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All-solid-state batteries (ASSBs) that rely on the use of solid electrolytes (SEs) with high ionic conductivity are the holy grail for future battery technology, since it could theoretically enable achieving nearly 70 and 40 % increase in volumetric (Wh/l) and gravimetric (Wh/kg) energy densities, respectively, as well as enhanced safety compared to lithium-ion battery technology. To this end, the last decade has witnessed the development of ASSBs mainly through sulfide-based SEs pertaining to their favorable intrinsic properties.

However, such advancements were not straightforward to unlock high-performing practical ASSBs because of complex interfacial decomposition reactions taking place at both negative and positive electrodes, leading to a worsening cycling life. Focusing on the positive electrode, this calls for a better understanding of electrochemical/chemical compatibility of SEs that is sorely needed for real-world applications.

This work aims to provide answers regarding the best SE-layered oxide pair in composite cathode for ASSBs. By conducting a systematic study on the effect of nature of SEs in battery performances, we show that Li6PS5Cl performances rival that of Li3InCl6, both outperforming β-Li3PS4 and this, independently of the synthesis route. This is preserved when assembling solid-state cells since Li6PS5Cl pairing with layered oxide cathode shows the best retention upon cycling. This study also unravels that halides react with sulfides in hetero-structured cell design, hence resulting in a rapid capacity decay upon cycling stemming from interfacial decomposition reactions. To eliminate such interfacial degradation process, we suggest a surface engineering strategy that helps to alleviate the surface deterioration, unlocking highly performing ASSBs. Eventually, combined electrochemical, structural and spectroscopic analysis demonstrate that Li3InCl6 cannot withstand at higher oxidation potentials, resulting in decomposition products in contrast to what the theoretical calculations predicted.
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Broader Context

The extensive use of finite energy sources, such as coal and petroleum, to generate energy has played a vital role in the development of nations since the industrial revolution, which marked a major breakthrough in history. However, ever-increasing energy consumption due to population and economic growth leads to several problems related to combustion of fossil fuels that emit greenhouse gases (carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and fluorinated gases) causing global temperature to rise and its subsequent environmental risks. Considering energy demand is expected to increase by 56% between 2010 and 2050, impactful policies and major investments are sorely needed to limit gas emission (in particular CO2) (Figure 1a) with objectives as discussed in the "announced policies scenarios" (Paris agreement that aims to limit the increase in temperature to 2.1 o C by the end of the century). [START_REF]World Energy Outlook 2021 -Analysis[END_REF] Nevertheless, policies that are more stringent are required towards "zero emission target" to curtail the temperature rise to 1.4 o C by the end of the century (Figure 1b). To this end, transition to clean energy supplies (biofuels, geothermal, hydro, wind and solar sources) are essential to lower the negative environmental impacts. Despite the fact, renewable technologies have overcome various technological pitfalls; the greatest challenge in using these energy sources is to be able to balance the Broader context and thesis outline 10 natural fluctuations in their availability. In efforts to ensure flexible and steady power supply, energy storage technologies such as electrical, thermal, mechanical and electrochemical devices play a crucial role. [START_REF] Larcher | Towards Greener and More Sustainable Batteries for Electrical Energy Storage[END_REF] In particular, electrochemical devices, such as batteries that can store and convert chemical energy into electricity, have by far experienced major advancements. Batteries, specifically lithium-ion batteries (LIBs) are dominating the energy storage market to power portable electronic devices thanks to its high energy density (250 -300 Wh/kg at cell level). [START_REF] Goodenough | The Li-Ion Rechargeable Battery: A Perspective[END_REF] However, in the last years the demand has sky-rocketed driven by electric vehicles (EVs), resulting in a wide market size towards greater values depending on the applied environmental policies for near future (Figure 2). [START_REF]World Energy Outlook 2020 -Analysis[END_REF] Moreover, based on the current progress and material's chemistry research efforts, LIBs will be able to achieve ∼ 350 Wh/kg total cell energy, albeit this energy content is not sufficient to meet the automotive energy targets. [START_REF] Masias | Opportunities and Challenges of Lithium Ion Batteries in Automotive Applications[END_REF] This looming challenge is thus leading to the initiation of various research initiatives, such as "beyond LIBs technologies", looking to maximize the energy that can be stored in batteries. Furthermore, to enable large-scale energy storage, the challenge not only lies in increasing LIB's energy density, but also their safety, this being of the utmost importance when talking about EVs. This thesis therefore aims to contribute towards all-solid-state batteries as outlined below.

Figure 2: Estimated market size for batteries between 2020 and 2050 according to the variation of applied policies. Adapted from reference. [START_REF]World Energy Outlook 2020 -Analysis[END_REF] 

Thesis Outline

The aim of this thesis is to contribute to the development of all-solid-state batteries (ASSBs), and more specifically to exploring electrochemical/chemical compatibility of inorganic solid electrolytes as part of composite cathode for achieving high-performing ASSBs. Indeed, such next-generation system with high performance can be unlocked by mastering the nature and interfacial issues of solid ionic conductors in positive electrodes.

It is structured into the following four chapters.

Chapter 1 begins with a brief history of lithium-ion batteries focusing on the research efforts to boost their energy density through development of electrode materials. It is followed by the main scope of this thesis: all-solid-state batteries (ASSBs), in where it is highlighted the importance to act on solid electrolytes (SEs), interfacial challenges, requirements for material's design, and an outline of culminant developments in commercial/scaled-up ASSBs.

Chapter 2 focuses on the chemical/electrochemical compatibility of three inorganic solid ion conductors (β-Li3PS4, Li6PS5Cl, and Li3InCl6) as part of the composite cathode pairing with layered oxide (LiNi0.6Mn0.2Co0.2O2, NMC622) for designing highly performing ASSBs. To this end, the role of various synthesis methods on ionic, electronic and structural properties of these SEs is initially explored and later their electrochemical performances as composite cathode constituent are cross-compared in full-ASSBs. By designing the composite cathode accompanied by a carbon additive, we will demonstrate two sides of the coin when considering how addition of carbon in the cathode composite will affect the battery performance. Next, the chemical stability of Li3InCl6 in hetero-structured cell architecture is investigated via well-establish electrochemical and spectroscopic analysis. At last, we will design the composite cathode preparation by a practical process to favor intimate contact between particles and to maximize the practicability of fabrication strategy in positive electrodes.

Broader context and thesis outline 12 Based on the knowledge from the previous chapter about halide SE (Li3InCl6), Chapter 3 is dedicated to its comprehensive electrochemical/chemical stability investigations against carbon, NMC622/carbon and Li6PS5Cl under both cycling and ageing conditions. This Chapter also covers how to achieve high-capacity retention upon cycling; we thus demonstrate a new surface engineering strategy to overcome interfacial bottlenecks.

To conclude, Chapter 4 summarizes the main results of this thesis.

Chapter 1 -Introduction to lithium-based battery technologies 1 Brief overview of rechargeable battery technology

Rechargeable batteries, also known as secondary batteries, are expected to possess high energy density, high power density, high safety, long cycle and calendar life, broad working temperature tolerance and low cost. Said batteries have evolved over the years from lead acid in the 1850's through nickel-cadmium in 1890's and nickel-metal hydride in the 1960's to lithium-ion batteries (LIBs) in the 1970's. [START_REF] Tarascon | Issues and Challenges Facing Rechargeable Lithium Batteries[END_REF][START_REF] Choi | Promise and Reality of Post-Lithium-Ion Batteries with High Energy Densities[END_REF] Among these energy storage systems, LIBs are currently dominating the battery market to power electrical vehicles (EVs)

and portable devices given their capability of delivering high energy and power densities. The energy storage capability of an electrode (Q) is defined as the specific capacity (Ah/kg), which is related to the number of Li ions that can be reversibly inserted into the electrode without causing irreversible degradation of its structure (Equation 1.2). where 𝑛(𝐿𝑖 + ) is the number of Li ions, and M is the molecular weight of the electrode material.

The energy density of a cell is the product of the cell potential by the capacity (Equation 1.3). It can be expressed either in per unit of weight (Wh/kg) or per unit of volume (Wh/L) and depends on the voltage difference of the electrode materials with respect to the extent of their chemistry in the system.

Equation 1.3:

Especific (Wh/kg) = Q (Ah/kg) . U (V)
Therefore, since the first demonstration of Li battery technology, intensive research activities have been aimed at designing/uncovering better materials for both electrodes that would provide the greatest energy density. In the following section, the journey of how today's most popular Li-ion technology will be ascribed followed by its transition to "nextgeneration" all-solid-state batteries.

The journey of Li-battery technology propelled by better materials

Owing to its light weight (6.94 g/mol), low potential (-3.04 V vs SHE) and high theoretical capacity (3860 mAh/g), lithium was early on believed to have great potential for primary and rechargeable battery systems. Having said so, the 1970s witnessed the development of lithium-metal batteries, benefited by the discovery of lithium-free chalcogenides (TiS2, MoS2) as an intercalation (or insertion) positive electrode by coupling with Li-metal as negative electrode (Equation 1.4). [START_REF] Whittingham | Electrical Energy Storage and Intercalation Chemistry[END_REF][START_REF] Whittingham | The Role of Ternary Phases in Cathode Reactions[END_REF][START_REF] Whittingham | Chemistry of Intercalation Compounds: Metal Guests in Chalcogenide Hosts[END_REF] Going further down the timeline, in 1986 the company Moli Energy pursued this technology, commercializing the first lithium battery using MoS2 and Li metal as positive (cathode) and negative (anode) electrodes, respectively. Unfortunately, because of the safety risks originated from dendritic lithium growth at the metallic-lithium anode over cycling (Figure 1.1a-b), these batteries had to be recalled from the market after numerous fire incidents. [START_REF] Blomgren | The Development and Future of Lithium Ion Batteries[END_REF] To circumvent this issue, in the 1980s, an electrolyte concept was considered to orient its design from liquid to polymer, aiming to suppress the dendritic growth of lithium. However, such strategy was dependent on high temperature (~ 60 o C) application to enable decent Li + conductivity of polymer electrolyte, thus preventing widespread real-world applications. [START_REF] Armand | Polymer Solid Electrolytes -an Overview[END_REF] For instance, only Bolloré company pursued this technology.

Equation 1.4:

(at cathode) TiS2 + Li + + e -⇆ LiTiS2 (at anode) Li ⇆ Li + + e - Taken from reference. [START_REF] Droguet | Toward Aqueous Superconcentrated Electrolytes for Li-Ion Battery Application[END_REF] Chapter 1 -Introduction to lithium-based battery technologies 18 In 1980, a discovery led to the replacement of the layered sulfur-based positive electrode by a layered oxygen-based one. John Goodenough and coworkers proposed LiCoO2 (LCO), [START_REF] Mizushima | LixCoO2 (0[END_REF] which demonstrated successive reversibly release and uptake of lithium into its structure with increased cell potential given the greater electronegativity of oxygen than sulfur. Following this pioneering work, the Li-insertion chemistry was extended to the negative electrode by identification of carbonaceous materials, [START_REF] Yazami | A Reversible Graphite-Lithium Negative Electrode for Electrochemical Generators[END_REF] enabling to successfully cycle LCO against petroleum coke (Equation 1.5). Such design was the advent of today's Liion battery design so-called Li-ion rocking-chair battery (Figure 1.1c). Shortly after, Sony brought the first commercialized cells of Li-ion technology to the market in 1991, which consisted of graphite as negative electrode, LCO as positive electrode and an EC-based electrolyte, exhibiting specific energy and energy density of 100 Wh/kg and 190 Wh/L, respectively. [START_REF] Yamamoto | Nonaqueous Electrolyte Secondary Battery[END_REF] The Li-ion technology was also packed in a polymer structure pertaining to the Bellcore Li-ion plastic technology offering significant advantages in terms of shape and packaging flexibility and enhanced scalability. 17 Though exciting, only ~50% of the theoretical capacity (~140 mAh/g out of 275 mAh/g) of LCO was reversibly attainable by transferring 0.5 Li + , as further Li extraction leads to a release of oxygen from the crystal lattice therefore damaging the crystalline structure. [START_REF] Sharifi-Asl | Oxygen Release Degradation in Li-Ion Battery Cathode Materials: Mechanisms and Mitigating Approaches[END_REF] Moreover, the high cost and ethical issues of cobalt extraction proved to be further roadblocks for its widespread adoption. This has called for a substitution strategy with lower-cost and more abundant transition metals, such as manganese and nickel. However, LiMn2O4 exhibited dissolution of Mn upon cycling therefore poisoning the anode surface, resulting in capacity degradation. [START_REF] Gu | Formation of the Spinel Phase in the Layered Composite Cathode Used in Li-Ion Batteries[END_REF][START_REF] Liu | Correlation between Manganese Dissolution and Dynamic Phase Stability in Spinel-Based Lithium-Ion Battery[END_REF] LiNiO2 with layered crystal structure could deliver greater capacity (>150 mAh/g), but its several issues including synthesis difficulty of well-Chapter 1 -Introduction to lithium-based battery technologies 19 ordered structure and thermal instability led researchers to look for a partial substitution. 21- 23 In 2001, derivation of LiNiO2 by partial substitution with Co, Mn and Ni led to the development of the Li[NixMnyCo1-x-y]O2 (NMC) phases, [START_REF] Lu | Layered Cathode Materials Li[END_REF] where Ni, Co and Mn govern the capacity, the structural stability and the thermal stability, respectively (Figure 1.2a). [START_REF] Rozier | Review-Li-Rich Layered Oxide Cathodes for Next-Generation Li-Ion Batteries: Chances and Challenges[END_REF] In the subsequent years, efforts were invested to modify such phase with increased amount of nickel, favoring greater capacity and energy density. Transitioning from LiNi0.33Mn0.33Co0.33O2 (NMC111) to LiNi0.8Mn0.1Co0.1O2 (NMC811) brought capacity enhancement from ~150 mAh/g to >200 mAh/g. [START_REF] Noh | Comparison of the Structural and Electrochemical Properties of Layered Li[END_REF] It was also exemplified with another layered-oxide compound, namely Li[NixCoyAl1-x-y]O2 (NCA), [START_REF] Robert | Enhancement of the High Potential Specific Charge in Layered Electrode Materials for Lithium-Ion Batteries[END_REF] that delivers specific energy of ~260 Wh/kg with high-nickel content (Ni>0.8) in real world applications. Figure 1.2b summarizes the voltage profiles over complete delithiation of layered oxides. [START_REF] Radin | Narrowing the Gap between Theoretical and Practical Capacities in Li-Ion Layered Oxide Cathode Materials[END_REF] In an attempt to achieve higher capacities than LiMO2-type layered compounds in LIBs, there was a substitution of the transition metal ions within the MO2 layers by Li to obtain the so-called Li-rich NMC phases e.g. Li1.2Ni0.13Mn0.54Co0.13O2. [START_REF] Lu | Understanding the Anomalous Capacity of Li / Li[END_REF]30 These compounds exhibit a capacity up to 270 mAh/g (~1000 Wh/kg at the material level) with cumulated redox activity of both cations and anions within the structure. However, their cycling performance exhibits voltage decay and capacity loss associated to irreversible oxygen loss in crystalline structure between 4.5 and 4.7 V vs. Li + /Li negated the adoption of such Li-rich compounds in industrial applications. [START_REF] Assat | Fundamental Understanding and Practical Challenges of Anionic Redox Activity in Li-Ion Batteries[END_REF] Commercial targets for EV applications require a specific energy above 350 Wh/kg at cell level. [START_REF] Schmuch | Performance and Cost of Materials for Lithium-Based Rechargeable Automotive Batteries[END_REF] All aspects considered a legitimate question is "how can energy density of LIBs be pushed further?"

