the area of the oxidation peak related to the MgH2 reformation is smaller than that corresponding to TiH2 restoring, even if the MgH2 molar amount in the composite is higher. This suggests a better reversibility of the conversion reaction for TiH2 as compared to MgH2. Indeed, the reversibility of MgH2 has been evaluated to ~ 40%, whereas that of TiH2 is  90%. Interestingly, the reversibility of MgH2 and TiH2 achieved when cycled alone in a narrow potential window (Table 4.2 and 4.3, respectively) were higher, suggesting a lower capacity retention when both hydrides undergo the conversion reaction.

During the subsequent cycles, the intensities of the cathodic and anodic peaks related to the conversion reaction of both hydrides gradually decrease, especially for MgH2. Figure 4.10b shows that the charge capacity in the first cycle is ~ 55 % of the calculated value for y = 0.7, and then it slowly decreases. Indeed, 700 mAh g -1 are lost within the first cycle, whereas an average of 140 mAh g -1 are lost in the others, showing that the largest part of capacity is lost in the first discharge/charge cycle.

Reversibility and cycle-life of MgH2 conversion reaction

Figure 4.11a shows the cyclic voltammetry of composite y = 0.7 in the potential range 0.17 -1.0 V (i.e. the TiH2 conversion reaction is avoided). During the first sweep from higher to lower potentials, after the formation of the SEI at 0.8 V, a single cathodic peak due to the conversion reaction of MgH2 into Mg and LiH is found at 0.25 V. The anodic peak for the reverse reaction during delithiation is detected at 0.65 V. Note that the area of the anodic peak is much smaller compared to the cathodic one. This indicates an irreversible capacity loss of 535 mAh g -1 (i.e. only 51% of MgH2 is reformed) in the first cycle. Afterwards, the cathodic peak shifts to 0.35 V, suggesting an easier lithiation of MgH2 in the subsequent cycles. The anodic peak does not shift significantly during cycling.

Compared with the first cycle, the area of both cathodic and anodic peaks decreases slower in the subsequent cycles. The reversible capacity at each cycle is displayed in Figure 4.11b.

After the large loss in the first cycle, the capacity decreases with an average of 75 mAh g -1 per cycle. 

Reversibility and cycle-life of TiH2 conversion reaction

Analogous studies were performed in the 0.1 -0.45 V potential window to exclusively study the reversibility of the TiH2 conversion reaction. Cyclic voltammetry results after the first discharge of the electrode down to 0.1 V, in which both hydrides are reduced to lithium hydride and their respective metal elements, are displayed in Figure 4.12a. For anodic currents, a single peak at 0.3 V for the reformation of TiH2 is observed, while for cathodic currents, a peak at 0.11 V is found. During cycling, the intensity of both peaks gradually decreases, implying a rather good reversibility of the conversion reaction.

The capacity provided by the electrode during cycling is displayed in Figure 4.12b. The initial reversible capacity is evaluated at 467 mAh g -1 , which, assuming the full lithiation of TiH2 (495 mAh g -1 ) during the discharge, represents a reversibility of 94%. After ten cycles, the capacity slowly decreases to 315 mAh g -1 , indicating an average capacity loss per cycle of 18 mAh g -1 , i.e. at each cycle 3.6% of the capacity is lost. [16], solubility of each metal to another is less than 2 atomic%, and intermetallic compounds are not found. Successful preparations of Mg-Ti alloy have been reported by using electron beam deposition [17], or extreme milling of metal powders under argon atmosphere [18]. Ternary Mg-Ti-H compounds are not formed by simply mixing MgH2

and TiH2 together, they require more energetic techniques as shown by Kyoi et al. [19],

which synthesized a ternary Mg-Ti-hydride by means of a high-pressure anvil at high

In the equimolar composite (y = 0.5), TiH2 is recovered during the first charge, but the signal of the reformation of MgH2 is not detected (Figure 4.8b). One may hypothesise that the restoring of TiH2 may hamper the subsequent restoring of MgH2. Indeed, the brittleness and high volume change associated to the conversion reaction of TiH2 can induce loss of electronic contact within the electrode. This hypothesis is supported by the fact that the signal of MgH2 reformation during the delithiation is clearly detected when the conversion reaction of TiH2 is excluded selecting an appropriate potential window (i.e. cycling between 0.17 -1 V, Figure 4.9).

A better overall reversibility has been obtained in Mg-rich electrodes (y ≥ 0.6), especially in composite 0.7. Here, both hydrides are reformed during the charge, with TiH2 exhibiting a higher reversibility compared to MgH2 within the first cycle, 90% vs. 40% respectively. Interestingly, the conversion reaction of TiH2, which was not reversible when the hydride is the only [14] or major phase (y = 0.2), shows a high reversibility in Mg-rich electrodes.

Reversibility of each hydride phase

In view of the better performance of the composite y = 0.7, it was chosen for further investigations. Studies in different potential windows have been carried out with the purpose of evaluating the contribution of each phase, their reversibility, and the influence of the Mg alloying reaction at low potentials.

Influence of TiH2 on the reversibility of MgH2 conversion reaction

Galvanostatic cycling in the range 0.17 -1 V (i.e. for MgH2 conversion reaction, are in good agreement with the experiments reported in literature. Indeed, Huang et al. [23] investigated the electrochemical properties of 0.7MgH2+0.3TiH2 mixture at different Crates, showing that lower polarization and better reversibility are obtained for the composite in comparison with pure MgH2. The authors attributed the better electrochemical properties of the composite to its higher electronic conductivity and faster hydrogen transport due to the presence of TiH2 [15,24].

Enhanced reversibility of TiH2 phase in a Mg-rich electrode

As illustrated in Figure 4.15, the highest reversibility is obtained cycling the minor phase (i.e. TiH2) in composite y = 0.7. Indeed, while cycling both hydrides (black squares), or MgH2 alone (red circles), less than 60% of the capacity is recovered in the first cycle, and quickly it drops below 30%. On the other hand, TiH2 alone (blue triangles) exhibits more than 90% of its capacity during the first cycle, and slowly decreases losing an average of 3.6% per cycle. It is worth to notice that TiH2 undergoes the conversion reaction while embedded within a two-phase Mg+LiH matrix. Therefore, the improvement in cycle-life is assigned to manifold factors, namely:

i)

The presence of major Mg metallic phase, which enhances the electrical conductivity of the electrode;

ii)

The presence of major LiH phase, which creates a high density of Ti/LiH interfaces that facilitate the restoring of TiH2 upon delithiation;

iii)

The embedding of a minor amount of active material (0.3TiH2) in a buffering matrix (Mg+LiH) that accommodate the volume changes induced by the conversion reaction;

With the purpose of understanding which of these factors plays a major role for the reversibility, we synthesized a composite material that consist of TiH2 embedded in a Mg metallic matrix. For this experiment, the composite 0.8MgH2+0.2TiH2 was heated at 180 °C under dynamic vacuum (10 -3 mbar). Such a moderate temperature was selected to get hydrogen desorption exclusively from MgH2 phase while limiting Mg crystal growth. The residual pressure was monitored over time to determine the dehydrogenation completion. dehydrogenation are shown in Table 4.5. After dehydrogenation, the pattern shows mainly Mg (60%) and ε-TiH2 (37%). Trace of β-MgH2 is still found (3%). The main difference found in the crystallographic data is the increase of the average crystallite size (D) after the treatment at 180 °C to remove hydrogen from the MgH2 phase. Indeed, TiH2 grows from 11 to 21 nm, and the freshly formed Mg exhibits an average of 35 nm. provides a higher capacity than 0.8Mg+0.2TiH2, implying a better reactivity of TiH2 in the two-hydride composite.

To understand why such a difference in the reversibility, we looked at the electrode compositions. A schematic illustration is given in Figure 4.17. In the case of the dehydrogenated sample, TiH2 is surrounded by a Mg matrix during the conversion reaction.

On the other hand, for the two-hydride composite, the conversion reaction of TiH2 occurs in a matrix of Mg+LiH as result of the initial lithiation of the MgH2 phase. Therefore, the quantity of LiH within the electrode for the restoring of the TiH2 phase is much higher for the original 0.8MgH2+0.2TiH2 composite than for the dehydrogenated 0.8Mg+0.2TiH2

one. The conversion reaction might occur where the active phases and electrons meet (green dots called Triple points in Figure 4.17), enable the exchange of material. In the twohydride composite the density of Ti/LiH interfaces in contact with Mg (which conducts the electrons) are higher than for the dehydrogenated composite, hence 0.8MgH2+0.2TiH2 electrode exhibits a higher reversibility. This experiment demonstrates that the main factor that enhanced the reversibility of the TiH2 phase in a Mg-rich composite is the high density of the interfaces that enable the reformation of the hydride. is the de-alloying reaction, and at 0.30 V the reformation of TiH2. Interestingly, the extent of this latter reaction is longer in the composite cycled without the alloying, i.e. there is a higher reversibility of the TiH2 conversion reaction when the Mg-Li alloying is avoided.