Besides cathode materials, two strategies have been considered to reach such a target: The first one being the implementation of a silicon anode and the other one, being the reutilization of lithium-metal anode. Such quest was led by the capacity of graphite negative electrode being ~10 times less than these materials (theoretical capacity of 372 mAh/g for LiC6). [START_REF] Holtstiege | Toward High Power Batteries: Pre-Lithiated Carbon Nanospheres as High Rate Anode Material for Lithium Ion Batteries[END_REF] The first approach, silicon anode, presents both benefits and drawbacks. On the bright side, it delivers a remarkable specific capacity (~4200 mAh/g by allowing up to 4. 4 Li per silicon lithiation) and high abundancy. [START_REF] Besenhard | Will Advanced Lithium-Alloy Anodes Have a Chance in Lithium-Ion Batteries?[END_REF][START_REF] Graetz | Highly Reversible Lithium Storage in Nanostructured Silicon[END_REF] However, it is penalized by an unavoidable mechanical degradation due to its large volume change (over 300%), resulting in a significant capacity decay during cycling. [START_REF] Limthongkul | Electrochemically-Driven Solid-State Amorphization in Lithium-Silicon Alloys and Implications for Lithium Storage[END_REF] Looking back, the lithium metal anode, or socalled holy grail, revealed the need for a next-generation battery system that prevents the dendrite growth as well as higher safety and it is here where the ASSB come into play. [START_REF] Sun | Promising All-Solid-State Batteries for Future Electric Vehicles[END_REF] These batteries will be the main scope of this thesis and will be introduced below. To realize greater energy density and safety than that of LIBs, ASSBs offer the use of solid ionic conductors that enable the utilization of lithium-metal as anode and the replacement of flammable organic liquid electrolyte. Such cell design ideally consists of lithium-metal as negative electrode, solid electrolyte (SE) as a separator between electrodes, and a mixture of SE and CAM as the positive electrode; Figure 1.3a depicts the concept. [START_REF] Janek | A Solid Future for Battery Development[END_REF] Similar to LIBs, ASSBs work by shuttling lithium ions between two electrodes through a SE separator, where mobile cations hop between sites through interconnected diffusion channels. [START_REF] Bachman | Inorganic Solid-State Electrolytes for Lithium Batteries: Mechanisms and Properties Governing Ion Conduction[END_REF] This technology potentially outpaces LIBs containing graphite anode in terms of energy density and specific energy at cell level (Figure 1.3b). [START_REF] Tian | Promises and Challenges of Next-Generation "Beyond Li-Ion" Batteries for Electric Vehicles and Grid Decarbonization[END_REF] On top of the abovementioned benefits, the research community believes ASSBs possess additional attributes:

 High voltage battery operation with broad working temperature tolerance, alleviating interfacial degradation of Li + conductor against electrodes. [START_REF] Oh | Bulk-Type All Solid-State Batteries with 5 V Class LiNi0.5Mn1.5O4 Cathode and Li10GeP2S12 Solid Electrolyte[END_REF][START_REF] Han | Negating Interfacial Impedance in Garnet-Based Solid-State Li Metal Batteries[END_REF]  Long cell-lives pertaining to suppressed ion shuttling between electrodes. [START_REF] Li | Solid Electrolyte: The Key for High-Voltage Lithium Batteries[END_REF]  Possibility of high rate cycling operation (fast charge-discharge) owing to high Li + transference number (t+= ~1, i.e., only Li + moves, anions are immobile) in inorganic SEs. [START_REF] Zhang | New Horizons for Inorganic Solid State Ion Conductors[END_REF]  Capability of cell design with bipolar stack cell configuration, minimizing inactive encasing materials. 

Overview of solid electrolytes (SEs)

The degree of advancement of such next-generation battery system hinges on the nature of Li + conductors. To this end, a wide array of solid ionic conductors have been discovered throughout the years when seeking for better materials that include organic and inorganic (oxide-, sulfide-or halide-based) electrolytes, among which inorganic ionic conductors have become of paramount importance for the development of ASSBs. [START_REF] Abakumov | Solid State Chemistry for Developing Better Metal-Ion Batteries[END_REF] Generally, solid lithium ionic conductors are expected to possess the following requirements: [START_REF] Ferrari | Solid-State Post Li Metal Ion Batteries: A Sustainable Forthcoming Reality?[END_REF]  High lithium ionic and negligible electronic conductivities at room temperature.

 Low grain boundary resistance.

 High chemical and electrochemical stability against both electrodes. Their ionic conductivity (σ) is calculated by Equation 1.6, which is a thermally activated process following the Arrhenius law, governed by the charge, the number of mobile carriers (ions, interstitials, vacancies) and the activation hopping energy for the conducting ion.

Equation 1.6:

𝑅 = 1 σ . 𝑙 𝐴
where R is the resistance, l is the thickness, and A is the area of the electrolyte. Back in the 1950s, the discovery of high Li + -conducting Li3N marked the beginning of the evolution in inorganic solids, followed by Na + -β-alumina used for high-temperature Na-S batteries commercialized by Ford Motor company (Figure 1.4). [START_REF] Yao; Kummer | Ion Exchange Properties of and Rates of Ionic Diffusion in Beta-Alumina[END_REF] In the subsequent years, further phases have been visited from fast Na + conductor (Na1+xZr2SixP3-xO12, where 0<x<
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3) 48 to Li-ion conductors Li1.3Al0.3Ti1.7(PO4)3 [START_REF] Aono | Ionic Conductivity of Solid Electrolytes Based on Lithium Titanium Phosphate[END_REF] , lithium phosphorus oxynitride (LiPON) [START_REF] Bates | Thin-Film Lithium and Lithium-Ion Batteries[END_REF] and Garnet-type Li7La3Zr2O12 (LLZO) [START_REF] Murugan | Fast Lithium Ion Conduction in Garnet-Type Li7La3Zr2O12[END_REF] with a cubic structure exhibiting ionic conductivities in the range of 10 -3 to 10 -6 S/cm. During this time, sulfide-based SEs were also extensively investigated on the bases of substitution approaches, enlisting mainly families of Li2S-P2S5

(LPS) binary system, argyrodites and Thio-LiSICONs.

Though this period proved fruitful, the ionic conductivities of these SEs were far behind the liquid electrolytes until discovery of Li10GeP2S12 (LGPS) [START_REF] Kamaya | A Lithium Superionic Conductor[END_REF] in 2011 that showed superior ionic conductivity (~ 10 -2 S/cm) exceeding that of their organic liquid contenders.

This advance triggered the race for compounds demonstrating higher ionic conductivity through dual cationic (Si for P) and anionic (Cl for S) substitution approaches (e.g.

Li9.54Si1.74P1.44S11.7Cl0.3). [START_REF] Kato | Li 10 GeP 2 S 12 -Type Superionic Conductors: Synthesis, Structure, and Ionic Transportation[END_REF] This combination of ligands also delivers high ionic conductivities in the argyrodite-type phases Li6PS5X (X= Cl, Br, I). [START_REF] Boulineau | Mechanochemical Synthesis of Li-Argyrodite Li6PS5X (X=Cl, Br, I) as Sulfur-Based Solid Electrolytes for All Solid State Batteries Application[END_REF][START_REF] Deiseroth | Li6PS5X: A Class of Crystalline Li-Rich Solids With an Unusually High Li+ Mobility[END_REF] Equally, β-Li3PS4 polymorph was shown to be synthesized at low temperature (<150 °C) by nano-structuring with high conductivity guided by solvent-assisted synthesis. [START_REF] Liu | Anomalous High Ionic Conductivity of Nanoporous β-Li3PS4[END_REF] Moreover, the rich family of halide-type solid ionic conductors, Li3MX6 (M= In and trivalent rare-earth metals Y, Er, Yb, Sc, etc.; X= Cl, Br, and I), are generating new excitements owing to their high ionic conductivity (>1 mS/cm) as well as mechanically deformable nature and most importantly high oxidative stability. [START_REF] Li | Progress and Perspectives on Halide Lithium Conductors for All-Solid-State Lithium Batteries[END_REF] 2.3 Choosing the best solid electrolyte: Oxides, Sulfides or Halides?

Such richness of ionic conductors with their various synthesis routes simultaneously represents a benefit and a hassle when selecting the best SE for practical ASSBs. Different electrolyte chemistries indeed differ in their electrochemical/chemical stability against oxidation and reduction, in their electronic and ionic conductivities, in their softness and lastly in their thermal stability. [START_REF] Shoji | Recent Progress for All Solid State Battery Using Sulfide and Oxide Solid Electrolytes[END_REF][START_REF] Kim | Solid-State Li-Metal Batteries: Challenges and Horizons of Oxide and Sulfide Solid Electrolytes and Their Interfaces[END_REF][START_REF] Kwak | Emerging Halide Superionic Conductors for All-Solid-State Batteries: Design, Synthesis, and Practical Applications[END_REF] So which is better for practical applications of ASSBs? It is evident that oxide-, sulfide-and halide-based SEs possess different advantages/disadvantages over one other, as compared overall in Figure 1.5. Reproduced from reference. [START_REF] Kwak | Emerging Halide Superionic Conductors for All-Solid-State Batteries: Design, Synthesis, and Practical Applications[END_REF] Firstly, oxide-based ionic conductors proved to be promising materials when it comes to chemical/electrochemical stability against lithium metal as well as moisture and thermal stabilities. [START_REF] Wan | Recent Developments in Oxide-Based Ionic Conductors: Bulk Materials, Nanoionics, and Their Memory Applications[END_REF] Moreover, synthesis reagents of the oxide electrolytes are commercially more available, and they usually can be processed in open-air atmosphere, which poses as a great advantage compared to the case of sulfide electrolytes. [START_REF] Ren | Oxide Electrolytes for Lithium Batteries[END_REF] However, these materials require high temperature sintering (>1000 °C) to form intimate contact to reduce grain boundaries in order to enhance Li + conductivity. 63 Despite said process, the grain boundaries still take place in the structure, which most frequently negatively affect ionic transportation (Figure 1.6a,b). 64 Such insufficient/inhomogeneous contact has further impacts on the charge transfer resistance and the inhomogeneous current distribution at the Li metal-SE interface, leading to Li dendrite nucleation during plating and stripping. Considering the melting temperature of Li metal (180 °C), forming a better contact between an oxide electrolyte and Li metal without causing side reactions is not easy task. [START_REF] Ding | Review-Interfaces: Key Issue to Be Solved for All Solid-State Lithium Battery Technologies[END_REF] Consequently, such challenges undermine their practical adoption in ASSBs and remain to be solved.

At this point, sulfide-based SEs exhibit favorable advantages compared to oxides owing to their intrinsic properties such as high ionic conductivity, ductile nature (lower Young's modulus) and easy fabrication. [START_REF] Mcgrogan | Compliant Yet Brittle Mechanical Behavior of Li2S-P2S5 Lithium-Ion-Conducting Solid Electrolyte[END_REF][START_REF] Seino | A Sulphide Lithium Super Ion Conductor Is Superior to Liquid Ion Conductors for Use in Rechargeable Batteries[END_REF] Their mechanical deformability allows high compacity values for densified powders (pellets) with cold-pressing process (Figure 1.6c,d) [START_REF] Sakuda | Sulfide Solid Electrolyte with Favorable Mechanical Property for All-Solid-State Lithium Battery[END_REF] , which removes the necessity for a high temperature-sintering step, thereby Recently, such interfacial challenges of sulfides rekindled interest in revisiting the rich family of halide-type solid ionic conductors due to their high Li + conductivity with electrochemical oxidation stabilities and mechanical deformability at RT (Figure 1.6e,f). [START_REF] Han | Singleor Poly-Crystalline Ni-Rich Layered Cathode, Sulfide or Halide Solid Electrolyte: Which Will Be the Winners for All-Solid-State Batteries?[END_REF] However, one of the drawbacks pertaining to halides is their poor electrochemical stability in reduction, preventing their direct use in contact with lithium metal. [START_REF] Riegger | Lithium-Metal Anode Instability of the Superionic Halide Solid Electrolytes and the Implications for Solid-State Batteries[END_REF] This calls for the need to design cells with surface engineering to avoid the inconvenience of creating more interfaces.

In short, these examples reveal that sulfide and halide-based SEs are promising candidates to advance practical ASSBs rather than oxides. Nevertheless, a better understanding on the effect of their synthesis routes as well as interfacial and cell fabrication challenges is crucial for achieving ASSBs with high performance as discussed later.
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Effect of synthesis methods on solid electrolytes

The choice of synthesis route (either via solvent-assisted reactions involving precipitation/crystallization in solvents, high temperature solid-state reactions or mechanical ball milling) directly determines the chemical/physical properties of SEs, such as microstructure and ionic transportation, and their integration in solid-state devices (Figure 1.7). [START_REF] Famprikis | Fundamentals of Inorganic Solid-State Electrolytes for Batteries[END_REF][START_REF] Gamo | The Effect of Solvent on Reactivity of the Li2S-P2S5 System in Liquid-Phase Synthesis of Li7P3S11 Solid Electrolyte[END_REF][START_REF] Ghidiu | Solution-Based Synthesis of Lithium Thiophosphate Superionic Conductors for Solid-State Batteries: A Chemistry Perspective[END_REF][START_REF] Miura | Liquid-Phase Syntheses of Sulfide Electrolytes for All-Solid-State Lithium Battery[END_REF][START_REF] Kudu | A Review of Structural Properties and Synthesis Methods of Solid Electrolyte Materials in the Li2S -P2S5 Binary System[END_REF] Therefore, now, we have to ask ourselves which synthesis route is beneficial for SEs? mechanochemical methods (right column). c) Overview of reported ionic conductivities of thiophosphate solid electrolytes depending upon synthesis routes. Reproduced from references. [START_REF] Famprikis | Fundamentals of Inorganic Solid-State Electrolytes for Batteries[END_REF][START_REF] Ghidiu | Solution-Based Synthesis of Lithium Thiophosphate Superionic Conductors for Solid-State Batteries: A Chemistry Perspective[END_REF][START_REF] Miura | Liquid-Phase Syntheses of Sulfide Electrolytes for All-Solid-State Lithium Battery[END_REF] Chapter 1 -Introduction to lithium-based battery technologies 28

The solvent-based route appears to be particularly attractive since it allows for largescale production and intimate contact and mixing between the reactants, although it is a challenging task due to phase contamination and surficial-solvent residuals. When talking about the synthesis of single-phase SEs, various parameters should be taken into account such as solvent type (e.g. level of polarity), concentration of precursors in solvent and drying conditions. This approach has recently been gaining interest for the synthesis of sulfidebased solid ionic conductors, especially after the simple fabrication of Li3PS4 in THF at low annealing temperature yielding relatively high ionic conductivity. [START_REF] Liu | Anomalous High Ionic Conductivity of Nanoporous β-Li3PS4[END_REF] Such ease of synthesis was also extended to water-based synthesis of Li3InCl6 resulting in higher ion conducting phase (>2 mS/cm) than its ball-milled one. [START_REF] Li | Water-Mediated Synthesis of a Superionic Halide Solid Electrolyte[END_REF][START_REF] Helm | Exploring Aliovalent Substitutions in the Lithium Halide Superionic Conductor Li3-XIn1-XZrxCl6 (0 ≤ x ≤ 0.5)[END_REF] Moving onto mechanical mixing techniques, ball milling has proven useful to intimately mix reactants. This technique consists of the constant impact of the balls into the powder at high speeds. Several factors, such as speed, milling time and size of the balls and jars need to be considered and have a major impact on how well achieved the mixing of the reactants can be. [START_REF] Banik | On the Underestimated Influence of Synthetic Conditions in Solid Ionic Conductors[END_REF] Despite no heat being applied, local heating occurs as the mechanical energy from ball to particle impact is transferred. Consequently, precursors are reduced to nanometer size particles with mechanically induced crystal defects. [START_REF] Famprikis | Under Pressure: Mechanochemical Effects on Structure and Ion Conduction in the Sodium-Ion Solid Electrolyte Na3PS4[END_REF] Such local heating and reduced particle size speeds up inter-particle diffusion rates and formation of products, which also triggers metastable materials that contain some compositional inhomogeneity, structural disorder and high vacancy concentration. Such phenomenon was exemplified with argyrodite phases that exhibit greater ionic transportation properties with increasing disorder structure. 82,[START_REF] Gautam | Rapid Crystallization and Kinetic Freezing of Site-Disorder in the Lithium Superionic Argyrodite Li6PS5[END_REF] Lastly, another widely used method is high-temperature solid-state synthesis that presents simple processability of precursors by mixing them and then firing them in a furnace for prolonged periods. Moreover, the final products are also affected by the cooling rate used to stabilize the solid solution at room temperature without any phase degradation (e.g. metastable amorphous materials or glasses). [START_REF] Amini | Thermodynamics and Kinetics of Glassy and Liquid Phase-Change Materials[END_REF] Additionally, although the reactants are well mixed on a particle scale, the reaction itself is slow because occurs at the atomic scale.

Note that, highly conducting Li + phases such as LGPS and Li9.54Si1.74P1.44S11.7Cl0.3 have both been synthesized via this method. [START_REF] Kamaya | A Lithium Superionic Conductor[END_REF][START_REF] Kato | Li 10 GeP 2 S 12 -Type Superionic Conductors: Synthesis, Structure, and Ionic Transportation[END_REF] Overall, the main insights obtained by different synthesis can be specified as following:

 Solvent-assisted synthesis can yield nano-crystalline materials. [START_REF] Liu | Anomalous High Ionic Conductivity of Nanoporous β-Li3PS4[END_REF]  Solid-state synthesis leads to crystals bigger than a few hundred nanometers can be produced by cooling the molten product slowly. [START_REF] Tachez | Ionic Conductivity of and Phase Transition in Lithium Thiophosphate Li3PS4[END_REF]  Ball-milling of glass-ceramic materials results in nano-crystallites distributed in their amorphous matrixes. [START_REF] Tsukasaki | Ionic Conductivity and Crystallization Process in the Li2S-P2S5 Glass Electrolyte[END_REF] 3 Recurring issues with ASSBs undermining their performance

Despite ASSBs are pushing their limits, their sustainable cycling performance employing above-mentioned ionic conductors remain mainly poor stemming from material and cell level bottlenecks as follows:

i. Existence of complex interfacial challenges occurring at both electrodes owing to electrochemical/chemical instability of solid ionic conductors, reflecting various solid-solid interfaces (e.g. Li-metal/SE and CAM/SE). [START_REF] Banerjee | Interfaces and Interphases in All-Solid-State Batteries with Inorganic Solid Electrolytes[END_REF][START_REF] Luntz | Interfacial Challenges in Solid-State Li Ion Batteries[END_REF] ii. Difficulty in forming and maintaining intimate contact between particles and accommodating internal volume change. [START_REF] Doux | Stack Pressure Considerations for Room-Temperature All-Solid-State Lithium Metal Batteries[END_REF][START_REF] Koerver | Chemo-Mechanical Expansion of Lithium Electrode Materials -on the Route to Mechanically Optimized All-Solid-State Batteries[END_REF] iii. Complexity in microstructure of composite cathode constituents as well as their fabrication. [START_REF] Bielefeld | Microstructural Modeling of Composite Cathodes for All-Solid-State Batteries[END_REF][START_REF] Hlushkou | The Influence of Void Space on Ion Transport in a Composite References 147 Cathode for All-Solid-State Batteries[END_REF] [START_REF] Zhu | Origin of Outstanding Stability in the Lithium Solid Electrolyte Materials: Insights from Thermodynamic Analyses Based on First-Principles Calculations[END_REF] When the solid ionic conductor experiences a Li chemical potential lower than its stability window, usually at the cathode side, it can be oxidized, and Li can be extracted from the structure. When the chemical potential is higher than the SE stability window at the anode side, it can be reduced and decompose to Li-rich phases. Therefore, a SE must have a stable voltage window greater than the cell operating voltage window or have favorable decomposition products at the interfaces. Such stability window can be determined both experimentally (via cyclic voltammetry, CV) [START_REF] Dewald | Experimental Assessment of the Practical Oxidative Stability of Lithium Thiophosphate Solid Electrolytes[END_REF] and computationally (via density functional theory, DFT). [START_REF] Tan | From Nanoscale Interface Characterization to Sustainable Energy Storage Using All-Solid-State Batteries[END_REF] The onset oxidation potential of a SE depends on the electronegativity of the anion, enlisting general trend of chlorides > oxides > sulfides > nitrides (e.g. Li3YCl6 > LLZO > LPS > LiPON). As for reduction stability, it aligns with the reduction state of anions that can be exemplified with Li2O, Li2S, Li3P, Li3N, LiCl and LiF, where X -, S 2-, O 2-, N 3-and P 3-are in fully reduced state. From Figure 1.9b, it is evident that sulfide SEs often cannot theoretically withstand voltage higher than ~ 2.5 V and lower than ~ 2 V, out of this range, they result in degradation upon cycling. For instance, the interface between Li and LGPS delivers decomposition products, phosphorus is reduced from +5 to +3 and germanium from +4 to 0, such as Li3P, Li2S and electronically conductive phase (Li-Ge alloys or Ge metal) that continuously help to propagate the interfacial decomposition. [START_REF] Park | Design Strategies, Practical Considerations, and New Solution Processes of Sulfide Solid Electrolytes for All-Solid-State Batteries[END_REF] In the case of oxidation, for instance, Li6PS5Cl was shown to be instable at high voltage applications, forming ionically and electronically insulating decomposed phases (e.g. S, P2S5, and LiCl). [START_REF] Tan | Elucidating Reversible Electrochemical Redox of Li6PS5[END_REF] Such phenomenon clearly exhibits 

In the search of effect of pressure in ASSBs

Pressure/mechanical effect dominates the cell performance in ASSBs, which governs the ionic conductivity of SEs, contact between SEs and cathode components. Thus, this requires a better understanding implying two phenomenon i) external and ii) internal effect. In efforts to interrogate the effect of external pressure, it was shown that insufficient particle contact increases the interfacial resistance and cell overpotential, resulting in under-utilization of active materials or ionic conductivity of SEs. 101 Eventually, high external pressure is beneficial for providing intimate contact among particles, demonstrating a need above ~ 50 MPa in lithium-metal-free anode design. 102 In contrast, such application creates inconveniences in the negative electrode when lithium-metal is employed, causing mechanically-induced short-circuit due to lithium penetration through pores/cracks of the dense SE separator. [START_REF] Doux | Stack Pressure Considerations for Room-Temperature All-Solid-State Lithium Metal Batteries[END_REF] For instance, 5 MPa pressure was defined as threshold for a Li6PS5Clbased lithium symmetrical cell to escape from trap of the short-circuit effect. On the other hand, the second phenomenon, internal pressure, depends on the volume change of electrode materials, such as LCO, NMC, lithium or silicon, during (de)lithiation process. [103][104][105] As proved by systematic studies in literature, an ASSB cell [START_REF] Koerver | Chemo-Mechanical Expansion of Lithium Electrode Materials -on the Route to Mechanically Optimized All-Solid-State Batteries[END_REF]106 In contrast, when Ni-rich NMC cathode (e.g. NMC811) is applied as cathode, it exhibits a negative stress response owing to unit cell volume decay of this layered-oxide (Figure 1.11b). Noteworthy that LTO anode serves "zero-strain" phenomenon during electrochemical cycling, allowing to monitor only the change in positive electrode. 106 Because of such volume change, for instance, high-Ni NMC cathodes not only experiences contact loss with SE but also structural fracture, leading to the increase of interfacial resistance and performance drop as shown in Figure 1.11c-d, respectively. 107,108 Overall, although densification of ASSBs to form intimate contact between particles is common way, it is practically tedious for manufacturing. As for internal pressure change, it may be accommodated by soft surrounding SE particles depending on their deformability nature.

Requirements for solid electrolyte fabrication

To boost the energy density in practical ASSBs, two strategies can be considered:

Either reducing the amount of SE in the separator or reducing it in the composite cathode.

The current SE separator thickness, which is several hundreds of microns, is much thicker than that in traditional LIBs, which are often thinner than 20 μm. To obtain a competitive energy density, a thin separator (<50 μm) is needed in ASSBs with a high ionic conductivity above 1 mS/cm (Figure 1.12a). 109,110 Only when applying the above-mentioned requirements does the ASSBs exhibit the greater energy density (Figure 1.12b).

Although several thin-film fabrication methods have been used to produce thin SE separators at the lab scale using pulsed laser deposition, radio-frequency magnetron sputtering or atomic layer deposition, they can barely be applied to large-scale production because of the high cost and low throughput. [111][112][113][114][115] Thin SE separators can also be made by tape casting, which is a scalable process. Tape-casted film may require polymer binders and a solvent to improve their mechanical strength and processability, 116-119 however, the ionically insulating nature of these polymers and polarity of selected solvents may lead to lower ionic conductivity or phase contamination of SEs. 120,121 Figure 1.12: a) Area-normalized ionic conductivity as a function of SE thickness. b) Estimated gravimetric and volumetric energy densities of ASSBs when the thickness of SE is reduced from 500 to 10 µm. c) Effect of CAM loadings and separator thicknesses on gravimetric energy density in ASSBs with lithium anode compared with those of current LIBs. Adapted from references. [START_REF] Tian | Promises and Challenges of Next-Generation "Beyond Li-Ion" Batteries for Electric Vehicles and Grid Decarbonization[END_REF]109 When it comes to reducing the amount of SE in the cathode composite, it enables greater CAM loading and energy density while maintaining well-percolated ionic and electronic pathways. 122,123 Current cathode loadings are optimized with 30 wt. % of SE that significantly limits the energy density of ASSBs as it is considered "dead volume/mass".