At higher potential, no plateau related to the MgH2 reformation is detected for the electrode undergoing the alloying reaction. Since the Mg de-alloying reaction is still found around 0.20 V, the difficulty to restore MgH2 cannot be attributed to isolation of Mg domains, nor persistence of large Mg-Li phases. Likely, the additional volume expansion due to the alloy reaction leads to loss in contacts and separation between Mg and LiH phases, preventing the conversion reaction. This hypothesis concurs, as illustrated in Figure 4.19, with the capacity fade of this electrode undergoing the alloy reaction during cycling. The electrode undergoing Mg alloying shows a higher charge capacity thanks to the contribution of the de-alloying reaction. However, this electrode loses an average of 33% of the capacity in each cycle, whereas the electrode without the alloy loses 22% per cycle. Indeed, after three cycles this latter electrode delivers a higher charge capacity thanks to a better reversibility of both conversion reactions when the alloying reaction is avoided. In this respect, the main results can be shortened as follow:

▪ The composites contain two hydrides MgH2 and TiH2. For composite y = 0.2, MgH2 is not found because of its low quantity and poor scattering power of Mg and H elements. However, its presence is detected by HAADF TEM. For the MgH2-rich composite y ≥ 0.6, also the metastable phase γ-MgH2 is found. No ternary compound is formed during ball milling. The average crystallite sizes ranges between 3 nm to 11 nm and therefore the hydride mixtures are well designed as nanocomposites;

▪ The nano-structure of the composites is confirmed by TEM analysis, which also

shows that for all the composition intimate mixtures of MgH2 and TiH2 are formed;

These nanocomposites have been tested as anode active materials for Li-ion batteries at RT. The electrochemical activity of the electrodes, as well as the contribution of each single phase during cycling, has been investigated by galvanostatic and cyclic voltammetry measurements. The properties shown by the electrodes can be summarized as follow:

▪ All the composites can be fully lithiated during the first discharge. This is facilitated by their nanostructure, which creates a high density of grain boundaries and allows for short diffusion paths for the mobility of lithium. The reaction potentials of the hydrides with Li are detected at 0.35 V and 0.1 V for MgH2 and TiH2 respectively. Below 0.1 V the alloying reaction between Mg and Li occurs;

▪ The reversibility of the delithiation reaction and so of the hydrides restoration strongly depends on the composition of the electrode. For the Ti-rich composite y = 0.2, the reformation of any of both hydrides is not detected. For the equimolar mixture y = 0.5, only TiH2 is partially recovered, whereas no signal due to the reformation of MgH2 is found. Finally, for Mg-rich electrodes, y ≥ 0.6, both hydrides are restored, with better reversibility for the TiH2 phase;

▪ The best results have been achieved with the composite y = 0.7, whereas a reversibility of 56% is achieved during the first cycle. Interestingly, the reversibility of the conversion reactions is better when the cycling potentials are limited to a single hydride phase. This could be attributed to a lower volume expansion during cycling;

▪ The presence of TiH2 has shown pros and cons on the reversibility of MgH2 conversion reaction. For high quantity, y = 0.2, the conversion reaction of both hydrides is irreversible in each potential window investigated. For composite y = 0.5, the reformation of MgH2 is not detected when TiH2 undergoes also the conversion reaction. For Mg-rich composites y ≥ 0.6, the restoring of both hydrides during the charge is found, but the reversibility of MgH2 increases when cycled alone in the range 0.17 -1 V. These results suggest that the presence of TiH2 can increase both the electric conductivity and the diffusion of H atoms into the electrode, but on the other hand, its conversion reaction limits the cyclability of MgH2. Probably, this is due to the brittleness and volume expansion (~130%) of TiH2 phase;

▪ Mg+LiH strongly enhance the reversibility of TiH2. It is reported in literature

[ 14 ] that the conversion reaction of TiH2 is irreversible after the first lithiation.

Here, for y = 0.5, this hydride is partially reformed, and its reversibility increases with the quantity of MgH2;

▪ Cycling TiH2 in a restricted potential window (0.1 -0.45 V) highly increases the reversibility and cycle-life of this phase [25]. Under these conditions, this hydride has shown a reversibility above 90%, with a capacity that slowly decreases with a rate of 3.6% per cycle. This enhancement has been credited to the surrounding Mg+LiH matrix, which guarantees a high density of Ti/LiH interfaces, a good electronic conductivity through the Mg metallic phase, and the accommodation of volume changes within the electrode. This novel strategy for improving the reversibility of metal hydrides as negative electrodes for Liion batteries opens new avenues for future research in this field;

reduces the extent of the conversion reaction of the hydrides, especially MgH2.

The alloy reaction has shown to be reversible, hence the extraction of Mg from the alloy is not the main cause of this fade. Likely, the additional volume change causes by this reaction leads to phase segregation and loss of contacts between particles;

All solid-state Li-ion batteries are also good candidates for future energy storage applications to overcome safety issues, such as dendrites growth and liquid electrolyte decomposition or leaking. However, to achieve discharge/charge cycling with good kinetics, electrolytes with an ionic conductivity in the order of 10 -3 S cm -1 under operating conditions are required.

In the past years, several kinds of solid electrolytes for Li-ion batteries have been investigated [1][2][3][4][5][6][7][8][9][10]. In this thesis, we studied the electrochemical behaviour of solid-state cells using LiBH4 as solid electrolyte. LiBH4 has shown to possess a high ionic conductivity around 120 °C [11][12][13], and also to enhance the mobility of H -in MgH2 for hydrogen storage applications [14][15][16]. For these reasons, LiBH4 is a promising material to be used in a metal hydride solid-state battery.

In this chapter, the structural and conductivity properties of LiBH4 are investigated by X-ray diffraction (XRD) and electrochemical impedance spectroscopy (EIS). Half-cells with LiBH4 as solid electrolyte are prepared to study the performance of MgH2, TiH2 and yMgH2+(1-y)TiH2 nanocomposites as electrode materials during galvanostatic cycling.

Furthermore, a complete solid-state battery is assembled using composite 0.8MgH2- From 80 °C to 110 °C, bulk LiBH4 shows a conductivity below 10 -6 S cm -1 , preventing any practical application. However, above 110 °C a discontinuous jump is observed, leading to a conductivity of 10 -3 S cm -1 at 120 °C. At higher temperatures, the conductivity gradually increases. These results are in agreement with the work of Matsuo et al., which have demonstrated that this conductivity is actually due to the Li ionic motion [11], hence we can refer to it as ionic conductivity. This increase in the ionic conductivity is due to a first order phase transition which LiBH4 undergoes at high temperature. As shown in Consequently, one of the four nearest (BH4) -is shifted away from Li + , and the other three are shifted towards it [17]. The high mobility of Li ions in the HT phase has been attributed

to the fact that both Li + and (BH4) -line up along the a and b axes, allowing the migrations of Li ions along the a and c directions [12].

While cooling, LiBH4 comes back to the orthorhombic structure, providing an exothermic peak around 102 °C. 

Cycling of pure MgH2 electrode

Electrodes based on MgH2 have been cycled in a potential window between 0.2 V and 1 V, in order to avoid both the Mg-Li alloying reaction that occurs below 0.1 V, and the reaction between MgH2 and LiBH4 above 1 V [19]. The initial slope, up to x = 0.15 during the discharge has been attributed to the formation of a SEI. As reported by Unemoto et al. [20], during the first discharge LiBH4 decomposes on the surface of the electrode forming a stable new phase, which likely includes Li2B12H12. After the slope, a well-defined plateau is found at 0.45 V attributed to the reaction of MgH2 with Li. The content of lithium store during the discharge is 1.7 (i.e. 1730 mAh g -1 ), hence the lithiation is not complete. During the delithiation, the extraction of lithium is observed at 0.57 V, recovering almost 1 Li, therefore the electrode exhibits a reversibility of 56%.

In the subsequent cycles the capacity decreases with a smaller decay compared to the first cycles. As reported in Table 5.1, because the loss in capacity is smaller after the first cycle, the Coulombic efficiency increases for the second and third cycles. 

Cycling of pure TiH2 electrode

The potential vs. composition profiles of TiH2 electrode in a solid-state half-cell during galvanostatic cycling at 120 °C, in a potential window 5mV to 1 V, are shown in A shoulder is found around 0.7 V, which can be associated to the decomposition of LiBH4 forming the SEI. Next, a slope is noticed between 0.3 V and 0.16 V, followed by a plateau around 0.15 V. Previous work on TiH2 as electrode material in Li-ion batteries [21] has

shown that a single-step reaction cannot be used to describe the conversion reaction of this hydride. Indeed, the slope is attributed to the formation of δ-TiH2-x solid solution, which subsequently is dehydrogenated during the plateau, reaching the complete conversion to Ti and LiH. At the end of the first discharge, 1.9 Li are stored into the electrode, achieving a capacity of 1000 mAh g -1 . On delithiation, 71% of the lithium is extracted (1.3 Li) during the oxidation at 0.3 V.

As summarized in Table 5.2, after a decrease in capacity in the second cycle (770 mAh g -1 on lithiation), the electrode exhibits a high Coulombic efficiency above 90% in the subsequent cycles. Discharge capacity (mAh g -1 ) 1000 770 740

Charge capacity (mAh g -1 ) 720 700 690

It is worth to notice that TiH2, whose conversion reaction was irreversible at room temperature using a classical liquid electrolyte, here shows good reversibility at 120 °C using LiBH4 as solid electrolyte. Moreover, the reversibility and Coulombic efficiency during cycling are better than for MgH2 electrode (Figure 5.4).

Cycling of MgH2+TiH2 nanocomposites

yMgH2+(1-y)TiH2 nanocomposites, with molar ratio y = 0.2, 0.5, 0.6, 0.7 and 0.8, have been investigated as active materials in solid-state half-cells. Galvanostatic cycling has been performed in the potential window 0.1 -1 V in order to avoid the alloying reaction between Mg and Li at potentials lower than 0.1 V. Figure 5.6 shows the first discharge/charge cycle for all the composites at a kinetics regime of C/50. Interestingly, the molar ratio of the composites seems to affect the plateau potential value of the hydrides. Indeed, the conversion reaction of MgH2 occurs at higher potential in Mg-rich composites y ≥ 0.6 (~ 0.5 V) compared to y = 0.2 and 0.5 (~ 0.3 V and ~ 0.4 V, respectively). On the other hand, the conversion reaction of TiH2 occurs at higher potential in Ti-rich composite y = 0.2 (~ 0.2 V) compared to Mg-rich electrodes (~ 0.17 V for y = 0.5, and ~ 0.16 V for y ≥ 0.6). These results suggest that the conversion reaction of a hydride possesses a smaller overpotential when it is the most abundant phase in the electrode.

On delithiation, the reformation of TiH2 from Ti and LiH is around 0.24 V for all composites except for the Ti-richest one (y = 0.2) whose plateau is slightly higher (0.30 V).

Then, the restoring of MgH2 is found at 0.56 V. The shoulder noticed at 0.7 -0.8 V is also found by other authors working with MgH2 and TiH2 in cells containing LiBH4 as solid electrolyte [22,23], but the nature of this signal is still unclear. However, its extension seems not to depend on the molar ratio of the composites.

Different amounts of Li are extracted from the electrodes during the first charge.

The performances achieved during cycling are reported in Table 5.3 below. Composite y = 0.2 loses 32% of its calculated capacity during the first delithiation, but in the subsequent cycles exhibits a stable capacity around 800 mAh g -1 , achieving the highest reversibility among all the composites. Electrodes y = 0.6 and 0.7 show a complete delithiation recovering 2 Li during the first charge, however their capacity decreases while cycling. It is worth to notice that the capacity lost within ten cycles increases with the amount of MgH2 into the composite. Indeed, although Mg-rich electrode y = 0.8 shows a good reversibility, it has lost the larger capacity during cycling (918 mAh g -1 ). On the other hand, Ti-rich electrode y = 0.2 exhibits the smaller loss (365 mAh g -1 ). Previously, it was shown that the cycle-life of pure TiH2 was better than pure MgH2 electrode (Figure 5.5 vs. 5.4, respectively). This could explain the good capacity retention of composite y = 0.2 compared to y = 0.8. It is also worth to notice that composite y = 0.7 shows the smaller capacity loss (548 mAh g -1 ) among the Mg-rich composites, delivering more than 1000 mAh g -1 after ten cycles (reversibility 66%). The performance of this composite was highlighted also with liquid electrolyte (Chapter 4 section 3.3), suggesting that even at high temperature the molar ratio between the hydrides plays a relevant role in the electrochemical activity of the cell.

Solid-state metal hydride-sulphur Li-ion battery

MgH2+TiH2 composites have shown good electrochemical performance while cycled at high temperature with LiBH4 as solid electrolyte, suggesting a possible application in solid batteries in the next future. However, to accomplish their implementation in a full cell it is necessary to find suitable lithium-based positive materials with similar capacities and chemical compatibility with the solid electrolyte. Promising results have been achieved by Unemoto et al. [24] using sulphur as active material in a solid-state half-cell with LiBH4 as electrolyte. Theoretically, sulphur can be lithiated up to Li2S, providing a capacity of 1672 mAh g -1 at a potential around 2.2 V vs. Li+/Li. Thanks to its high capacity and working potential, sulphur might be coupled with a MgH2+TiH2 composite with the purpose of assembling a complete solid-state battery.

For this work, 0.8MgH2+0.2TiH2 was chosen as negative material, and Li2S was prepared in situ and used as positive material. As described in Chapter 2 section 4. The profile of the sulphur half-cell displays a plateau around 2.2 V, reaching a capacity of 920 mAh g -1 , implying a lithiation of 55% of sulphur. The results are in agreement with Unemoto et al. [24], which obtained similar profile and capacity. Once lithiated, the working electrode was recovered from the cell.

To assemble the complete solid-state battery, the positive material was added in ~ 30% molar excess to compensate the lower capacity of partially lithiated Li2S compared to 0.8MgH2+0.2TiH2. Galvanostatic cycling was carried out in a potential window between 0.8 V and 2.5 V at 120 °C, with C/50. Figure 5.8 shows the first five cycles, and the overall redox reaction.

(5.1) V.

The initial charging process (i.e. lithium from the positive to the negative electrode)

shows a first large plateau around 1.8 V followed by a smaller one at ~ 2.2 V, corresponding to the reduction of MgH2 and TiH2 respectively. The additional capacity above 2.3 V has been attributed to the alloying reaction between Mg and Li. The final capacity, 1750 mAh g -1 , suggests a complete lithiation of the negative electrode.

During the discharge, the battery displays two plateaus at 1.8 V and 1.4 V for the restoring of TiH2 and MgH2 respectively, achieving a capacity of 920 mAh g -1 . In the subsequent cycles the capacity slowly decreases, providing 820 mAh g -1 during the fifth discharge. It is worth to notice that the capacity retention after five cycles is higher in the complete Li-ion battery than in the half-cell, 89% vs. 81% respectively.

Discussion

Lithium borohydride has been used as electrolyte to investigate the electrochemical activity of MgH2 and TiH2 in solid-state cells. Because LiBH4 exhibits a high ionic conductivity (10 -3 S cm -1 ) only at high temperature, the cycling of the cells has been carried out at 120 °C. Later, a complete solid-state Li-ion has been assembled using 0.8MgH2+0.2TiH2 composite as negative electrode, and Li2S as positive electrode.

Cycle-life of MgH2 and TiH2 in LiBH4 solid half-cells

Single phase MgH2 and TiH2

Electrodes prepared from single MgH2 and TiH2 phases showed a partial lithiation during galvanostatic discharge, i.e. no one of these hydrides achieved a full conversion with lithium x = 2. Interestingly, TiH2 exhibited a higher reversibility compared to MgH2 during the first cycle, 72% vs. 56% respectively (Figure 5.5 vs. 5.4). Moreover, the capacity retention is higher for TiH2, losing only 2% of its capacity in each subsequent cycle.

Similar results can be found in the literature comparing the paper of Zeng et al.

about MgH2 catalyzed with Nb2O5 [19]. However, higher reversibility, and so longer cycle life, are obtained by Zeng and coworkers, especially when the active material was ball milled with vapour grown carbon nanofibers (VGCF) [22]. Such performance might be attributed to the different electrode preparation (i.e. different conductive carbon, catalytic effect of Nb2O5, different ball milling conditions and pellet preparation), suggesting that additional studies on the electrode formulation and preparation could lead to further improvements of MgH2 in solid-state cells. Also Ikeda et al. investigated the properties of MgH2 catalyzed with Nb2O5 [25] and Al2O3 [26], using as solid electrolyte 80Li2S-20P2S5 composite at 100 °C. However, these electrodes showed a reversibility of 41% and 51% respectively.

A high Coulombic efficiency for TiH2 in LiBH4 solid cells was also found by Kawahito et al. [23], which obtained a reversibility of 88% after the first cycle.

After the lithiation, Ti-rich composite y = 0.2 (Figure 5.9 left) shows a pseudoplateau around 0.3 V during delithiation for the restoration of TiH2. The reformation of MgH2, expected around 0.6 V, is not clearly detected, probably because of its poor contribution and reversibility compared to the main phase TiH2. Then, after an initial loss of capacity within the first cycle, the electrode exhibits discharge/charge curves around 800 mAh g -1 during the subsequent cycles, implying a good capacity retention.

For the Mg-rich composite y = 0.8 (Figure 5.9 right), after its lithiation, two plateaus are found during the delithiation at 0. As previously shown (Figure 5.6), during the first delithiation of composite y = 0.7 the hydrides are fully recovered (1608 mAh g -1 , i.e. 2 Li). However, in the subsequent cycles at C/50 the capacity decreases, attaining 66% of the initial capacity after ten cycles.

When the C-rate is increased a clear drop in the capacity is noticed, which implies kinetics limitations of the electrode. After cycling at C/20, C/10 and 1C, the cell is set back to C/50, recovering a charge capacity of 855 mAh g -1 (i.e. 53% capacity retention), implying a loss of 205 mAh g -1 .

On the other hand, electrode y = 0.2 achieves a partial delithiation during the first charge (800 mAh g -1 , i.e. 1. 46 Li). Though, the capacity provided in the subsequent cycles at C/50 is almost constant, implying a capacity retention around 100%. When cycled at faster C-rates, composite y = 0.2 shows a remarkable drop in the capacity retention, from 100% to 48% at 1C. Moreover, when back at C/50, the electrode is not able to recover the initial capacity, delivering 495 mAh g -1 (i.e. 62% capacity retention), denoting a loss of 325 mAh g -1 .

At the light of these results, it is possible to notice that composite y = 0.7 provides high capacity even being cycled at fast C-rates, however its capacity retention decreases during cycling. On the contrary, composite y = 0.2 shows a remarkable capacity drop at high C-rates, but when cycled at C/50 exhibits an almost constant capacity retention around 100%.

Cycle-life of solid-state Li-ion battery

A complete solid-state Li-ion battery has been assembled with LiBH4 as solid electrolyte, 0.8MgH2+0.2TiH2 as negative electrode, and Li2S as positive electrode. After the first cycle, 920 mAh g -1 are attained from the battery (Figure 5.8). In the subsequent cycles at C/50 the battery has shown a good capacity retention, delivering 820 mAh g -1 in the fifth cycle (i.e. 100 mAh g -1 lost, 11% of the initial capacity). Owing its good cyclelife, the complete battery has been studied during galvanostatic cycling at 120 °C increasing the C-rate every five cycles. ▪ After an initial loss in the first cycle (53% Coulombic efficiency), the battery provides a capacity which slowly decreases in the range 900 -800 mAh g -1 ;

▪ Compared to the half-cell, the composite exhibits a higher capacity retention (89% vs. 81%) within the first five cycles, implying a better cycle-life in a complete Li-ion battery;

▪ At high C-rates (i.e. C/20 and C/10), the battery shows a drop in the capacity due to kinetics limitations, however the Coulombic efficiency exhibited during cycling was above 90%. When a C-rate of C/50 is re-established, the battery recovers its capacity, delivering more than 800 mAh g -1 ;

Overall, LiBH4 has shown to be a potential candidate as electrolyte for all solid-state lithium-ion batteries. The main issue comes from the temperature required to achieve the transition to the conductivity phase, limiting its use to high temperature applications.

Moreover, without solvents LiBH4 cannot permeate into the electrode, so a proper preparation of the electrodes mixture is mandatory. Thus, engineered structures are necessary in order to obtain a high density of LiBH4/active material interfaces.

However, also other Li-conducting compounds might be studied as solid electrolyte, providing new solutions for the implementation of metal hydrides in solid-state Li-ion batteries.

volume change during cycling, producing also LiH, which is an insulator. Moreover, metal hydrides possess a sluggish kinetics at room temperature. Thus, they stated as possible issues the cracks and loss in contacts due to the expansion, the poor electric conductivity due to LiH, and the poor mass transport within the electrode. To better understand which of these phenomena could be the main cause to the poor reversibility, the morphology and composition of the electrode has been studied at different discharge/charge steps. For this purpose, MgH2 thin films, prepared by reactive plasma sputtering, have been used as working electrode. During lithiation, the conversion of MgH2 to Mg+LiH starts on top of the thin film, proceeding to the bottom. This leads to a volume expansion, especially along the Z-axis because of the clamping of the film on the copper substrate. On contrast, during delithiation the thin film shrinks, partially coming back to MgH2. However, neither cracks, voids, nor detachment of the thin film from the substrate are noticed, suggesting that all these phenomena cannot be the main cause of the large capacity loss that occurs within the first cycle. After that, electrical conductivity has been taken into account as possible issue.

Impedance spectroscopy has been performed on the thin film at different conversion reaction steps. The results showed that the highest electrical resistance is found in the pristine thin film, i.e. pure MgH2. During lithiation, LiH is produced, whoever the overall resistance decreases thanks to the conversion of MgH2 to Mg. Indeed, the fully lithiated electrode showed the smaller resistance, implying that the extraction of lithium cannot be due to a poor electrical conductivity.