Therefore, this calls for further optimization of the composite cathode components towards 90 wt. % (Figure 1.12c). [START_REF] Tian | Promises and Challenges of Next-Generation "Beyond Li-Ion" Batteries for Electric Vehicles and Grid Decarbonization[END_REF] In the following section, the requirements for an optimized composite cathode respect to their microstructure will be discussed. To understand well-percolated electronic clusters in carbon-free composite cathode, research on CAM particles showed that by using smaller particles they enhance electronic conductivity and achieve a higher utilization of active surface area with SE, hence resulting in a greater electrochemical activity (Figure 1.13). 126 However, as a trade-off, greater Al2O3, etc.). [127][128][129][130][131][132][133] Nevertheless, these applications, for instance, kinetically retard surface degradation of sulfide SEs rather than providing long-lasting solution.

On the other hand, the degree of porosity in the composite cathode is also another critical parameter, effecting tortuosity of mobile cation and charge transfer resistance. [START_REF] Bielefeld | Microstructural Modeling of Composite Cathodes for All-Solid-State Batteries[END_REF][START_REF] Hlushkou | The Influence of Void Space on Ion Transport in a Composite References 147 Cathode for All-Solid-State Batteries[END_REF]134 When high fractions of CAM are applied, they present more porosity than SE because of their poor deformability. Although high fractions of CAM particles are beneficial for enhancing high energy density in ASSBs. Calculations have predicted an optimal mixture as 86 wt. % of CAM and 14 wt. % of SE determined to ensure a 20 % porosity. [START_REF] Bielefeld | Microstructural Modeling of Composite Cathodes for All-Solid-State Batteries[END_REF]135 . 136,137 Such advancement opens doors towards both greater capacity upon cycling and higher CAM loading with well-percolated ionic network.

However, in light of the electronically inactive nature of SEs, a perfect adhesion around CAM particles may effect the electronic conductivity in composite cathode.

The addition of electronic additives (e.g. carbon) has been the first attempt to boost electronic conductivity in composite cathode, when the CAM particles provide insufficient electronic network due to their limited utilization or electronically inactive coating. Indeed, better cycling performances in ASSBs can be accessible with this strategy. 138 However, on the other side of the coin, carbon can accelerate decomposition process of SEs (e.g. sulfides)

due to narrow electrochemical stability window of SEs, enabling cascade reactions fueled by electrons from conducting carbon. 139,140 The degree of such structural deterioration can be kinetically controlled depending upon surface area of the carbons, pointing out greater SE decomposition against carbon with high surface area (Figure 1.15). [START_REF] Tan | From Nanoscale Interface Characterization to Sustainable Energy Storage Using All-Solid-State Batteries[END_REF] In addition, surface groups (e.g. oxygen containing, metal contaminations, etc.) on carbon particles may negate performance of composite cathodes. 95 

Conclusion of the chapter

Chapter 1 discussed the milestones leading to the advent of Li-ion batteries followed by its development via better positive electrode materials over years. Nevertheless, to meet the continuous demand from growing markets, driven primarily by the automotive sector, the batteries need to be improved at least along two axes: Energy density on one side and safety on the other side. Toward these goals, promising next-generation systems, such as all-solid-state batteries (ASSBs), are on the verge to be complementary solutions to Li-ion batteries. However, such advancement hinges on the nature of solid electrolytes (SEs), effecting cycling performance. Hence our motivation to search for the best SE -layeredoxide cathode active material pair for achieving highly performing positive electrodes in ASSBs, which will be discussed in Chapter 2. To achieve functional ASSBs, SEs must possess high electrochemical/chemical stability in real-world conditions. Hence, we assess electrochemical/chemical limits of halide-based SEs under both cycling and ageing conditions, which will be addressed in Chapter 3. In the last chapter, the obtained findings will be concluded through this thesis work.

Chapter 2 -Towards the quest for the best SE-layered oxide pair to enable highly performing composite cathodes 1

Introduction

As introduced in the previous chapter, all-solid-state batteries (ASSBs) are the holy grail for the future of battery technology to push energy density and safety to its limits, owing to the emergence of fast solid ionic conductors. The lithium thiophosphate family is probably the largest and one of the most attractive ones together with, recently, halidetype for practical applications. It enlists promising structures such as the Li2S-P2S5 binary system, the argyrodite-type phases (Li6PS5X, X = Cl, Br, and I) and halides (Li3MX6, M = In and trivalent rare-earth metals Er, Y, Sc etc.; X= Cl, Br, and I). Such wide spectrum of SEs, which differ in their synthesis method, electrochemical/chemical stability, ionic and electronic conductivities, microstructure and thermal stability determines the cycling performances of ASSBs. Most of these aspects have already been addressed for most of ionic conductors independently and almost no cross-comparison between such studies has been made yet.

Thus, to fill this gap, in this chapter we present a comprehensive study on the chemical/electrochemical compatibility of layered oxide cathode active material (CAM, LiNi0.6Mn0.2Co0.2O2) with the three main inorganic electrolyte contenders, these being lithium thiophosphate (β-Li3PS4), argyrodite (Li6PS5Cl), and halide (Li3InCl6). Such electrolytes are prepared by either solvent-free or solution chemistry and paired with the CAM to form a composite cathode, which is further tested by assembling solid-state batteries using Li0.5In as a negative electrode. We also investigate how presence of carbon and one-pot synthesis of composite cathode affect the battery performance. Lastly, we scrutinize the effect of interfacial reactions on cycling performance in Li6PS5Cl-and Li3InCl6based ASSBs. This Chapter's structure is summarized in Figure 2.1. First, β-Li3PS4, Li6PS5Cl and Li3InCl6 powders were synthesized via solvent-assisted and solvent-free methods according to experimental protocols derived from the literature as follows. [START_REF] Liu | Anomalous High Ionic Conductivity of Nanoporous β-Li3PS4[END_REF][START_REF] Li | Water-Mediated Synthesis of a Superionic Halide Solid Electrolyte[END_REF][147][148][149][150] The solvent-mediated synthesis of β-Li3PS4 was prepared in tetrahydrofuran (THF).

Stoichiometric amounts of Li2S (Alfa Aesar, purity 99 w/w %) and P2S5 (Acros Organics, purity > 98 w/w %) were dispersed in THF (Sigma Aldrich, 99.9 % v/v) and then, continuously stirred for 48 h at room temperature. The obtained powder was later recovered by centrifugation at 600 rpm for 3 min. Next, the powder was dried in a cylindrical Schlenk flask at 100 o C (heating rate 5 o C/min) for 24 h and subsequently at 155 o C for 24 h under dynamic vacuum (P < 0.1mbar).
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The solvent-free synthesis of β-Li3PS4 was prepared by mechanochemical milling of a stoichiometric mixture of Li2S and P2S5 using planetary ball-mill followed by annealing step.

The mixture of precursors was placed in a ZrO2 jar of 45 mL together with 12 ZrO2 balls (10 mm diameter, 3 g each). Ball to powder weight ratio was 36 : 1. The mixture was milled at 510 rpm for 20 h applying Aesar, anhydrous, 99 wt. %) was dissolved in ethanol and further stirred at room temperature for 24 h. After mixing these solutions, a greenish solution was obtained.

Finally, this solution was dried under dynamic vacuum (P < 1 mbar), resulting in a yellowish powder. Such powder was then introduced to a cylindrical Schlenk flask for further drying at 100 o C for 24h and subsequently at 155 o C for 48 h under dynamic vacuum (P < 0.1mbar). Following this process, a white powder was obtained and, subsequently, it was further dried at 100 o C for 24 h and later at 200 o C for another 24 hours under dynamic vacuum (P < 1mbar).

The solvent-free Li3InCl6 was synthesized by mechanochemical milling of a stoichiometric mixture of InCl3 and LiCl using planetary ball-mill followed by annealing step. In general, all XRD patterns indicate nearly pure phases and identical lattice parameters in line with reported studies and literature values (Figure 2.1-3). It is to note that Li6PS5Cl can be prepared as a single-phase by solid-state reaction, as opposed to the solution route that yields several crystalline impurities as Li3PO4 (13.64 wt.%), Li2S (4.56 wt.%), and LiCl (6.04 wt.%) as deduced from Rietveld refinement (Figure S2.1). Such crystalline impurities can be associated to the interaction between the PS4 3-unit and ethanol. [START_REF] Ghidiu | Solution-Based Synthesis of Lithium Thiophosphate Superionic Conductors for Solid-State Batteries: A Chemistry Perspective[END_REF]151,152 On the other hand, as expected the mechanical ball milling for the samples (β-Li3PS4 and Li3InCl6) led to greater broadening of the peaks due to microstructural defects and particle nano-sizing. [START_REF] Kudu | A Review of Structural Properties and Synthesis Methods of Solid Electrolyte Materials in the Li2S -P2S5 Binary System[END_REF]153 These solid ionic conductors will be denoted hereafter with the prefixes W-and C-, which represent wet and dry routes, respectively. Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 53

Ionic/electronic conductivity and compactibility

To get insights into ionic and electronic properties of these SEs, we initially carried out electrochemical impedance spectroscopy (EIS) measurements and fitted the data with R-C-CPE elements (Figure 2.5a-c). 154 From the intersection value of x-axis based on the fitting, ionic conductivities of β-Li3PS4 were found in the same magnitude of order (0.19 mS/cm and 0.66 mS/cm) when prepared with both wet and dry synthesis routes, respectively. As for Li6PS5Cl, the highest ionic conductivity (3.5 mS/cm and 4 mS/cm) amongst all SEs was obtained from powders recovered from solvent-based and solvent-free synthesis routes, respectively (Figure 2.5d). On the contrary, Li3InCl6 shows ionic conductivity of 0.64 mS/cm via dry method and 1.81 mS/cm via wet route. Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 54 1 V for 60 min (Figure 2.6a-f). 155 From a linear fit of DC voltage and stabilized current, it was found nearly constant and equal to 10 -9 -10 -10 S/cm for most of SEs except for the W-Li6PS5Cl whose electronic conductivity is three orders of magnitude higher (1.1x10 -6 S/cm) and exceed the values reported in the literature (Figure 2.6g). [START_REF] Seino | A Sulphide Lithium Super Ion Conductor Is Superior to Liquid Ion Conductors for Use in Rechargeable Batteries[END_REF][START_REF] Miura | Liquid-Phase Syntheses of Sulfide Electrolytes for All-Solid-State Lithium Battery[END_REF]149 Interestingly, the DC electronic conductivity determined for the same W-Li6PS5Cl prior to the firing at 550°C was 1.8x10 -9 S/cm (Figure S2.2) implying an enhanced electronic conductivity of W-Li6PS5Cl after firing that could be rooted in the pyrolysis of residual solvent (THF/ethanol) at high temperature (550 o C) yielding carbonaceous species. This underlies that solvent-assisted route are more prone to phase contamination. Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 55 Next, we calculated relative density of SEs from masses and thicknesses of their pellets (densified at 4t/cm 2 ) and compared the results with these of theoretical densities 149,156,157 , revealing that solvent-free route seems to facilitate the material densification enabling a porosity decrease down to ~ 5 % for Li3InCl6 that suggest softer nature (e.g. elasticity) of halides than that of sulfides (Figure 2.7).

Figure 2.7: Comparison of relative density of β-Li3PS4, Li6PS5Cl and Li3InCl6 prepared by solvent-mediated and solvent-free methods. The densities of pelletized SEs (cold-pressed at 4 t/cm 2 at room temperature) were calculated from the thickness (measured by a screw gauge for each pellet) and mass of pellet and then, compared to theoretical density of β-Li3PS4 (1.81 g/cm 3 ), Li6PS5Cl (1.64 g/cm 3 ) and Li3InCl6 (2.59 g/cm [START_REF] Goodenough | The Li-Ion Rechargeable Battery: A Perspective[END_REF] ).

Altogether, the highest ionic and lowest electronic conductivities as well as singlephase structures and high relative densities were achieved by C-Li6PS5Cl and W-Li3InCl6 electrolytes.

2 Effect of the SE synthesis route and carbon additive on cell performance

Protocol to assemble an ASSB cell

Following the characterization of the pure SEs presented in the previous section, we proceeded to pair them with a high voltage CAM particles (Li2O-ZrO2-coated LiNi0.6Co0.2Mn0.2O2 (7µm, monolithic), referred to as NMC622 hereafter in this chapter) and Then, a hand-grinded Li0.5In:SE (in 60:40 wt. %) composite anode was placed on the other side of the SE separator and the whole stack was densified at 4 ton/cm 2 . The composite anode has a constant potential of 0.6 V vs. Li/Li + . 158 At this point, Li-metal anode was not used to avoid dendrite and interfacial issues, besides the fact that it could not withstand at high pressure. [START_REF] Doux | Stack Pressure Considerations for Room-Temperature All-Solid-State Lithium Metal Batteries[END_REF]159 Hence, an ASSB was obtained and was cycled under a pressure of 1 ton/cm 2 provided by either screws or pressure frame. All galvanostatic studies were carried out between potential window of 2.1 -3.6 V vs. LiIn/In at C/20 (C corresponds to 1 mol of Li per mole of the active material (NMC622) in 1 h) and at room temperature.

In the case of β-Li3PS4 and Li6PS5Cl, the following general configuration was used:

NMC622/SE | SE | Li0.5In/SE, where SE refers to the corresponding electrolyte. However, Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 57 such configuration was not suitable to test Li3InCl6 due to its thermodynamical instability against lithium [START_REF] Riegger | Lithium-Metal Anode Instability of the Superionic Halide Solid Electrolytes and the Implications for Solid-State Batteries[END_REF] leading to the reduction of In 3+ as validated by our XRD measurement (Figure S2.3). Thus, a hetero-structure cell design was employed consisting of the use of Li3InCl6 only in the cathode composite, C-Li6PS5Cl as separator and a composite made of C-Li6PS5Cl and Li0.5In as the anode.

2.2 Study of ASSBs based on solvent-free and solvent-based made SEs in carbon-free composite cathodes Altogether, all the composite cathodes deliver poor cycling performances below practical capacity limits of NMC622 (~180 mAh/g) 110 , hinting at limited electronic conductivity in the positive electrode. This most likely arises from the NMC particles that are coated by an insulating layer (Li2O-ZrO2 based) leading to lower electronic conductivity than that of bare NMC particles (from ~1 mS/cm to ~10 -3 mS/cm). 130,161 However, such surface coatings appear as a crucial interfacial solution to alleviate surface deterioration between NMC and SE particles, 162 hence a compromise needs to be found.

Study of ASSBs based on solvent-free and solvent-based made SEs in carbon-containing composite cathodes

We modified our hand-grinded composite cathode by adding an electronic conductor Next, we tested SEs made from solvent-containing route in carbon-containing composite cathodes. The cathode composite of the W-Li6PS5Cl (NMC622/W-Li6PS5Cl/VGCF) exhibits a remarkably high first charge capacity of 246 mAh/g together with a pronounced oxidation slope starting at ~2.3 V (see dark red curve in Figure 2.11a), likely ascribed to electrolyte decomposition. [START_REF] Tan | From Nanoscale Interface Characterization to Sustainable Energy Storage Using All-Solid-State Batteries[END_REF] In line with this hypothesis, the irreversible capacity of the first cycle was the highest among all studied systems (113 mAh/g). This suggests a copious electrochemical decomposition for the W-Li6PS5Cl, which can be possibly nested in impurity phases (see Figure 2.3) inherent to the synthesis process. Nevertheless, after completing Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 62 the first cycle, such system shows 96.8% of capacity retention after 20 cycles (Figure 2.11b).

Notably, varying fabrication conditions in terms of annealing temperature or time of pure W-Li6PS5Cl did not improve cycling performance, delivering higher initial cycle irreversibility ). Such a poor performance can be attributed to carbon-driven electrochemical degradation of the SE that is also evidenced as a sloping region (~2.3 V) at the early stage of the first charge. [START_REF] Tan | From Nanoscale Interface Characterization to Sustainable Energy Storage Using All-Solid-State Batteries[END_REF]99 Lastly, we tested W-Li3InCl6 using a hetero-structured cell architecture, as described above. A first charge and discharge capacities of 165 and 142 mAh/g, respectively, was obtained together with the lowest irreversible capacity through the first cycle (13.6% of initial charge capacity) among all the cathode-solid ionic conductor pairs tested in this work (see dark blue curve in Figure 2.11a). However, a progressive capacity degradation was observed, reaching a 50% decay of initial cycle after 20 cycles as witnessed by an increase in ΔV (Figure 2.11b,c), analogous to the case of C-Li3InCl6 reported above. As it was previously shown, the scenario upon cycling became worse when switching to W-β-Li3PS4

as separator, with a rapid capacity decay (88.3% after 20 cycles) (Figure S2.8).

Altogether, the best cycling performance was obtained with the hand-grinded composite cathode (NMC622/Li6PS5Cl/VGCF) of solvent-free made Li6PS5Cl upon 20 cycles that was dependent to the presence of carbon additive to boost electronic conductivity in composite cathode. However, we have also shown that the addition of carbon trades off between greater initial capacity and poor capacity retention for β-Li3PS4-based composite cathodes. Next, a question arises on how the cycling performance of positive electrodes could be further improved in ASSBs. This answer could lie on, a composite cathode preparation strategy to favor greater wettability between positive electrode components.
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Optimization of composite cathode in a core-shell architecture

In order to enhance the intimate contact (wettability) between SE and NMC particles, 151,164-166 we have replaced our hand grinding-based procedure of cathode composite preparation by a process consisting in seeding our reacting electrolyte solution in presence of NMC particles as illustrated in Figure 2.12 and as described in following section.

Figure 2.12: The cross-section illustration of core-shell composite cathode particles.

Synthesis and structure

The synthesis of β-Li3PS4-based composite cathode was prepared as follows. A mixture of Li2S (0.115 mg), P2S5 (0.185 mg) and NMC622 (700 mg) was transferred in THF (in a ratio of 35 mg of Li2S and P2S5 solid particles per milliliter of solvent) and stirred for 48 Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 66 NMC622 and c) W-Li3InCl6-coated NMC622 powders as synthesized. EDX of the composite cathode was carried out using an acceleration voltage of 20 kV. XRD patterns of d) pristine W-β-Li3PS4 (dark green) and W-β-Li3PS4-coated NMC622 (green), e) pristine W-Li6PS5Cl (wine) and W-Li6PS5Cl-coated NMC622 (red) and f) pristine W-Li3InCl6 (navy) and W-Li3InCl6exosed to THF (blue). Asterisks represent reflections of NMC622 and hash shows Be reflections from the sample holder. Arrows indicate impurity phase(s).
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Cycling performance of composite cathodes in a core-shell architecture

They were tested under the same cell setup as described above (see section 2.1). 3 Effect of interfacial reactivity on cell performance

Effect of state-of-charge on cycling performance of the best composite cathode (Li6PS5Cl-based cells)

To further scrutinize chemical/electrochemical compatibility of composite cathodes, we have decided to purposely provoking interfacial parasitic reactions by either high voltage or high temperature applications.

We firstly investigated the interfacial stability of our best composite cathode (NMC622:C-Li6PS5Cl:VGCF) at high oxidation potentials. For that, we increased the cut-off voltages to 3.6, 3.7, 3.8 and 3.9 V vs LiIn/In, and monitored upon long-term cycling. It came as no surprise that increasing the oxidation potential led to greater capacities (Figure 2.16a). In particular, the cell with 3.6 V cut-off delivered discharge capacity of 141 mAh/g while 175 mAh/g was attainable by increasing the charge cut-off to 3.9 V (Figure 2.16b). However, such promising performances were not stable upon cycling, presenting a capacity retention of 89.3% and 60% for the cells at 3.6 V and 3.9 V after 50 cycles, respectively. Such phenomenon could be ascribed to electrochemical-driven degradation of C-Li6PS5Cl against composite cathode constituents (NMC622 and VGCF) at high oxidation potentials that leads to formation of electronically and ionically insulating decomposition products (Li2S, P2S5 and LiCl), resulting in cell resistance increase. [START_REF] Tan | Elucidating Reversible Electrochemical Redox of Li6PS5[END_REF]168 At this stage, it is necessary to check the capacity decays that are even greater using Li3InCl6, hence we investigated the origin of such degradation in the following section. Cycle Number Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 71

Origin of the capacity decay in Li3InCl6-based cells

To interrogate the origin of such electrochemical degradation, W-Li3InCl6-based cathode composite (NMC622:W-Li3InCl6:VGCF) was tested in a three-electrode cell configuration using C-Li6PS5Cl as separator and Li0.5In/C-Li6PS5Cl as reference and negative electrodes. Galvanostatic cycling together with EIS measurements were performed in order to monitor the impedance evolution of the positive and negative electrode separately.

Figure 2.17a compares cycling profiles of positive and negative electrodes between the first and the 20th cycles, which exhibit a pronounced capacity degradation, consistent with the two-electrode cell setup, as well as higher polarization in positive electrode rather than negative electrode after 20 cycles. Moreover, the impedance response revealed that the most significant change came from the positive electrode that shows a 6-fold increase of the resistance at f= 1Hz after 20 cycles (Figure 2.17b). Note that this impedance was mainly originated in the mid frequency region as opposed to the high frequency region, which suggests a greater charge transfer resistance. 169 In contrast, no significant impedance enhancement was observed for the negative electrode over cycling (Figure 2.17c). When modifying the hetero-structure and using W-β-Li3PS4 as separator, the impedance increase in the positive electrode became even higher over cycling, in line with its rapid electrochemical cell fading (Figure S2.11). Lastly, to probe the nature of these decomposed phase(s) between W-Li3InCl6 and C-Li6PS5Cl after the heating treatment (at 150 o C for 72h); the annealed mixture was Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 75 Altogether, these results obtained via three-electrode cell-setup demonstrate that cell failure originates from highly resistive positive electrode interface, suggesting a detrimental point between NMC/Li3InCl6/VGCF and the sulfide-based separators in heterostructural cell design. Moreover, we found that such degradation stems from the chemical instability of Li3InCl6 toward sulfide SEs that leads to the formation of a passivation interlayer that is apparently prejudicial to battery performances. After all, understanding electrochemical/chemical compatibility of Li3InCl6 is sorely needed and this will be the subject of next chapter.

Conclusion of the chapter

In this chapter, we have investigated the chemical/electrochemical compatibility of NMC622 against today's most studied solid ionic conductors (β-Li3PS4, Li6PS5Cl and Li3InCl6) prepared via solvent-based and solvent-free in hand-grinded and core-shell composite cathode approaches.

The first finding was that solvent-free synthesis leads to high ionic and low electronic conduction, impurity-free structure and high densification for solid ionic conductors with an exception for Li3InCl6 (Figure 2.20a,b).

Secondly, amongst all studied cathode composites Li6PS5Cl (synthesized by dry method) / NMC composite cathode (hand-ground) was found to enable the best electrochemical cycling performance with a sustained reversible capacity at least for 20 cycles in ASSBs as shown in Figure 2.20c,d. This performance was linked to the addition of carbon to boost the electronic conductivity of the cathode composite at the expense of its detrimental effect, as we obtained in β-Li3PS4-based cathode composites with capacity degradation up to 30%. Although a boost in the electronic conduction of the cathode may be beneficial capacity-wise, it also promotes electrolyte decomposition when the SE is of poor oxidative stability. This illustrates the pros and cons of adding carbon to the cathode composite in terms of battery performance. Moreover, we designed the composite cathode Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 76 via one-pot synthesis approach that was found to suffer from the detrimental effect of solvents (such as residual solvent and phase purity issues) on Li6PS5Cl and Li3InCl6 or chemical instability between NM622 and Li6PS5Cl at high temperature application, showing limited cycling performances compared to the hand-grounded cathode composites. Altogether, the results presented in this chapter call for SEs with high electrochemical stability upon cell cycling to alleviate electrochemical-driven degradation in composite cathode. Toward this goal, the next Chapter will investigate electrochemical/chemical compatibility of Li3InCl6 in real-world conditions as they are theoretically believed to serve better oxidative stability than that of sulfides (above 4 V vs Li + /Li). Furthermore, we will offer a new cell design architecture to by-pass the interfacial reactions between halide and sulfide SEs.

Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes2 

Introduction

The practical applications of all-solid-state batteries (ASSBs) are still delayed because of complex interfacial decomposition reactions taking place at both negative and positive electrodes, albeit progresses have been made in these directions via the use of either buffer layers or "anodeless" or even structured Si anode electrodes as described in Chapter 1 Electrochemical/chemical stability of Li 3 InCl 6 as a function of potential in composite cathode 1.1 Synthesis, ionic conductivity and structure of Li3InCl6

The Li3InCl6 was here synthesized by water-assisted method as described in previous chapter. Its ionic conductivity of the obtained powder was measured by EIS as described previously (Figure 3.2a). From the intersection value of x-axis based on the fitting, Li3InCl6 exhibits high ionic conductivity of 1.98 mS/cm. Next, Rietveld refinement of the XRD pattern As a conclusion, these results demonstrate that the synthesized powder yields Li3InCl6 and its precursors (LiCl and InCl3) as well as InCl as by-product, which were invisible in our XRD measurements, most likely owing to amorphous nature of InCl and/or InCl3 or very small particle size for LiCl or we are below the detection limit of XRD. Figure 3.3: a-b) HAADF-STEM images of the pristine Li3InCl6 along with corresponding colorcoded compositional map, elemental maps of Cl (green) and In (red). c) SAED patterns for pristine Li3InCl6 sample. Diffraction rings pertains to Li3InCl6 and LiCl shows corresponding colors as blue and red, respectively. Samples for TEM were stored and prepared in an Arfilled glovebox. A special Gatan vacuum transfer holder was used for analysis and transportation of the sample from Ar-filled glovebox to the TEM column to prevent the interaction between the sample and air. Electron diffraction (ED) patterns, HAADF-STEM images and STEM-EDX compositional maps were acquired on a probe aberration-corrected FEI Titan Themis Z transmission electron microscope at 200 kV, equipped with a Super-X system for energy-dispersive X-ray (EDX) analysis.