At the light of these results, most of the previous issues hypothesized as possible causes of the poor reversibility are discarded, suggesting that kinetics and mass transport are the main problems to increase the cycle-life of metal hydride electrodes. Even if these two issues are time expensive, and out of the scope of this thesis to be fully investigated, is still possible to take some consideration. Lithium, hydrogen, and magnesium are the species involved in the conversion reaction. Lithium is used in commercial Li-ion batteries, so is rather impossible to hypothesize as main issue the diffusion of lithium ions within the electrode. Hydrogen is the lightest element, so at room temperature its diffusion should not be a problem. However, it is known that its mobility is limited in MgH2. Therefore, if the reformation of MgH2 starts on the surface of Mg particles, the diffusion of hydrogen towards magnesium decreases with the increase of MgH2 thickness, limiting the complete reformation of the hydride. On the other hand, magnesium is the heaviest specie in the electrode (e.g. Mg: 24.3 u vs. Li: 6.9 u), so it could possess a poor mobility at room temperature, hindering the conversion reaction. Consequently, the mobility of hydrogen and heavy species within the electrode might be the main issues that limit the reversibility of the conversion reaction at room temperature.

The fact that the kinetics of metal hydrides is the main issue for their reversibility has been confirmed by experiments at high temperatures. Solid-state half-cells have been prepared using LiBH4 as solid electrolyte, investigating the properties of MgH2 and TiH2 at 120 °C. The results have shown that the conversion reaction of TiH2 at this temperature is reversible. Moreover, also MgH2, compared to room temperature half-cells, has shown a higher reversibility and so a longer cycle-life. This higher reversibility can be attributed mainly to the enhanced mobility of the species at high temperature compared to the previous studies. Interestingly, at 120 °C TiH2 exhibited a higher capacity retention during cycling compared to MgH2. Confronting our results with other authors, it is clear that the better performance of TiH2 compared to MgH2 comes from its higher electrical conductivity. This evidences that minor issues, such as conductivity, and probably also volume expansion, are not relevant during the first discharge/charge cycles, but rather later.

Hence, in order to achieve a cycle-life comparable with commercial batteries, also these issues must be taken into account, with a proper electrode formulation.

Owing the cooperative effect between MgH2 and TiH2 reported for hydrogen storage applications, different yMgH2+(1-y)TiH2 mixtures, with molar ratio y = 0.2, 0.5, 0.6, 0.7, and 0.8, have been studied as composite materials with the purpose of increasing the performance of the electrode. From previous experiments on thin films, we have found that passivating layers of contaminants, such as metal-oxides, on the surface of the hydride strongly hinder the conversion reaction with lithium. For this reason, the composites have been synthesized from metallic Mg and Ti in a ball mill under H2 atmosphere. Moreover, ball milling technique has shown to produce homogeneous mixtures of hydrides, with nanocrystallite domains. All the nanocomposites have been fully lithiated during the first discharge. This good reactivity has been attributed to both pure metal hydride surfaces and nanostructured particles, which provides short diffusion paths enhancing the mobility of species within the electrode. However, the reversibility of the composites has shown to strongly depend on the molar ratio. Indeed, Ti-rich electrode y = 0.2 has shown to be irreversible, with both MgH2 and TiH2 not reformed during the delithiation. This suggests that, not only TiH2 in high quantity is irreversible, but also it hinders the conversion reaction of MgH2. On contrary, the reversibility of the electrodes increased with the quantity of MgH2, with composite y = 0.7 exhibiting the best reversibility and cycle-life. Further investigations on 0.7MgH2+0.3TiH2 have shown that the reversibility of TiH2 phase was higher than MgH2 phase. Limiting the conversion reaction to only TiH2 has led to a recover of this hydride above 90% during the first cycle. In the subsequent cycles, the electrode showed a capacity that slowly decreased with a loss of ~ 3% at each discharge/charge cycle.

This enhancement of the cycle-life has been attributed to the surrounding Mg+LiH matrix, which guarantees a high density of Ti/LiH interfaces, a good electronic conductivity, and the accommodation of volume changes within the electrode.

These results have demonstrated short diffusion paths and high interfaces density are mandatory to achieve a higher reversibility and longer cycle-life for metal hydrides as negative materials for Li-ion batteries. From here, new strategies for a proper electrode formulation can be obtained in future with further research.

Finally, a complete solid-state Li-ion battery has been assembled using 0.8MgH2+0.2TiH2 as negative material, Li2S as positive material, and LiBH4 as solid electrolyte. Experimental cycling has been carried out at 120 °C. A complete lithiation of the negative material is achieved during the first charge. After an initial capacity drop, the battery provided a capacity which slowly decreases in the range 900 -800 mAh g -1 .

Compared to the solid-state half-cell, composite y = 0.8 has exhibited a higher capacity retention, implying a better cycle-life in a complete Li-ion battery. Moreover, also at fast kinetics regimes, the battery has shown a Coulombic efficiency above 90% during cycling.

These results show that metal hydrides might be coupled with new positive materials to achieve a high energy density. Interestingly, in a complete battery MgH2+TiH2 composite has shown to achieve better performance than in half-cells, promising excellent results for the future experiments. Thanks to the high temperature, the main issue related to the poor kinetics of metal hydrides is here partially resolved, suggesting that first practical application of metal hydrides in Li-ion battery might begin in the field of high temperature applications.
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 11 Figure 1.1. A comparison of the rechargeable battery technology as a function of volumetric and specific energy density [1].
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 12 Figure 1.2. Schematic representation of the working mechanism of a rechargeable lithium-ion battery. a) Discharge process, b) Charge process.
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 13 Figure 1.3. Crystal structure of LiCoO2. Lithium ions are in green, oxygen in red, and cobalt in yellow.
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 14 Figure 1.4. Crystal structure of spinel LiMn2O4.

  Figure 1.5, FeO6 octahedra share corners, and LiO6 octahedra share edges along tunnel down the b-axis, through which Li ions can diffuse.
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 15 Figure 1.5. Olivine structure of LiFePO4.
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 16 Figure 1.6. a) Stability domain (Eg) of liquid electrolyte LiPF6 in EC:DMC. Readapted from ref [53]. b) SEI formation and irreversible capacity during the first cycle.

a)

  React reversibly with lithium; b) Accommodate as many Li-ions as possible in order to provide a high capacity; c) Insertion/extraction processes should occur at low potential close to Li + /Li to obtain a large cell voltage; d) Good electronic and Li-ion conductivities; e) Low cost, environmentally friendly, and safe;
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 17 Figure 1.7. a) Hexagonal α-graphite and b) Rhombohedral β-graphite.
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 19 Figure 1.9. Li-Mg binary phase diagram.
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 110 Figure 1.10. First discharge (dark grey), theoretical (black) and first charge (light grey) capacities of different compounds undergoing a conversion reaction with lithium. Readapted from ref [119].
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  Metal hydrides for Li-ion batteries In 2008, Oumellal et al. proposed for the first time the use of metal hydrides as electrode materials for lithium-ion batteries [125]. As previously cited, metal hydrides belong to the materials undergoing a conversion reaction with lithium according to the general equation: (1.7)
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 111 Figure 1.11. Gravimetric and volumetric capacities of metal and complex hydrides compared with those of graphite and lithium metal.
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 112 Figure 1.12. Theoretical equilibrium potentials vs. Li + /Li for different metal hydrides.

  reactivity of MgH2 towards lithium ions was the first example of Li-driven conversion reaction with hydrides reported in literature [125]. Collecting XRD patterns at different reaction steps, Oumellal et al. showed the progression of the reaction between MgH2 and Li. The discharge curve and selected XRD patterns are displayed in Figure 1.13.
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 113 Figure 1.13. Discharge curve and XRD patterns acquired at different reaction steps. Readapted from ref [125].
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 114 Figure 1.14. Capacity loss after the first cycle (left), and XRD pattern (right) performed at the end of the charge (marked with a black dot). In the pattern, β are the tetragonal MgH2 phase reformed, and the red asterisk are Mg phase.
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 115 Figure 1.15. Discharge curve of TiH2 (left), and XRD patterns at different lithiation steps. Readapted from ref [126].
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 21 Figure 2.1, allows the formation of fine hydride powders at room temperature [1]. The mechanical grinding induces the formation of fresh surfaces available for the absorption of hydrogen. Moreover, the highly energetic impacts permit a homogeneous mixing of the solid constituents at the nanoscale.
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 2122 Figure 2.1. Motions of the balls and the powder inside a jar during ball milling under hydrogen atmosphere.
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 2 Figure 2.3 below. Two different layers are noticed in the cross section of the thin film. The top layer is MgH2 phase, which exhibits and average thickness around 1 μm, and the bottom part is the Cu current collector. The copper foils possess a rough surface, hence the MgH2 film is not a flat layer. These Cu foils are used as current collectors in commercial Li-ion batteries (they have been provided by SAFT Co.), and this roughness allows a better attachment of the active material on the surface of the Cu, enhancing both the contacts between particles and the mechanical stability of the electrode.

Figure 2 . 3 .

 23 Figure 2.3. SEM image of the cross section of the MgH2 thin film as deposited. In green is reported the average thickness of the hydride deposited.

(2. 1 )

 1 Equation 2.1 describes the Bragg's law, where n is a positive integer, λ is the wavelength of the incident X-rays, d is the interplanar spacing between successive atomic planes in the crystal, and θ is the angle between the incident wave and the atomic planes (Figure2.4).
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 24 Figure 2.4. Incident radiation with wavelength λ interacts in a constructive way with atomic planes (atoms represented by black circles) of a sample at angle θ, fulfilling the Bragg's law. The emergent radiation is acquired by the detector.
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 25 Figure 2.5. Schematic representation of the θ-θ Bragg-Brentano geometry in Bruker D8.
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 26 Figure 2.6. Schematic cross section displaying the typical layout of optical components in the TEM.
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 27 Figure 2.7. SEM images during the preparation of a lamella. a) Deposition of Pt on the selected area. b) and c) Removal of material around the lamella. d) Obtained lamella.
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 28 These signals come from the interactions between the electrons of the beam and the atoms of the sample at different depths, and they contain information about morphology and composition of the specimen. The size of the interaction volume depends on the electron energy, the atomic number of the sample and its density. The electrons (and electromagnetic radiations) emitted are detected by specialized detectors.
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 28 Figure 2.8. Different signals produced by the interaction of the SEM electron beam with a sample.
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 29 Figure 2.9. Current (i) and potential (E) during galvanostatic discharge/charge as a function of time (t). For anodic currents the potential increases (delithiation), and for cathodic currents it decreases (lithiation).

Figure 2 .

 2 Figure 2.10. A cyclic voltammogram. For cathodic current, the reduction reaction occurs at potential Epc providing the current ipc. For anodic current the oxidation reaction at Epa proving ipa.
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 211 Figure 2.11. Nyquist plot of a Li║solid electrolyte║Li cell, and its relative circuit. The blue arrows show the frequency (ω) domain.
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 212 Figure 2.12. Thin film as obtained from the sputtering chamber (left), and schematic illustration of the electrode placed into the cell (right).

Figure 2 . 13 .

 213 Figure 2.13. The so-prepared working electrode was then placed in a Swagelok half-cell for electrochemical tests. Lithium foil (9 mm diameter disk) was used as negative electrode and two Whatman filters saturated with electrolyte 1.0 M LiPF6 (in 1:1 DMC:EC) were used as separators. All sample handling was done in a purified argon-filled glovebox.

Figure 2 . 13 .

 213 Figure 2.13. Discharge capacity during cycling of electrodes with different formulations.A.M. is the 0.5MgH2+0.5TiH2 active material.

Figure 2 .

 2 Figure 2.13 shows the importance of the contacts inside the electrode. When loose powder (black dots) is placed into the cell, the complete lithiation of the active material is not obtained (1275 vs. 1405 mAh g -1 ), moreover the capacity quickly drops to low values in the subsequent cycle and then the electrode stops working. The main reason of this

Figure 2 . 14 .

 214 Figure 2.14. First galvanostatic cycle of a solid cell with TiH2:SP:LiBH4 as electrode composite prepared hand mixing (red) and by ball mill (blue). On the right, an illustration of the three-layered pellet.

produce

  Li2S it was mandatory to lithiate sulphur by means of galvanostatic discharge in a half-cell.Sulphur powder (S) was mechanical mixed with carbon Ketjen-Black EC 300J (KB) in a weight ratio of 1:1 for 3 hours at 300 rpm. 25 stainless steel balls (7 mm diameter) were used in order to have a balls to powder ratio of 29:1. The recovered mixture was then dried overnight at 55 °C. To prepare the electrode composite for the lithiation in a half-cell, LiBH4 was added to S-KB to attain the weight percent ratio of 25S:25C:25LiBH4, and mixed by hand in a mortar for 10 minutes. A pellet was created from a 10-mm die. First, 10 mg of composite were pressed at 25 MPa, then 25 mg of LiBH4 were loaded into the die and uniaxially pressed on top of the composite at 250 MPa. A disk of lithium (9 mm) was placed as counter electrode. The so prepared S:KB:LiBH4║LiBH4║Li half-cell was discharged at 120 °C up to 1 V with a C-rate of C/50, obtaining the full lithiated Li2S composite. The working electrode was then recovered scratching the powder from the pellet.The complete battery was prepared pressing 60mg of LiBH4 at 250 MPa between 10 mg of positive material (Li2S:KB:LiBH4) and 3 mg of negative material (0.8MgH2+0.2TiH2:C65:LiBH4). Figure2.15 shows the final pellet investigated at 120 °C in a Swagelok cell during galvanostatic cycling.
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 215 Figure 2.15. Image of the final pellet (left) and its schematic representation (right) studied as complete solid-state metal hydride-sulphur Li-ion battery.
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 2 Structural modifications during the first galvanostatic cycle 2.3 Microstructural modifications during the first galvanostatic cycle 3 Discussion 3.1 Effect of the Mg alloying on the conversion reaction 3.2 Reversibility of the conversion reaction 4 ConclusionsReferencesMagnesium hydride in thin film morphology has been widely studied for hydrogen storage and optical application[1][2][3][4][5]. In this work, MgH2 thin films are used as working electrodes in lithium-ion half-cells, with the purpose of better understanding the reversibility of the conversion reaction between MgH2 and lithium. Thanks to their welldefined 2D morphology, thin films are ideal systems to study the effect of the conversion reaction on the electrode morphology. Moreover, with the help of image tools, the mechanism and spatial localization of the conversion reaction can be determined. MgH2 thin films have been synthetized on copper foil by reactive sputtering. Their conversion reaction with lithium has been studied by galvanostatic and cyclic voltammetry measurements. Structural and morphological properties during discharge and charge processes have been investigated by means of X-ray diffraction (XRD) and transmission electron microscopy (TEM). The deposition of thin films has been performed by Dr. Ana Lacoste from LPSC laboratory (Grenoble, France). The TEM investigation has been carried out by Efi Hadjixenophontos from Stuttgart University (Stuttgart, Germany).
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 231 Figure 3.1. XRD pattern and peak indexation of MgH2 thin film deposited on copper.
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 32 Figure 3.2. Potential profile during the first four galvanostatic cycles of MgH2 thin film electrode.
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 33 Figure 3.3. Galvanostatic cycling of MgH2 thin film between 0.1 -1.5 V with a C-rate of C/50.
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 34 Figure 3.4. Evolution of the potential (red line) and the current (blue line) as a function of time (h) during an experiment to activate a MgH2 thin film.
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 235 Figure 3.5. XRD pattern of Al-coated MgH2 thin film deposited over Cu current collector.
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 36 Figure 3.6. Evolution of the potential (V) as a function of x (mole fraction of Li) for Al covered thin films in the first galvanostatic cycle with a C-rate of C/50. Vcut-off = 5 mV (red line, Mg alloying) and 100 mV (blue line, without Mg alloying).
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 37 Figure 3.7. Evolution of potential (V) as a function of x (mole fraction of Li). The black circles represent the points at which the electrodes have been recovered from the cells.
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 38 Figure 3.8. XRD patterns obtained at different steps of discharge/charge: a x=0, b x=0.35, c x=1, d x=1.25, e x=2, and f x=1.5 Li.
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 39 Figure 3.9. TEM dark field image of the cross section of pristine Al-covered MgH2 thin film (left), and SAED pattern (right) performed on the selected orange area displayed in TEM image.

Figure 3 .

 3 Figure 3.9 shows the TEM image of the pristine thin film (sample a in Figure 3.7 and 3.8). Four different layers can be observed. Starting from the top, the two first layers are due to platinum coating that was deposited during the FIB preparation for protecting the film from ionic-milling. They have different tonality because they were deposited in different ways. This first layer in contact with the thin film has been deposited by electron beam, whereas the second by ion beam. This is done because electron beam-induced deposition is less harmful on the thin film surface compared to ion beam deposition. Below the two FIB protective layers, the MgH2 thin film and the copper substrate are observed.
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 310313 Figure 3.10. TEM bright field images of the cross sections of electrodes at different lithiation steps.
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 3113 Figure 3.11. TEM bright field of electrode x = 1.25 with SAED performed on the lithiated part (orange) and MgH2 (yellow).
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 312 Figure 3.12. TEM dark field image of electrode x = 2 with SEAD performed on the selected region (orange).
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 3133 Figure 3.13. Comparison between the TEM bright field images of the cross sections of the delithiated (left) and the partially lithiated (right) thin films.
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 36 MgH2 can store more than 2 Li atoms thanks to the contribution of Mg alloying. Looking in detail to the first lithiation of the thin film cycled down to Vcut-off = 5 mV, it is possible to estimate the Mg alloying contribution and how it affects the conversion reaction. In Figure3.14, which displays the potential profile of the first lithiation curve, we notice that, after the plateau of MgH2 reduction at ~0.3 V, the Mg alloying reaction is characterized by two slopes (marked as I and III) with a plateau (II) between them. This profile shape of the alloying can be understood at the light of the Mg-Li alloy phase diagram[16]. As reported by Park et al.[7], the alloying reaction begins around 0.1 V, and the first slope I is attributed, from the phase diagram, to solid solution of Li in Mg up to 15% atomic Li content (i.e. Mg85Li15). Then, a two-phase domain with both Mg and Li structures is found between 15% and 30% Li content (i.e. from Mg85Li15 to Mg70Li30), attributed to the plateau reaction II. Finally, for a quantity of Li above 30% into the alloy, a solid solution of Mg in Li is found, providing the last slope III of the reaction.At the end of the first discharge the quantity of lithium stored into the alloy is x = 1.5 Li, forming MgLi1.5 (i.e. Mg40Li60).
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 314 Figure 3.14. First lithiation of a MgH2 thin film with the contribution of the Mg alloying. The potential range of the conversion reaction is highlighted in blue, and for the alloy reaction in orange. The three steps of the alloy formation are marked as I, II and III. Insert: Mg-Li phase diagram, with the domains of the alloying reactions steps at room temperature (red line).

Figure 3 .

 3 Figure 3.15. a) Reversible capacity of MgH2 thin films on cycling with (Vcut-off = 5 mV, red squares) and without (Vcut-off = 0.1 V, blue circles) Mg-Li alloying. b) Potential vs. composition profile of both experiments in the fifth cycle.
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 316 Figure 3.16. Cyclic voltammetry of Al-covered MgH2 thin film in the potential range 0.1 -1.0 V, performed with a scan rate of 0.3 mV min -1 .

Figure 3 . 17 .

 317 Figure 3.17. Electrochemical capacity during lithiation (green circles) and delithiation (black circles) of Al-covered MgH2 thin film in galvanostatic analysis with C/50.

Figure 3 .

 3 Figure3.17 displays the capacity provided by the electrode during discharge/charge cycling. At the end of the first discharge the electrode is fully lithiated (>2000 mAh g -1 ), but only a small part of MgH2 is restored during the charge (450 mAh g -1 ). This implies that the extraction of Li from the thin film in the first cycle is a key issue. Note for all cycles in Figure3.17 that the charge capacity obtained during delithiation (green circles) is comparable to the capacity achieved in the subsequent lithiation (black circles). This means that the quantity of extracted Li can be fully re-stored into the electrode in the successive cycle. On the other hand, after a lithiation, the capacity value always decreases. These results highlight the fact that lithium can always move into the electrode, but at each lithiation some structural modification occurs, which impedes the recovering of Li during the next delithiation.These structural modifications might include cracks and voids, phase segregation, and growth of domains (e.g. large insulating LiH domains) which don't allow a proper mass transport. TEM investigation of the cross section of the thin film (Figure3.10 and 3.13) has shown the changes in the morphology during the first galvanostatic cycle. Indeed, the thin film expands during lithiation because of the formation of Mg and LiH, and it shrinks while Li is extracted. However, no cracks or detachment from the Cu current collector have been noticed during the different steps of discharge/charge, suggesting that the electrode

Figure 3 . 18 .