Electrochemical stability of Li3InCl6

Following the characterization of Li3InCl6, we prepared a CAM-free positive electrode consisting of a mixture of Li3InCl6 and electronic additive (VGCF) in 95:5 weight ratio. Such a composite was used to assemble an ASSB made of a dual (Li3InCl6-Li6PS5Cl) separator, where Li6PS5Cl was also employed as an anodic protection layer to avoid the reduction of Li3InCl6 against LixIny anode interface. 171 Figure 3.4: Cyclic voltammetry measurements at a scan rate of a) 0.01 mV/s (inset shows assembled cell configuration and arrows represent evolved peaks) and b) step-wise cyclic voltammograms at 0.01 mV/s with potential range increase by 0.3 V from 3 V to 3.6 V vs. LiIn/In and by 0.1 V from 3.6 V to 3.9 V vs. LiIn/In (arrows indicate evolved anodic and cathodic currents). c) Cyclic voltammogram at a scan rate of 0.1 mV/s upon 10 cycles between 2 -3.9 V vs. LiIn/In. Composite cathode loading was ~20 mg/cm 2 . The electrochemical stability limit of Li3InCl6 under the above-mentioned cell architecture was investigated by cyclic voltammetry (CV) measurements. The potential sweep with a scan rate of 0.01 mV/s showed an anodic current response starting from around 3.3 V (see onset in Figure 3.4a) and it is exacerbated above 3.5 V in the first scan. In contrast, no cathodic current was apparent at the subsequent reverse scan. Noteworthy, multiple oxidative peaks and a reductive peak were obtained upon subsequent cycles (see arrows in Figure 3.4a), suggesting the onset of a redox activity of already decomposed phase(s) somewhat in line with the literature for sulfide SEs. [START_REF] Dewald | Experimental Assessment of the Practical Oxidative Stability of Lithium Thiophosphate Solid Electrolytes[END_REF] These observations were also confirmed either by a step-wise potential range increase (Figure 3.4b) or by higher scan rate (0.1 mV/s) (Figure 3.4c) approaches, exhibiting identical parasitic redox processes with an onset potential at around 3.3 V. Noteworthy, current collector corrosion issues that usually occur in liquid electrolyte-containing systems was not evident in our CV experiments as exemplified with experiments conducted with titanium current collectors (Figure S3.1) instead of our usual stainless-steel one. 172,173 Altogether, the above-mentioned phenomenon with CV measurements suggests the electrochemically driven instability of Li3InCl6 at oxidative potentials with an onset at 3.3 V.

Decomposition products of Li3InCl6 against carbon

To purposely provoke such parasitic reactions and favor the decomposition products, we next assembled three identical cells and applied a voltage increase of 0.1 mV/s prior to clamping their oxidation voltage at 3.3, 3.6, and 3.9 V, respectively (Figure 3.5a). After 120 hours of voltage hold, the cells were disassembled and the top face of the composite positive electrode (Li3InCl6:VGCF mixture) was then characterized by XRD (Figure 3.5b). XRD patterns of the sample at 3.3 V reflected no crystalline structure change compared to pristine sample reflections. As for the sample at 3.6 V, it exhibited a slight change at the lower 2θ (around 13 o ) with very low intensity. Turning to the sample at 3.9 V, the corresponding pattern displayed appearance of numerous extra reflections at multiple 2θ values (see highlighted data with arrows in Figure 3.5b), indicating the kinetically induced decomposition products. For the sake of clarity, these evolved peaks were magnified as shown in Figure S3.2. To further trigger the degradation products, a cell was placed under voltage hold of 3.9 V for 360 hours at 55°C (Figure 3.5c), and its cathode composite was Xrayed afterwards. We noted a drastic increase of the Bragg peaks located at around 2θ = 13, 31.8, and 47 o (see arrows in Figure 3.5d) as part of the decomposition of Li3InCl6. Figure 3.5: Electrochemical curve of cells as shown in the inset, where the voltage was initially increased by 0.1 mV/s up to defined cut-off voltages (3.3, 3.6 and 3.9 V) and followed by constant voltage application for a) 120 h and b) the corresponding XRD pattern of Li3InCl6:VGCF mixtures after 120 h voltage exposure protocols. c) Voltage clamping protocol for the cell containing Li3InCl6:VGCF mixtures (~20 mg/cm 2 ) at 3.9 V at 55 o C for 360 h and d) the corresponding XRD pattern of Li3InCl6:VGCF mixture after this protocol. Asterisks and arrows indicate impurity peaks from the sample holder (Be window) and evolved additional peaks, respectively.

Next, to identify the nature of these decomposed phases in the composite cathode (clamped at 3.9 V at 55 o C for 360 h), we performed STEM-EDX elemental analysis. Two The impedance spectra of the working electrodes (Li3InCl6:VGCF, ~20 mg/cm 2 ) were collected at cut-off potentials (3.3, 3.6, or 3.9 V), and every 10 h during voltage hold. The impedance spectra were measured after 2 h rest for each point using a 20 mV sinusoidal potential perturbation. 15 points per decade were taken with 5 periods per points frequencies varying from 1 MHz to 10 mHz. (e) The evolution of modeled interfacial resistance is plotted as a function of voltage hold time. Rion: ionic resistivity of SE in the composite cathode, Rint: interfacial resistance between SE and VGCF, Qint: capacitance of interface between SE and VGCF and Qaccumulation: low-frequency contribution arising from ionically blocking nature of VGCF were taken into account in electrical circuit of the model. Figure 3.7b-d depicts the evolution of impedance spectra when the working electrode (Li3InCl6:VGCF mixture) was clamped at oxidation potentials at 3.3, 3.6, and 3.9 V for 150 h.

The three-electrode investigations exhibited a slight impedance growth for both cells clamped at 3.3 and 3.6 V. In contrast, a cell clamped at 3.9 V shows a notable cell resistance growth starting from the cut-off voltage and upon voltage hold at low-frequency region (Figure 3.5d). For the sake of comparison, we modeled the obtained data with 1D transmission line impedance approach 174-176 that suggests a direct transcription of such mixed ionic/electronic conducting system into electronic elements (see Figure S3.4 for details). The simulated impedance spectra of the working electrodes indicate an increase of the interfacial resistance growth whose amplitude ranks as 3.9 V (19.8 kΩ) >> 3.6 V (1.8 kΩ) > 3.3 V (0.2 kΩ) in line with our XRD observation above (Figure 3.7e). Noteworthy, the rapid resistance growth over the first ten hours of voltage hold, which slowed-down afterwards, implies a somewhat self-limiting decomposition process.

Altogether, high voltage application (at 3.9 V) triggers an intertwined decomposition products of Li3InCl6 against carbon that translate in cell resistance growth as we evidenced via combined chemical and electrochemical investigations. Such results also hint at a limited decomposition reaction at lower potentials (3. Interestingly, the 2θ positions of these peaks are alike those obtained previously for the NMC-free composite samples at 3.9 V (see Figure 3.5d), implying the same type of degradation mechanism in both cases with, in this case, the decomposition being independent of holding voltage.

Effect of decomposition products on cell resistance in NMC/carboncontaining composite cathodes

We further scrutinized this SE decomposition by impedance investigations using the three-electrode cell setup, where RE consists of hand-grinded Li1.14Mn2O4:Li3InCl6:VGCF mixture in 60:30:10 weight-ratio, respectively. WE and CE were conducted to NMC622:Li3InCl6:VGCF mixture and Li0.5In:Li6PS5Cl mixture, respectively. Under this cell architecture (Figure 3.9a), we charged using a constant current mode to 3.3, 3.6, and 3.9 V accompanied by a constant voltage mode for 150 hours with impedance measurements.

When the cells are charged up to the cut-off potentials and are held the oxidation potentials afterwards, they all exhibit a resistance increase (Figure 3.9b). Common to all the samples is the overall increase of the resistance that reaches the highest value for the cell at 3.9 V, which additionally shows two well-defined semi-circles with appearing in a lesser extend for the 3.6 and 3.3 V samples. This could correspond to dynamic constriction effect in composite cathode owing to volume change of NMC depending on the SoC. 178 However, Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes 92 we have not tried to model the obtained spectra because of the intertwined contribution of all the cathode composite components (e.g., NMC delithiation, decomposed products, physical contact between particles and current collector, etc.). The results call for a 3D impedance model to distinguish only the contribution of SE decomposition on cell resistance, pointing out in-depth impedance investigations that we did not carry out here. Altogether, electrochemical/chemical degradation process of Li3InCl6 against NMC622/carbon occurs equally at 3.3 V, 3.6 V and 3.9 V, while for NMC-free electrodes the degradation drastically increases from 3.6 V upward, resulting in identical decomposed products in both systems with cell resistance growth. 

Effect of kinetically induced cell ageing on cycling performance

To check the effect of kinetically induced parasitic reactions on cell cycling performance, we performed a controlled cell aging protocol. To this effect, three identical cells were charged with constant current mode to different state-of-charge (SoC) levels (3.3, 3.6, and 3.9 V) followed by a constant voltage mode for 120 h prior to be placed a discharge. This initial cycle was followed by four cycles without potential hold (Figure 3.10a). This sequence was repeated for the subsequent cycles. Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes 94 Figure 3.10b shows a higher capacity gain through the holding step for both cells at 3.6 and 3.9 V (21 and 24 mAh/g, respectively) as opposed to cell at 3.3V (14 mAh/g) in line with a faster decomposition of Li3InCl6 at high potentials. Further confirming this timedependence decomposition at high voltage is the observation of a lower irreversibility for cells cycled without voltage hold at 3.9V (26% vs. 12%) (Figure S3.5). Lastly, the negative effect of the voltage hold cycling protocol on cell performance is straightly visualized with a poor capacity retention for cells at 3.3, 3.6 and 3.9 V (58, 53 and 55%, respectively) (Figure 3.10c) after 20 cycles in contrast to the cells cycled without voltage hold at 3.3, 3.6 and 3.9

V (2, 3 and 25%, respectively) (see shaded cycling data in Figure 3.10c). They also showed a decrease in the amplitude of the redox peaks in the mass-normalized dQ/dV profiles when cycling is performed with a voltage hold (Figure 3.10d-f) as opposed to a nearly constancy of the redox peak amplitude (Figure 3.10g-i) in absence of voltage hold upon cycling.

To further probe the electrochemical cycling performance of halide-based cells in standard galvanostatic mode, we studied the effect of varying SoC and C-rate dependent behavior as well as of the cathode composite loading impact at a high rate within dual SE cell architecture. Note that, cells were tested with an NMC622 loading of 11.5-11.9 mg/cm 2 that yields an areal capacity of >3.2 mAh/cm 2 . As a no surprise, higher cut-off voltage resulted in greater capacity but low capacity retention in subsequent cycles at C/20 (Figure Next, to check the impact of composite cathode loading on cycling performance at 1C, we halved our usual areal capacity nearly to 1.5 mAh/cm 2 (Figure 3.11e,f). This approach favors reversible cycling performance and greater discharge capacity compared to high loaded cells (Figure 3.11c,d), for instance 70 vs. 125 mAh/g for the cell cycled at 3.9 V. This could be attributed to the shorter Li + diffusion pathway associated to lowered tortuosity in thin composite cathode that results in locally homogenious Li + concentration. 180 reactions that degrade cell performance as opposed to faster rates but to experience of insufficient discharge capacity. Such parasitic reactions could be rooted in chemical instability between SE separators (Li3InCl6 against Li6PS5Cl). Therefore, the need further to explore the interfacial stability of dual SE stack as described in the following section. From our combined aforementioned results, it became evident that interfacial contact between Li3InCl6 and Li6PS5Cl needs to be avoided in dual SE cell configuration. Is there a solution to alleviate this interfacial dilemma? At this point, a surface protection strategy that is by injecting a buffer layer could master such interfacial roadblock. 181,182 We thus decided to grow a nanometer-thick Li3PO4 layer (1 or 2 nm) by atomic layer deposition (ALD) on single-surface of Li6PS5Cl separator pellet (Figure 3.13a), as described below that exhibits negligible cell resistance as deduced by the presence of a semi-circle at high frequency in Nyquist plot (Figure 3.13b). First, Li6PS5Cl powder (30 mg of powder was densified at 4 t/cm 2 for 15 minutes) was cold-pressed in a cell body and then, single side of the cell body was covered by a kapton tape prior to the ALD. Next, nanometer-thick Li3PO4 films were grown on single side of the Li6PS5Cl pellet in a R200 advanced ALD reactor from Picosun under an argon pressure around 2 mbar. Argon was used as the carrier and purging gas. Lithium tert-butoxide (LiOtBu) and trimethyl phosphate (TMPO) precursors were used respectively as lithium and while TMPO precursor was purchased from Sigma-Aldrich (purity 99%). The temperature of the ALD reactor was set to 150 °C and the number of ALD cycles was modified to tune the thickness of the surface protective layer with a growth rate of 0.6 Angströms per cycle. 17 

Means to tune interfacial reactivity

Cycling performance of halide-based cell with Li3PO4 protective layer

Turning now to electrochemical analysis, we designed cells that consist of the use of Li3InCl6 only in the cathode composite with NMC622 and VGCF, Li3PO4-coated Li6PS5Cl as the separator, and a composite made of Li6PS5Cl and Li0.5In as the anode as illustrated in (Figure S3.7).

The abovementioned cell configuration with 2 nm Li3PO4 coating shows excellent performance initial charge and discharge capacities of 163 and 143 mAh/g obtained, respectively (Figure 3.15a). Further thinning the protective layer down to 1 nm retained analogous capacities (160 and 138 mAh/g, respectively). To achieve higher capacities, we pushed higher the cut-off voltage to 3.7 V, initial charge and discharge capacities of 172 and 150 mAh/g were obtained for the cell containing 2 nm-thick Li3PO4 film and 167 and 142 mAh/g for the cell with 1 nm-thick Li3PO4 film (Figure 3.15b). In addition to the higher capacities, such interfacial engineering also enabled extraordinary long-term cycling Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes 100 performance. As shown in Figure 3.15c, the cell with a 2 nm Li3PO4 coating layer exhibited 92.3% of capacity retention upon 400 cycles, while the 1 nm-Li3PO4 also retained 88% upon 151 cycles accompanied by nearly 100% of Coulombic efficiency. Similar long-term performance were obtained for the cells with higher cut-off voltage (3.7 V), preserving 79.9% and 80.1% of initial discharge capacity after 250 cycles using 2 nm and 1 nm of Li3PO4, respectively (Figure 3.15d). It is note that a cell with greater cut-off voltage (3.8 V) delivered degraded cycling performance upon cycling, resulting in capacity fading up to 13% after 33 cycles (Figure S3.8). Additionally, no electrochemical activity was attainable when thicker coating layer (10 nm) was deposited (Figure S3.9a) due to greater cell resistance as deduced from EIS measurement (Figure S3.9b). To further interrogate electrochemical/chemical stability of halides, we next synthesized Li2Sc2/3Cl4 by solid-state route as follows. The mixture of ScCl3 (Alfa Aesar, anhydrous, 99,99 w/w %) and LiCl (10 wt. % deficient) was firstly pelletized and then, fired in a quartz tube sealed under vacuum. Noteworthy that stoichiometric ratio of precursors yielded LiCl impurity after the firing; hence suggesting 10 wt. % deficient LiCl precursor is used in the synthesis. Moreover, the final phase was obtained at 550 o C differing from the 650 o C reported in literature for the optimized synthesis temperature. 143,144 This difference is most likely due to differences in the morphology of precursors used. Nevertheless, the resulting powder at 550 o C exhibited nearly identical lattice parameters analogous to the one reported in literature (Figure 3.14a) but with an additional unknown phase at 2θ = ~10.75 o that could be related to purity of ScCl3 precursor (see arrows in The electrochemical/chemical compatibility of Li2Sc2/3Cl4 under following ageing protocols was next explored: oxidative stability at high voltage (3.9 V), the chemical stability against sulfides and finally, the cycling performance in dual SE cell design.

Electrochemical stability of Li2Sc2/3Cl4 at high voltage

To understand the chemical stability of Li2Sc2/3Cl4 at high voltage (3.9 V), a constant voltage protocol was firstly performed under two electrode cell (Li2Sc2/3Cl4:VGCF | Li2Sc2/3Cl4 | Li6PS5Cl | Li6PS5Cl:Li0.5In) for 120 hours (Figure 3.17a). Once the electrochemical process was over, the cell was dismantled and the positive electrode (Li2Sc2/3Cl4:VGCF mixture in 95:5 wt.%) was X-rayed. The XRD pattern differs from that of pristine one by the appearance of extra reflections 2θ = ~31.3 o and 32.6 o together with a peak broadening of the main phase peaks (see specified reflections in Figure 3.17b), however we were not able to identify to which phase(s) these new peaks were pertaining. ), where the voltage was initially increased by 0.1 mV/s up to 3.9 V and followed by constant voltage application for 120 h at 3.9 V. XRD pattern of the Li2Sc2/3Cl4:VGCF composite cathode after voltage exposure protocol. 

Chemical stability of

Conclusion of the chapter

In this chapter, we have studied electrochemical/chemical stability of Li3InCl6 against carbon, NMC622/carbon and Li6PS5Cl. We firstly investigated that the electrochemical/chemical degradation process of Li3InCl6 against NMC622/carbon equally occurs at all the SoC levels (3.3 V, 3.6 V and 3.9 V vs. LiIn/In) but against carbon, it occurs above 3.6 V. These real-world conditions unambiguously showed narrower oxidative stability of Li3InCl6 than theoretically expected in the literature (~3.7 V vs. LiIn/In).

Moreover, we found that Li3InCl6 oxidizes into identical phases against either carbon or NMC/carbon, resulting in poor cell ageing when the cell was cycled in harsh conditions.

Through this study, we further revealed the chemical instability of Li3InCl6 against sulfide, leading to interfacial resistance growth. We believe this deterioration is responsible for the poor cycling performance observed at low C-rates, hence questioning design of dual SE cell configuration using Li3InCl6 with Li6PS5Cl. To overcome such interfacial roadblock, we demonstrated a new surface engineering strategy, which consists of the deposition of nanometer-thick Li3PO4 layer at the surface of the argyrodite SE separator by ALD method.

Remarkable electrochemical cycling performance with a capacity retention of 92.3% upon 400 cycles at areal capacity of >3 mAh/cm 2 could then be obtained in Li3InCl6-based ASSBs.

We further assessed the electrochemical/chemical stability of halide SEs using Li2Sc2/3Cl4 that revealed greater chemical stability against sulfides but identical electrochemical instability limit at 3.9 V analogous to Li3InCl6. Obviously, halides offer good attributes that need to be further explored. The simulated impedance response of working electrodes after 10 h voltage exposure at 3.3, 3.6, and 3.9 V, respectively. Interfacial resistance data in Figure 2d-e were calculated using the same parameters, which represent as follows: Rion: ionic resistivity of SE in the composite cathode, Rint: interfacial resistance between SE and VGCF, Qint: capacitance of interface between SE and VGCF and Qaccumulation: low-frequency contribution arising from ionically blocking nature of VGCF. 

Chapter 4 -General conclusion

I

  am also grateful to Parth Desai, Léa Droguet, Biao Li, Anshuman Chaupatnaik and Qing Wang for making the office joyfull and warm throughout my time here. It was such a rewarding experience to work around such dynamic and intelligent people in the lab. My sincere thanks to all present and past members of CSE lab. I would like to specially thank all the local and international collaborators for their technical support and fruitful discussions: Gwenaëlle Rousse for performing and analyzing Rietveld refinement of XRD patterns and synchrotron XRD experiments; Maxime Hallot and Christophe Lethien for ALD applications; Artem Abakumov for TEM studies and Elisa Quemin for impedance data fitting

Figure 1 :

 1 Figure 1: a) CO2 emissions scenarios over time and b) global median surface temperature rise over time varied by scenarios. Figures are taken from IEA World Energy Outlook 2021. 1

  Such technology is elegantly simple and facilitates by the design of a positive (cathode) and a negative (anode) electrode with different redox potentials, separated by an ion-containing electrolyte solution. The electrons circulate through the external electrical circuit only, while the internal electrolyte solution allows for the flow of ions only, thus enabling the reversible energy exchange for the users. The cell potential (V) is particularly determined by the difference between the Li chemical potentials in both electrodes (Equation1.𝐶𝑎𝑡 is the Li chemical potential of the cathode, and µ 𝐿𝑖 𝐴𝑛 is the Li chemical potential of the anode.
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 11 Figure 1.1: Schematic representation of a Li-metal battery a) upon discharge, b) upon charge, and a Li-ion cell c) upon (dis)charge. Ionic and electronic flows are shown with arrows. Taken from reference.[START_REF] Droguet | Toward Aqueous Superconcentrated Electrolytes for Li-Ion Battery Application[END_REF] 

Equation 1. 5 :

 5 (at cathode) LiCoO2 ⇆ xLi + + Li1-xCoO2 + xe - (at anode) Cn + xLi + + xe -⇆ CnLix

  Collectively, such figure of merits translated threefold increase in energy density of commercial cells with Ni-rich layered-oxides compared to initial LIBs with LCO. Thus, NMC/NCA has experienced widely commercialization for industrial applications and has also opened new perspectives for further enhancement of LIBs via new cathode chemistries.
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 1281 Figure 1.2: a) Effect of Ni, Mn, and Co on thermal stability, capacity retention and discharge capacity in Li/Li[NixCoyMnz]O2 compounds. b) Voltage profiles of cathode active materials upon delithiation. Figures are reproduced from references.[START_REF] Rozier | Review-Li-Rich Layered Oxide Cathodes for Next-Generation Li-Ion Batteries: Chances and Challenges[END_REF][START_REF] Radin | Narrowing the Gap between Theoretical and Practical Capacities in Li-Ion Layered Oxide Cathode Materials[END_REF] 
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 1221 Figure 1.3: a) Schematic representation of lithium-metal all-solid-state battery (ASSBs). b)Comparison of specific energy and energy density calculations at cell level between LIBs with graphite anode and conceptual ASSBs with Li metal anode using selected cathode active materials. Adapted from references.[START_REF] Janek | A Solid Future for Battery Development[END_REF][START_REF] Tian | Promises and Challenges of Next-Generation "Beyond Li-Ion" Batteries for Electric Vehicles and Grid Decarbonization[END_REF] 
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 123 Introduction to lithium-based battery technologies Facile processing capability for easy fabrication.
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 14 Figure 1.4: Chronological evolution of inorganic solid ionic conductors. Ionic conductivity values are shown in S/cm. Adapted from reference.[START_REF] Abakumov | Solid State Chemistry for Developing Better Metal-Ion Batteries[END_REF] 
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 15 Figure 1.5: Comparison of key parameters of a) oxide, b) sulfide and c) halide SEs.Reproduced from reference.[START_REF] Kwak | Emerging Halide Superionic Conductors for All-Solid-State Batteries: Design, Synthesis, and Practical Applications[END_REF] 
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 17016 Figure 1.6: Comparison of the deformability of solid electrolytes. Image of a) densified Li7LS3Zr2O12 at RT, b) densified and hot-sintered Li7LS3Zr2O12 (arrows represent grain boundaries), c) free-particles of 75Li2S•25P2S5 (mol %), d) cold-pressed 75Li2S•25P2S5 (mol%), e) free-particles of Li3YCl6 and f) pressed Li3YCl6 at RT. Reproduced from references. 64,68,71
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 1 Figure 1.7: a) Simplified flowchart showing synthesis routes for the processing of solid electrolytes. b) Morphology changes of Li3PS4 when co-crystallized with tetrahydrofuran vs. acetonitrile (left column) and Li6PS5Cl synthesized by solution (ethyl acetate) vs.mechanochemical methods (right column). c) Overview of reported ionic conductivities of thiophosphate solid electrolytes depending upon synthesis routes. Reproduced from references.[START_REF] Famprikis | Fundamentals of Inorganic Solid-State Electrolytes for Batteries[END_REF][START_REF] Ghidiu | Solution-Based Synthesis of Lithium Thiophosphate Superionic Conductors for Solid-State Batteries: A Chemistry Perspective[END_REF][START_REF] Miura | Liquid-Phase Syntheses of Sulfide Electrolytes for All-Solid-State Lithium Battery[END_REF] 
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 1 Introduction to lithium-based battery technologies 30 As shown in Figure 1.8, SEs lie in the heart of such intertwined interfacial and cell fabrication roadblocks.
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 18 Figure 1.8: Illustration of the main challenges for the development of ASSBs. Taken from reference.[START_REF] Pasta | Roadmap on Solid-State Batteries[END_REF] 

Figure 1 .

 1 Figure 1.9: a) Schematic diagram of the electrochemical window (color bars) and the Li chemical potential profile (black line). b) Electrochemical stability window (solid color bar) of solid electrolytes. The dashed line marks the oxidation potential of fully delithiated material. Reproduced from reference.[START_REF] Zhu | Origin of Outstanding Stability in the Lithium Solid Electrolyte Materials: Insights from Thermodynamic Analyses Based on First-Principles Calculations[END_REF] 
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 1 Introduction to lithium-based battery technologies 32 that stability of sulfide SEs are thermodynamically limited, but the occurrence of decomposition processes are mainly controlled by kinetics.99 At this stage, the computational studies have demonstrated that halide SE materials have greater oxidative stability and interface compatibility than these of sulfides in composite cathode (Figure1.10a).100 Additionally, the intrinsic electrochemical stabilities of different anion chemistries show the significant advantages of chloride halides in the electrochemical stability window. However, they are not thermodynamically stable in the presence of lithium due to the reduction of metal cations in halides, exhibiting formation of LiX (X= Cl or Br) and reduced metals (from M 3+ to M 0 ) (Figure1.10b).[START_REF] Riegger | Lithium-Metal Anode Instability of the Superionic Halide Solid Electrolytes and the Implications for Solid-State Batteries[END_REF] 

Figure 1 .

 1 Figure 1.10: a) Calculated electrochemical stability window of lithium halides. b) Schematicillustration of lithium metal deposition on halide SE with an argon sputter gun and subsequent X-ray photoelectron spectroscopy. X-ray photoelectron In-3d spectra during/after lithium deposition on Li3InCl6. Reproduced from references.[START_REF] Riegger | Lithium-Metal Anode Instability of the Superionic Halide Solid Electrolytes and the Implications for Solid-State Batteries[END_REF]100 
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Figure 1 . 11 :

 111 Figure 1.11: The pressure change in ASSBs during charge/discharge for (a) LCO and (b) NMC811 paired with Li3PS4 SE and LTO anode. SEM images of the c) NMC811/Li3PS4 particles and focused ion beam-milled cross section of NCA/Li6PS5Cl particles before and after cycling. Taken from reference.[START_REF] Banerjee | Interfaces and Interphases in All-Solid-State Batteries with Inorganic Solid Electrolytes[END_REF] 
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 1 Introduction to lithium-based battery technologies 34 consisting of LCO as cathode and Li4Ti5O12 (LTO) as anode with sulfide-based SEs shows a volume expansion during charging and then recover during the following discharge process (Figure 1.11a).
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 13641 Figure 1.13: a-c) SEM images of CAM powders (NMC622) of different average particle size (d50 values). NMC-L, NMC-M, and NMC-S refer to large, medium and small particles, respectively. d) Initial cycle electrochemical curves of these CAMs in ASSBs. Taken from reference. 126

Figure 1 . 14 :

 114 Figure 1.14: The visualizations of the composite cathodes and their percolating networks for various cathode loadings with different CAM and SE particle sizes. The solid-grey and transparent-grey colors on the right-hand column represent the active and inactive CAM, respectively. Adapted from reference. 136
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 115961 Figure 1.15: Methods to control decomposition kinetics of solid electrolytes, by using carbon with lower specific area. Reproduced from reference.[START_REF] Tan | From Nanoscale Interface Characterization to Sustainable Energy Storage Using All-Solid-State Batteries[END_REF] 

Figure 1 . 16 :

 116 Figure 1.16: Electrochemical performance of high energy ASSB enabled by Ag-C anode showing a) rate capability at 60 o C, b) specific capacity, c) discharge capacities under varied temperature range and d) long-term cycling performance (The inset shows cross-section view of corresponding cell). Reproduced from reference. 141

Figure 1 .