 318 Figure 3.18. Impedance profiles of the thin film obtained at different reaction steps within the first galvanostatic cycle. Frequency range from 0.1 Hz to 1 MHz.

  XRD and TEM analysis have been carried out to investigate the conversion reaction path and the electrode morphology, respectively, in the first discharge/charge cycle. The reaction between MgH2 and Li has been noticed to start from the top of the film, and then proceeding to the bottom. The thickness of the thin film increases with the quantity of Li stored due to expansion caused by the formation of Mg and LiH phases. Compared to the pristine film (1 μm thick), the lithiated electrode has shown an average thickness of 2.3 μm, implying and expansion greater than the theoretical one (130% vs. 83%, respectively). This effect has been attributed to the typical preferential growth of thin films along the Z-axis.At the end of the discharge MgH2 is no longer detected, and the electrode is composed exclusively by Mg surrounded by a LiH matrix, which confirms the complete lithiation of the hydride. During delithiation MgH2 is partially restored, and it is detected beside Mg and LiH phases. loss of electronic contact, low conductivity inside the electrode and cracks due to the volume changes during cycling. Here, we have shown that despite a high irreversibility in the conversion reaction (75% capacity lost in the first cycle), no cracks, voids or detachment of the thin film from the current collector occur in the first cycle. Moreover, the internal resistance has shown to decrease during lithiation, implying a better electronic conductivity at the end of the discharge. In the light of these results, the main reason for the poor reversibility of the conversion reaction might be attributed to the limited mobility of species, such as H, and Mg within the electrode.
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 4112 Figure 4.1. Evolution of the hydrogen pressure (blue line) and the vial temperature (red line) as a function of milling time during the synthesis of the composite 0.5MgH2+0.5TiH2.
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 42 Figure 4.2. Hydrogen absorption curves measured during synthesis of yMgH2+(1-y)TiH2 composites by RBM of Mg and Ti under hydrogen gas.
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 4 Figure 4.4.
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 441 Figure 4.4. HAADF TEM images of as-milled nanocomposites y = 0.2 (left), 0.5 (middle), and 0.8 (right). TiH2 phase is coloured in red, and MgH2 phase in green.
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 45 Figure 4.5. Evolution of the potential (V) as a function of x (mole fraction of Li) during the first discharge/charge cycle of MgH2 electrode. The half-cells have been cycled in the potential window 5 mV -1 V (red line), and 0.15 V -1 V (blue line), with a regime of C/50.

Figure 4 .

 4 Figure 4.6 shows the potential vs. composition curves of TiH2 electrode cycled in a potential window between 5 mV and 1 V, with a C-rate of C/50.
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 46 Figure 4.6. First galvanostatic cycle of TiH2 electrode in a Li-ion half-cell, performed in the range 5 mV to 1 V, with C/50.

(

  discharge) and delithiation (charge) for the first galvanostatic cycle in the potential window 5 mV to 1 V are shown in Figure 4.7.
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 47 Figure 4.7. Evolution of the potential as a function of the mole fraction of Li (x) during the first discharge-charge cycle at C/50 for all composites.

  7 and 0.8 (x ≥ 1.3 Li). The equimolar composite y = 0.5 displays a unique plateau potential at ~ 0.3 V, whereas Mg-rich composites y = 0.6, 0.7 and 0.8 exhibit two potentials plateaus at ~ 0.3 and 0.6 V. These plateaus are assigned to the restoring of MgH2 and TiH2 phases, respectively.
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 48 Figure 4.8. Differential capacity plots of the MgH2+TiH2 electrodes during first lithiation (a), and delithiation (b). Diamonds and circles stand for MgH2 and TiH2 conversion reactions, respectively, squares for Mg alloying reaction. Full and empty symbols stand for lithiation and delithiation, respectively.
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 49 Figure 4.9. First cycle of electrode y = 0.5, in red in the potential window 0.17 -1 V

  7 has been studied by cyclic voltammetry in the potential window 0.1 -1 V, with a scan rate of 0.3 mV min -1 . Results are shown in Figure 4.10a.
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 4 Figure 4.10. a) Cyclic voltammetry of composite y = 0.7 in the range 0.1 -1 V at 0.3 mV min -1 . b) Evolution of the charge capacity upon cycling. The upper dashed line corresponds to the calculated capacity of the composite.

Figure 4 .

 4 Figure 4.11. a) Cyclic voltammetry of y = 0.7 composite in the potential window 0.17 -1 V at 0.3 mV min -1 . b) Evolution of the charge capacity with cycling. The upper dashed line corresponds to the theoretical capacity of MgH2 phase in y = 0.7.
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 4441 Figure 4.12. a) Cyclic voltammetry for the composite y = 0.7 in the range 0.1 -0.45 V, at 0.3 mV min -1 b) Evolution of the charge capacity on cycling. The upper red dashed line corresponds to the theoretical capacity of the TiH2 conversion reaction for composite y = 0.7.

Figure 4 .

 4 13 clearly shows two consecutive steps evidenced by two absorption peaks during the milling process. The first peak is attributed to the formation of TiH2, whereas the second peak corresponds to the formation of MgH2. Note that, not only TiH2 is formed before MgH2, but also the peak related to MgH2 formation shifts to shorter time with the increase of Ti-amount in the composite. The faster hydrogenation of magnesium in presence of TiH2 may be explained by at least two specific properties of TiH2. First, the highly abrasive character of TiH2 which would facilitate the grinding of Mg powder into fine and reactive particles. Second, the fact that TiH2 may act as a gateway for hydrogen absorption in Mg: the hydrogen gas would dissociate at TiH2 surfaces and atomically transferred through TiH2 towards the Mg phase where MgH2 nucleates. This mechanism would be favoured by the large diffusion coefficient of H in TiH2 phase[15].

Figure 4 . 13 .

 413 Figure 4.13. Time-derivative plots of the absorption curves of MgH2+TiH2 composites.

Figure 4 .

 4 Figure 4.11b) is characterized by significant irreversibility in the first cycle, with only 51%of MgH2 restored during the charge. Moreover, the capacity drops in the subsequent cycles (6.8% of capacity lost per cycle). For better understanding of the reversibility of MgH2 in presence of TiH2, it is worth comparing with an electrode prepared with only MgH2.

Figure 4 . 14 .

 414 Figure 4.14. First cycle of electrodes prepared with composite y = 0.7 (red line), and electrode prepared with MgH2 (blue line), in the potential window 0.17 -1 V with a Crate of C/50.

Figure 4 .

 4 Figure 4.14 shows a comparison between composite y = 0.7 and pure MgH2electrodes cycled in the same potential window at C/50. The capacity of these two electrodes should reach x = 1.4 and 2 for y = 0.7 and MgH2 respectively. However, taking into account the additional contribution of the SEI formation, x ~ 0.5 Li, only the composite y = 0.7 stores a quantity of lithium close to its theoretical value. Moreover, the potential plateau reaction of y = 0.7 is flatter and at higher potential than pure MgH2 electrode, implying a smaller polarization and so a better kinetics. During the charge, the extraction of lithium occurs at the same potential, with a quantity of Li larger for y = 0.7. These results

Figure 4 . 15 .

 415 Figure 4.15. Reversibility of electrode 0.7MgH2+0.3TiH2 achieved cycling both hydrides (black squares), only MgH2 phase (red circles), and only TiH2 phase (blue triangles).

Figure 4 .

 4 Figure 4.16a shows the XRD before and after this treatment.

Figure 4 .

 4 Figure 4.16. a) XRD patterns of the 0.8MgH2+0.2TiH2 composite before (blue line) and after (red line) MgH2 dehydrogenation. b) Evolution of the charge capacity of the TiH2 phase with cycling.

Figure 4 .

 4 Figure 4.16b displays a comparison between the cycle-life of electrodes prepared with 0.8Mg+0.2TiH2 and 0.8MgH2+0.2TiH2, both cycled in the potential window where only the conversion reaction of TiH2 occurs (i.e. 0.1 -0.45 V). Both electrodes show a capacity decay around 30% during ten cycles, but the composite 0.8MgH2+0.2TiH2

Figure 4 . 17 .

 417 Figure 4.17. Schematic illustration of the composition of electrodes 0.8Mg+0.2TiH2 (left), and 0.8MgH2+0.2TiH2 (right) while cycling.

Figure 4 . 19 .

 419 Figure 4.19. Evolution of the reversible capacity of y = 0.7 composite on cycling. Red circles: electrode cycled between 5 mV and 1 V (with Mg-Li alloy formation). Blue triangles: electrode cycled between 0.1 V and 1 V (without Mg-Li alloy formation).
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 53 top), during Differential scanning calorimetry (DSC) measurement an endothermic peak (i.e. negative heat flow) is observed around 118 °C while heating the sample. This peak corresponds to a transition from the orthorhombic to hexagonal structure. Compared to the orthorhombic phase (Figure5.3 bottom), the high temperature (HT) hexagonal phase possess a space group P63mc in which the tetrahedral (BH4) -anions are less disordered.

Figure 5 . 3 .

 53 Figure 5.3. Top: DSC measurement of LiBH4 in the range 80 -140 °C, with a heat flow of 5 °C per minute. Bottom: Comparison between the LT and HT structures, where Li atoms are the red spheres, H the blues, and B the green ones (Readapted from ref [18]).
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 5542 Figure 5.4. First galvanostatic discharge-charge curves for MgH2 electrode between 0.2 V and 1 V, with a C-rate of C/50.

Figure 5 Figure 5 . 5 .

 555 Figure 5.5.

Figure 5 . 6 .

 56 Figure 5.6. Evolution of the potential as a function of the mole fraction of Li (x) during the first discharge-charge cycle for the yMgH2+(1-y)TiH2 nanocomposites (y = 0.2, 0.5, 0.6, 0.7 and 0.8) in half-cells with bulk LiBH4 as solid electrolyte.

  2.3, to prepared the positive material a mixture of S, carbon KB and LiBH4 (wt% 25:25:50, respectively) was lithiated in a solid-state half-cell at 120 °C, with a C-rate of C/50. Figure 5.7 shows the lithiation curve of this half-cell in the potential window 1 -3 V.

Figure 5 . 7 .

 57 Figure 5.7. Lithiation of sulphur electrode in a solid-state half-cell at 120 °C, with C/50 in a potential window between 1 V and 3 V.

Figure 5 . 8 .

 58 Figure 5.8. Discharge/charge profiles of the complete solid-state Li-ion battery Li2S/0.8MgH2+0.2TiH2 performed at 120 °C, with C/50, in a potential window 0.8 -2.5

1 - 1 V

 11 23 V and 0.55 V for the reformation of TiH2 and MgH2 respectively. During cycling, the capacity provided by the electrode decreases, suggesting a poor capacity retention. It is worth to notice that during cycling the extents of the MgH2 contribution, both in discharge and charge, drastically decreases compared to the plateaus of TiH2 conversion reaction. Indeed, during the tenth cycle, the plateaus of MgH2 are barely detected, demonstrating the poor capacity retention of this phase.If electrode y = 0.2 exhibits the highest capacity retention, on the other hand electrode y = 0.7 provides the highest capacity after ten cycles (1060 mAh g -1 ), with a capacity retention of 66%. Because of these results, their electrochemical activity was further investigated cycling at different C-rate. Figure5.10 shows a comparison between the charge capacities and retention of these two composites cycled in potential window 0.at 120 °C with different kinetics regimes.

Figure 5 . 10 .

 510 Figure 5.10. Charge capacities (left) and retention (right) of composites y = 0.2 (red circles) and 0.7 (blue squares) during cycling at different C-rates.

Figure 5 .

 5 11 display the discharge/charge capacities, and the Coulombic efficiency obtained during cycling in the potential window 0.8 -2.5 V.

Figure 5 . 11 .▪▪▪▪

 511 Figure 5.11. Discharge/charge capacity of the complete solid-state Li-ion battery Li2S/0.8MgH2+0.2TiH2 over cycling at 120 °C at different C-rates.
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 11 Different batteries chemistries and characteristics[2,3].

	Specs	Li-ion	Lead-acid	Ni-MH	Ni-Cd
	Energy density				
	(Wh kg -1 )	150	30	60	50
	Operating voltage				
	(V)	4.0	1.9	1.2	1.2
	Average self-discharge				
	rate per month (%)	2-7	2-5	30-50	10
	Temperature range				
	(°C)	-20 to 60	-30 to 50	-30 to 70	-40 to 50
	Other features	light weight, no memory effect, expensive, fragile	environmental pollution, used for starting cars	memory effect, needs maintenance	memory effect, environmental pollution, needs maintenance

Table 1 . 2

 12 

	Solvent	Structure	Tm (

compounds are generally used in commercial batteries. The mixture must contain low amount of water in order to avoid side reactions with lithium. The common solvents used belong to the esters called alkyl carbonates (R-O-COOR'), and they are: ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC). The physical and chemical characteristics of these compounds are summarized in Table

1

.2. . Main solvents used in non-aqueous liquid electrolytes. Melting point (Tm), Boiling point (Tb), Viscosity (η), Dielectric constant (ε), Density (ρ).

°C) Tb (°C) η at 25°C (PI) ε at 25°C ρ (g cm -3 )

  

	EC	37	248	2.56·10 -3	89.78	1.321
	PC	-55	240	2.53·10 -3	64.92	1.200
	DMC	2 -4	90	5.90·10 -4	3.107	1.063
	DEC	-43	126	7.50·10 -4	2.805	0.969
	EMC	-14.5	107	6.50·10 -4	2.958	1.006

Table 1 .

 1 3. 

	Table 1.3. Properties of the main lithium salts used in non-aqueous liquid
	electrolytes. Molar mass (M), Melting point (Tm), Conductivity (σ).	
	Salt	M (g mol -1 )	Tm (°C)	σ (mS cm -1 ) in 1.0 M at 25°C in PC in EC/DMC
	LiBF4	93.9	293	3.4	4.9
	LiPF6	151.9	200	5.8	10.7
	LiAsF6	195.9	340	5.7	11.1
	LiClO4	106.4	236	5.6	8.4

Because of the main drawbacks of the other salts, LiPF6 is the most used salt in commercialized Li-ion batteries, even if it doesn't possess the highest conductivity. Indeed, LiBF4 has a very low conductivity, LiAsF6 is toxic, and LiClO4 is highly reactive.

Table 1 . 4 .

 14 Types of separators used in different Li-ion batteries.

	Battery	Separator	Composition*
	Li-ion liquid electrolyte	Microporous	PE, PP, PE+PP
	Li-ion gel polymer	Microporous Microporous	PVdF PE, PP, PE+PP coated with PVdF

*PE polyethylene, PP polypropylene, PVdF polyvinylidene fluoride

The most widely used titanium oxide is Li4Ti5O12 called titanate. Its reaction with lithium is reported in Figure 1.8 [104]: Figure 1.8. Illustration

  of Li insertion/extraction reaction in LTO.

	This spinel has a good thermal stability, high cycle-life, and high rate, but on the other hand
	it suffers from a low capacity (175 mAh g -1 ), reduced cell voltage (1.55 V vs. Li + /Li), high cost due
	to titanium, and poor electronic conductivity (generally Li4Ti5O12 is coated with conductive carbon)
	[105].
	High rate and stability originate from the small change in volume (0.2%) during
	lithiation/delithiation [106,107]. Moreover, because of its high equilibrium potential, the formation
	of SEI on the surface of carbon additives is avoided. Thanks to these features, LTO was successfully
	-1 [100], silicon nanoparticles/RGO with 1150 mAh g -1 [101], commercialized in 2008, and it is actually used in both mobile and stationary applications.
	and SnO2/RGO with 700 mAh g -1 [102]. Nevertheless, the synthesis of high quality graphene, Other similar compounds are the monoclinic Li2Ti6O13 and the ramsdellite Li2Ti3O7 [108,109].
	optimization of structural arrangement during cycling, and weight ratio distribution between the
	components in the electrode are still key issues that must be achieved for better performance and
	longer cycle-life [103].
	written as:
	(1.4)

Titanium oxide based materials (LTO) represent the main alternative to carbonaceous compounds for intercalation electrodes. The lithium insertion/extraction process is similar to that occurring in a cathode side in commercial lithium-ion batteries, and the general equation can be

Table 1 .6. Characteristics

 1 of different lithium alloys LixM. Cg gravimetric and Cv volumetric capacity.

Elements xLi Cg (mAh g -1 ) Cv (mAh cm -3 )

  -1 , corresponding to a composition about Li1.95Mg[118]. Like other metals, magnesium is actually under investigation as possible electrode material. One of the main drawback of Mg is due to the chance of plating lithium on the electrode surface, with the resulting safety issues (expansion and dendrites formation).

	is 2150 mAh g			
	Si	3.75	3579	2194
	Sn	4.4	993	2111
	Ge	4.25	1568	2260
	Pb	4.5	582	2052
	Sb	3	660	1771
	As	3	1073	2200
	Bi	3	385	1662
	Al	1	993	1411
	Mg	1.95	2150	1658
	Unfortunately, they generally suffer from a large irreversible capacity during the first cycles,
	and so a poor cycle-life, due to the large volume change during discharge/charge cycles.
	The alloy formation is accompanied by a large volume expansion, and the successive
	delithiation/lithiation processes causes high mechanical strains in the particles, leading to the
	pulverization of the active material, loss in contacts, and damaging the whole electrode structure
	[115]. These volume changes influence also the formation of the SEI layer. During cycling, the
	repeated volume expansion causes cracks in the particles, forming new surfaces where the electrolyte
	decomposes.			
	Because volume changes are the main issues in this type of electrode, an appropriate design
	of the microstructure could improve the cycle-life of these materials. The main research activities on
	alloying materials are turned to developing strategies, such as composite electrodes, nanosized
	particles, nanostructured materials, etc., in order to alleviate the mechanical strain during cycling
	[116].			
	For this thesis, a particular attention is paid for the Mg-Li alloy, because in specific cycling
	condition (i.e. with a cut off potential below 0.1 V vs. Li + /Li), this reaction might occur. Indeed, using
	MgH2 as active material, the lithiation leads to the formation of Mg and LiH, and this freshly formed
	Mg can further react with Li at low potentials. Looking at the binary phase diagram of Mg and Li,
	reported in Figure 1.9 [117], is possible to notice that at room temperature a Mg-rich phase exists up
	to 15 atomic Li%, and a Li-rich alloy exists with a minimum of 30 atomic Li%. These regions are
	separated by a two-coexistence domain. Because the Li-rich solid solution phase extends to lithium
	metal, the theoretical capacity of Mg is infinite. However, the maximum achieved capacity reported

Table 1 .7. Table 1.7. Electrochemical

 1 properties of binary and complex hydrides towards lithium ions.

Active material Theoretical capacity First discharge capacity Ref. mAh g -1 xLi mAh g -1 xLi

  

	MgH2	2038	2	4000	2.9	[125]
	TiH2	1074	2	1072	2	[126]
	AlH3	2679	3	1625	1.8	[127]
	TiNiH	249	1	251	1.07	[128]
	Mg2NiH4	963	4	866	3.6	[129]
	Mg2CoH5	1190	5	1300	5.5	[129]
	Mg2FeH6	1455	6	1577	6.5	[129]
	NaAlH4	1985	4	1042	2.1	[130]
	LiAlH4	2119	4	1180	1.7	[131]
	Li3AlH6	1493	6	900	3.6	[131]
	From Table 1.7 is possible to notice that for several hydrides the reactivity with lithium ions
	predicted (i.e. theoretical xLi) differs from the experimental one. This is due to the multi-step
	reactions involving the formation of alloys, solid solutions, metastable and/or amorphous phases
	during discharge and charge [132].				

Table 4 . 2 .

 42 Capacities and reversibility of MgH2 conversion reaction inyMgH2+(1-y)TiH2 electrodes (potential window: 0.17 -1 V).

	Composite y	Calculated capacity of yMgH2 (mAh g -1 )	Charge capacity 1 st cycle (mAh g -1 )	Reversible capacity 1 st cycle vs. calculated (%)	Charge capacity 2 nd cycle (mAh g -1 )	Capacity retention 2 nd /1 st cycle (%)
	0.2	228	/	/	/	/
	0.5	685	301	44	192	64
	0.6	880	349	40	292	84
	0.7	1100	562	51	467	83
	0.8	1363	566	42	445	79

Table 4 . 3 .

 43 Capacities and reversibility of TiH2 conversion reaction inyMgH2+(1-y)TiH2 electrodes (potential window: 0.10 -0.45 V).

	Composite y	Calculated capacity of 1-yTiH2 (mAh g -1 )	Charge capacity 1 st cycle (mAh g -1 )	Reversible capacity 1 st cycle vs. calculated (%)	Charge capacity 2 nd cycle (mAh g -1 )	Capacity retention 2 nd /1 st cycle (%)
	0.2	957	/	/	/	/
	0.5	720	357	50	214	60
	0.6	613	384	63	356	93
	0.7	495	467	94	446	96
	0.8	355	268	76	257	96

Table 5 .
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	1. Coulombic efficiency and discharge/charge capacities attained during cycling
	of MgH2 electrode in a solid-state half-cell.			
		1 st cycle	2 nd cycle	3 rd cycle
	Coulombic efficiency (%)	56	88	87
	Discharge capacity (mAh g -1 )	1730	815	610
	Charge capacity (mAh g -1 )	970	715	530

Table 5 . 2 .

 52 Coulombic efficiency and discharge/charge capacities attained during cycling of TiH2 electrode in a solid-state half-cell.

	1 st cycle	2 nd cycle	3 rd cycle
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Structural properties

The structural properties of the composites prepared by reactive ball milling were investigated by means of X-ray diffraction. Information about lattice parameters, crystallite size and phase amount were calculated for each composite applying the Rietveld method.

The XRD patterns and Rietveld analysis, as well as their crystallographic data, are reported in Figure 4.3 and Table 4.1 respectively. temperature. Thus, in our working conditions (4 hours of milling, at 50 °C and 9 MPa H2 gas) is unlikely to obtain such compounds. Our results are in good agreement with previous works reported in literature about the synthesis of MgH2+TiH2 composites by RBM [8].

Electrochemical analyses

To ensure the operation of any active material in a Li-ion battery, both high mobility of Li ions and electrons are required. Furthermore, for conversion reaction electrodes, reactivity between solid species within the electrode should occur at enough rate. In the particular case of metallic hydrides MH, the transport of metal atoms M (here M = Mg and Ti) and H in atomic form is required. The volume variation during lithiation/delithiation must also be managed in order to maintain good interface and contact between solid phases.

To mitigate the issues of the active material related to electronic conductivity and volume changes in the electrode on discharge/charge cycling, the nanocomposites have been mixed with carbon Super P and CMC to prepare the working electrodes.

During the first discharge, all electrodes can fully react with lithium, accomplishing the conversion reaction. In previous studies [20,21], a full lithiation was not achieved for commercial hydrides, and the authors identified the main cause as the grain size and/or surface contamination (such as metal-oxide layers). Thanks to the nanostructuration obtained during ball milling (average crystallite size ≤ 11 nm) both MgH2 and TiH2 are completely reduced to Mg and Ti accompanied by LiH formation. These results evidence the importance of nanostructuration in the accomplishment of the conversion reaction of hydrides with lithium. However, the reversibility upon delithiation strongly depends on the composition (Figure 4.7), being much higher for Mg-rich than for Ti-rich electrodes.

Therefore, nanostructuration is necessary to attain full lithiation but not sufficient to ensure the restoration of the hydride phases. Indeed, the low reversibility of the Ti-rich composite (y = 0.2) concurs with previous finding of Oumellal et al. for single-phase TiH2 electrodes [14]. These authors reported that, after full lithiation, the restoring of the TiH2 phase could not be obtained. Interestingly, same authors showed that the reversibility can be partially achieved starting from an intimate mixture of Ti and LiH prepared by mechanochemical reaction of TiH2 and Li [22]. This demonstrates the key role of M and LiH phase distribution or the properties of M/LiH interfaces on the reversibility of the conversion reaction.

Influence of Mg-Li alloying on the overall conversion reaction

Electrodes studied in the potential window 5 mV -1 V have shown the highest capacities during the first cycles (Table 4.4). This is due to the formation of the Mg-Li alloy at potentials lower than 0.1 V. But during cycling, the capacity decay of these electrodes was 7% higher compared to the composites cycled without the contribution of the alloy reaction. To better understand the effect of the Mg-Li alloying reaction on the reversibility of the conversion reaction, one can look at the difference in the reversible capacity of the electrodes while cycling. A comparison between y = 0. In both experiments, the composite y = 0.7 exhibits during the first lithiation, a first plateau potential at 0.8 V for the SEI formation, a second one at 0.36 V for the reduction of MgH2 and a sloping plateau at 0.16 V for the reaction of TiH2 with lithium. Then, for the electrode cycled down to 5 mV, the contribution of the Mg-Li alloy reaction is found below 0.1 V. Because of this alloy reaction, the electrode reaches a larger capacity (2740 vs. 2260 mAh g -1 ). The quantity of lithium stored into the electrode below 0.1 V is actually 0.94 Li, implying the formation of the alloy Li0.94Mg0.7. During delithiation, the reformation of MgH2 and TiH2 is observed at 0.60 V and 0.29 V respectively, while the extraction of Mg from the alloy occurs at 0.18 V. Except for a larger capacity, no major differences are found in the two profile curves, suggesting that the alloying reaction has no detrimental effect on the electrode within the first cycle.

CHAPTER 5

All solid-state Li-ion battery Comparing all these papers, it is worth to notice that, in order to exhibit a capacity retention during cycling, MgH2 needs a catalyst and also a carbon support (VGCF), whereas TiH2 does not require specific additives. These results suggest that TiH2 shows a better cycle-life than MgH2 at 120 °C because of its better electrical conductivity and hydrogen mobility.

MgH2+TiH2 composites

Composite MgH2+TiH2 electrodes have shown to achieve a quantity of Li stored during the first discharge higher than the single hydride cells (x ≥ 2), suggesting a better reactivity of the composites. In the first cycle, electrodes y = 0.6 and 0.7 showed the highest reversibility, with the extraction of 2 Li during delithiation (Figure 5.6), implying the complete reformation of both hydrides. However, after ten cycles, Ti-rich electrode y = 0.2 exhibits the highest capacity retention, providing an almost constant capacity around 800 mAh g -1 . On the other hand, Mg-rich composites showed a large capacity loss compared to their first discharge (Table 5.3). Even if y = 0.8 shows the highest reversibility (71%)

among the Mg-rich composites, after ten cycles it has lost 918 mAh g -1 (i.e. 53% of its calculated capacity), implying a poor capacity retention. These results suggest that also in MgH2+TiH2 composites TiH2 phase possesses a better capacity retention than MgH2 phase. This is demonstrated in Figure 5.9, where the cycling of electrodes y = 0.2 and 0.8 are compared. 

Conclusions based on our research

The progress in lithium ion batteries over the past decades has made them the leading technology for mobile applications. Despite all the improvements, the available energy content is limiting the development in new fields, such as electric vehicles and power grid systems, where a high energy is required. With the purpose of replacing the electrodes currently used in commercial Li-ion batteries, new materials with better electrochemical properties are under investigation worldwide. A good electrode material candidate should reversibly react with lithium for as many as possible discharge/charge cycles, providing a high capacity. Even other properties, such as cost, safety, and toxicity must be taken into account.

Among the studied materials, metal hydrides have been suggested as possible candidate for negative electrodes. Theoretically, several metal hydrides can react with lithium at potentials below 1 V vs. Li + /Li, providing capacities in the order of thousands of mAh g -1 , thus they could replace graphite (372 mAh g -1 ) as electrode material. However, practical applications are still hindered because of the poor reversibility of the conversion reaction at room temperature.

This thesis was an effort to understand the factors that limit the performance and so the cycle-life of metal hydrides in Li-ion batteries, trying to find possible strategies to overcome these issues. For our research, MgH2 and TiH2 have been chosen as active materials, and their electrochemical properties have been investigated in cells with both liquid and solid electrolytes.

In half-cells cycled at room temperature, these hydrides have shown to deliver a high capacity, 2000 mAh g -1 for MgH2 and 1000 mAh g -1 for TiH2 respectively. However, a large capacity loss occurs within the first cycle, with MgH2 exhibiting a reversibility below 30%, and TiH2 being completely irreversible (i.e. no reformation of the hydride during the charge). Interestingly, we have noticed that during cycling, the drop in capacity occurs during the charge. Indeed, the quantity of lithium extracted can be fully reintroduced into the electrode in the subsequent cycle, but the quantity of lithium recovered during delithiation decreases at each charge. This suggest that some mechanism occurring during the lithiation hinders the subsequent extraction of lithium from the electrode.

Previous authors have tried to explain this poor reversibility shown by the hydrides highlighting the facts that all hydrides undergo a conversion reaction which leads to sever

Outlook

In our work, we have demonstrated crucial importance of the interfaces within the battery to achieve a better reactivity towards lithium. In order to achieve a performance that allows the introduction of these batteries in the market, further experiments on the electrode design are required. Materials cost and industrial production are also factors to consider.

The sluggish kinetics at room temperature still remains the main issue for a high reversibility and long cycle-life. However, we have shown that a good capacity retention is obtained when short diffusion paths and high interfaces density is provided. Therefore, better performances can be attained with a proper electrode formulation, opening new studies on additives and active material preparation.

Moreover, we have demonstrated that metal hydrides can be used also for solidstate batteries. Owing the high ionic conductivity of LiBH4 at high temperatures, MgH2 and TiH2 have been studied at 120 °C. Because of the temperature, the reversibility achieved was higher compared to cells with organic solvents, with TiH2 exhibiting a good capacity retention during cycling. These results suggest that practical applications of metal hydride electrodes might come initially for high temperature batteries, where they already show promising performance thanks to the high capacity delivered during cycling. The main advantages these devices can provide are their stability and safety compared to liquid electrolyte cells, leading to a remarkable breakthrough in the field of Li-ion batteries.

Besides LiBH4, also other compounds can be investigated as solid electrolyte, especially those with a high ionic conductivity at low temperatures.

Sulphur has shown to be a good candidate as positive material to be coupled with metal hydrides. Thanks to their theoretical capacities in the order of thousands of mAh g -1 it might be possible to obtain batteries with high energy densities, spreading the use of Liion batteries also in new application fields, such as power grid and new electric vehicles.

Concluding, metal hydrides can also react with sodium through the same conversion reaction, forming their metal and NaH instead of LiH. Hence, metal hydrides can be investigated as electrode materials for sodium batteries, whose interest has increased in the last years. Research can be done with both liquid and solid sodium electrolytes.

For all these reasons, we strongly consider metal hydrides as valid candidates as electrode materials for the new generation of rechargeable batteries.