 1 Figure 1.17: a) SEM images of focused ion beam-milled cross section of silicon anode. b) Representation of SEI amounts relative to cell capacity. c) Cycle life of Si|Li6PS5Cl|NCM811 cell. Reproduced from reference. 142

Figure 1 . 18 :

 118 Figure 1.18: Electrochemical performance of Li2Sc1/3In1/3Cl4-based full-cells showing their a) rate capability, b) high loading test and c) long-term cycling life. Reproduced from reference. 144

Figure 1 .

 1 Figure 1.19: a) Schematic of melt infiltration process, presenting first step: a layer of the SE powder is deposited on the top of the slurry-cast electrode. Second step: heat-induced melting of the SE allows it to infiltrate the electrode by means of capillary forces. Third step: cooling and solidification of the SE enables formation of a dense electrode with a meltinfiltrated SE. Final step: hot pressing two melt-infiltrated electrodes together. b) Postmortem SEM image of positive electrode made infiltration process. Electrochemical performance fabricated by melt-infiltration technology using c) NCM111/LTO and d) NCM111/Graphite cell designs at 100 o C. Reproduced from reference. 145

Figure 1 .

 1 Figure 1.20: a) Schematic illustration of the ASSB employing the TiS2 cathode. b) Average chemical diffusion coefficient of the pristine and ball-milled TiS2. c) SEM image of ball-milled TiS2. d) Electrochemical cycling performance the ball-milled TiS2 electrode with loading levels of 45.6 mg/cm 2 . 146 e) Experimental energy density comparison between NMC622 and TiS2 positive electrodes in ASSBs based on cell results in Collège de France/CSE lab. 70% of NMC622 represent weight ratio in composite cathode when paired with 30 wt.% SE.

Figure 2 . 1 :

 21 Figure 2.1: Roadmap for Chapter 2 with categorized sections.

  15 min milling followed by 15 min of cooling step. The ball-milled powder was pelletized and then, annealed at 200 o C (heating rate 5 o C/min) for 1 h in a quartz tube sealed under vacuum. The resulting powders were compared for their structure and morphology as shown in Figure 2.2.

Figure 2 .

 2 Figure 2.2: a) Powder X-ray diffraction (XRD) patterns of β-Li3PS4 (dark green) and β-Li3PS4 (green) prepared by wet and dry methods, respectively, which present Pnma space group with lattice parameters as shown in inset (the hkl lattice parameters were extracted from peak positions). Inset also shows scanning electron microscopy (SEM) micrographs of powders with various particle sizes in the range of ~20 to 50 µm.
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 2 Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 51 Next, the obtained powder was pelletized and annealed at 550 o C (heating rate 5 o C/min) for 6 h in a quartz tube sealed under vacuum. The solid-state synthesis of Li6PS5Cl was prepared by annealing of stoichiometric mixture of Li2S, P2S5 and LiCl in Al2O3 crucible. The powder mixture placed in the crucible was sealed under vacuum in a quartz tube and finally, annealed at 550 o C (heating rate 5 o C/min) for 72 h. Their structure and morphologies were investigated by SEM and XRD measurements as shown in Figure 2.3.

Figure 2 . 3 :

 23 Figure 2.3: Powder XRD patterns of Li6PS5Cl (wine) and Li6PS5Cl (red) prepared by wet and dry methods, respectively, which present F-43m space group with lattice parameters as shown in inset (the hkl lattice parameters were extracted from peak positions). Inset also shows SEM micrographs of powders various with particle sizes in the range of ~20 to 50 µm.
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 2 Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes52 The ball-mill apparatus was used as explained above for solvent-free synthesis of β-Li3PS4 solid ion conductor. The milling process was set at 510 rpm for 24 h applying 15 min milling followed by 15 min of cooling step. After the ball-milling process, the obtained powder was annealed at 260 o C (heating rate 5 o C/min) for 5 h in a quartz tube sealed under vacuum. Their x-ray patterns and morphologies are shown in Figure 2.4.

Figure 2 . 4 :

 24 Figure 2.4: Powder XRD patterns of Li3InCl6 (navy) and Li3InCl6 (blue) prepared by wet and dry methods, respectively, which present C2/m space group with lattice parameters as shown in inset (the hkl lattice parameters were extracted from peak positions). Inset also shows SEM micrographs of powders that exhibit nearly same morphology and size (~20 -50 µm) independent of the synthesis strategy.

Figure 2 . 5 :

 25 Figure 2.5: Nyquist plots of a) β-Li3PS4, b) Li6PS5Cl and c) Li3InCl6 obtained from solventengineered and solvent-free methods. d) Comparison of ionic conductivities of studied SEs.All the spectra were fitted with a R-C-CPE elements as shown in the inset. The SEs were pelletized at 4 t/cm 2 for 5 minutes prior to the ionic conductivity investigations that were measured by EIS at open circuit voltage applying excitation amplitude of 50 mV in a frequency range between 7 MHz -1 Hz with 15 points per decade.

Figure 2 . 6 :

 26 Figure 2.6: DC polarization curves of a) W-β-Li3PS4, b) C-Li3PS4, c) W-Li6PS5Cl d) C-Li6PS5Cl, e)W-Li3InCl6, f) C-Li3InCl6 and g) corresponding electronic conductivity comparisons. Electronic conductivities were measured by DC polarization on the pelletized (at 4 t/cm 2 for 5 minutes) SEs with applied voltages of 0.25 V, 0.50 V, 0.75 V and 1 V for 60 min.
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 2 Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 56 tested the performance of the resulting hand-grinded composite cathode in ASSBs. To this end, we prepared ASSBs as follows and shown in Figure2.8.

Figure 2 . 8 :

 28 Figure 2.8: Schematic of an ASSB for electrochemical cycling investigations.

Figure 2 . 58 Figure 2 . 9 :Chapter 2 -

 258292 Figure 2.9a-c depicts the voltage profiles of the first galvanostatic charge/discharge cycle, discharge capacity retention upon cycling as well as cell polarization (ΔV, calculated from the difference between average charge and discharge voltages 160 as shown in Figure S2.4) for the batteries containing SEs prepared by dry and wet routes, respectively.
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 560 wt. %, such as VGCF (vapor growth carbon fiber) particles, resulting in 70:30:5 of weightratio (NMC622:SE:VGCF, respectively) (Figure 2.10a). The cell using NMC622/C-Li6PS5Cl/VGCF composite positive electrode shows initial charge and discharge capacities of 173 and 141 mAh/g, respectively (see red curve in Figure 2.10b), accompanied by a remarkable high capacity retention of 97% after 20 cycles (Figure 2.10c). Moreover, cell polarization (calculated from average charge and discharge profiles as shown in Figure S2.5) was the lowest upon cycling among all studied SEs validating the best cycling performance Chapter 2 -Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes Figure 2.10d). With such figures of merits, C-Li6PS5Cl-based cells outpaces the ones containing C-Li3InCl6 and C-β-Li3PS4. Overall, this indicates that the addition of carbon to the composite containing C-Li6PS5Cl enhanced the reversible capacity of the battery and its overall short-term cycling performance without major cell polarization growth.
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 22 Figure 2.10: a) Schematic of a ASSB containing a composite cathode that consists of NMC622:SE:VGCF. b) Electrochemical performance results of hand-ground carboncontaining cathode composites containing SEs prepared by dry routes at C/20 and at room temperature with a cathode loading of 16-20 mg/cm 2 . a) Initial cycle voltage profile, b) discharge capacity as a function of cycle number and c) cell polarization over cycling.

(

  ~ 52%) (FigureS2.7). Equally, the system showed a 4-fold growth of cell polarization upon cycling as represented in Figure2.11c.

Figure 2 . 11 :

 211 Figure 2.11: Electrochemical performance results of hand-ground carbon-containing cathode composites containing SEs prepared by wet route at C/20 and at room temperature with a cathode loading of 16-20 mg/cm 2 . a) Initial cycle voltage profile, b) discharge capacity as a function of cycle number and c) cell polarization over cycling at room temperature.

Chapter 2 -Figure 2 .

 22 Figure 2.11a) that is accompanied by a rapid capacity decay to 71.5% after 20 cycles (Figure 2.11b). The composite equally reflected a 2-fold growth of cell polarization upon cycling (Figure 2.11c). Such a poor performance can be attributed to carbon-driven electrochemical

Chapter 2 -

 2 hours at room temperature and subsequently, VGCF particles (50 mg) were added into the suspension. The solid particles were collected by centrifugation at 600 rpm for 5 min and heated at 100 o C for 24h and then at 155 o C for 24 h under vacuum. The resulting powders were analyzed by SEM-energy dispersive X-ray spectroscopy (EDX) and XRD measurement as shown in Figure 2.13a,d, respectively. Similarly, W-Li6PS5Cl-based composite cathode having core-shell structures were synthesized nearly alike the solvent-mediated synthesis of Li6PS5Cl. First, a suspension of Li3PS4.xTHF/THF was obtained at room temperature and next, the obtained suspension was transferred into a solution containing dissolved LiCl and Li2S in ethanol. Next, NMC622 (700 Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 65 mg) was added into the greenish solution and stirred for 2 h at room temperature. Finally, the solution containing cathode active materials and Li6PS5Cl was dried to remove the solvent at 100 o C for 24h and later at 155 o C for 48 h under vacuum and the powders were characterized by SEM/EDX and XRD (Figure 2.13b,e, respectively). Lastly, Li3InCl6-based composite cathodes were made using the dissolution of Li3InCl6 particles (300 mg) in THF. After 5 minutes of exposure, first NMC622 (700 mg) and later VGCF (50mg) particles were transferred into the clean solution and stirred for 1 h. Finally, the solution containing cathode active materials and dissolved Li3InCl6 was heated first at 100 o C for 24 h and then at 200 o C for 24 h under vacuum prior to characterization by SEM/EDX and XRD as shown in Figure 2.13c,f, respectively.

Figure 2 .

 2 Figure 2.13: SEM micrograph and the corresponding EDX elemental maps (representative elements nickel, phosphorous, chloride and indium are shown for NMC622, W-β-Li3PS4, W-Li6PS5Cl and W-Li3InCl6, respectively) of a) W-β-Li3PS4-coated NMC622, b) W-Li6PS5Cl -coated

  salient particle edges pertaining to SE-coated NMC622 particles, suggesting that coating took place (Figure 2.13a,b,c). However, they differ in the coating uniformity, exhibiting a uniform repartition of Ni and P for the W-β-Li3PS4-coated NMC622 particles (Figure 2.13a) as opposed to agglomerated particles with non-uniform distribution of Cl and In for the two other composites (Figure 2.13b,c). Commonly as well, XRD patterns of synthesized one-pot composite cathodes exhibited reflections of both NMC and SE particles (Figure 2.13d,e). Lastly, one might recall from earlier on in this chapter that high temperature (550 o C) is required for greater ionic conductivity of W-Li6PS5Cl driven by high crystallinity. 167 However, we experienced that by firing the W-Li6PS5Cl-coated NMC622 at 550 °C, it led to degradation of NMC as witnessed by the disappearance of NMC622 Bragg peaks due to nickel-sulfur reactivity above ~180 o C (Figure S2.9). Thus, we decided to stop the electrolyte synthesis after the annealing step at 155 o C (Figure 2.13e). Turning next to the W-Li3InCl6based composite cathode, it was found to suffer from phase contamination due to reactivity between Li3InCl6 and THF, resulting in the appearance of additional Bragg peaks (see arrows in Figure 2.13f) in its XRD pattern together with an order of magnitude lower ionic conductivity compared to pristine W-Li3InCl6 (Figure S2.10).

Figure 2 .

 2 Figure 2.14 reflects average charge and discharge voltages, discharge capacity and cell polarization as a function of cycle number.

Figure 2 . 14 :Chapter 2 -Figure 2 .Figure 2 .

 214222 Figure 2.14: Electrochemical performance results of β-Li3PS4-coated NMC622, WLi6PS5Clcoated NMC622, and W-Li3InCl6-coated NMC622 at C/20 at room temperature with a cathode loading of 16-20 mg/cm 2 . a) Initial cycle charge-discharge curves, b) discharge capacity vs cycle number and (c) cell polarization upon cycling.

Figure 2 . 15 :

 215 Figure 2.15: Comparison of charge (dark colored bars) -discharge (light colored bars) capacities and the cell polarization of all studied cathodes between 1 st and 20 th cycle. Stars represent result of the best composite cathode among all studied systems.

Figure 2 . 16 :

 216 Figure 2.16: Cycling performance of hand-ground carbon-containing C-Li6PS5Cl-based cathode composites at C/20 at room temperature with a cathode loading of 16-20 mg/cm 2 . a) Initial cycle voltage profile and b) discharge capacity as a function of cycle number with various cut-off voltages.

Figure 2 . 17 :

 217 Figure2.17: Galvanostatic voltage profiles of W-Li3InCl6/NMC622/VGCF positive electrode, C-Li6PS5Cl as separator and Li0.5In/C-Li6PS5Cl negative electrode in three-electrode cell configuration depicting a) 1st and 20th cycle curves. The impedance spectrums of b) the positive electrode, where the symbols show first and last impedance sequence over cycle and the black arrows indicate the evolution of the impedance at each cycle (offset was added between each impedance spectrums) and c) the negative electrode. Three-electrode impedance spectra were measured upon galvanostatic cycling at 3.2 V, 3.4 V, 3.6 V, 3.4 V, 3.2 V and 2.1 V after 4 h rest at each point using a 10 mV sinusoidal perturbation. 10 points per decade were taken for frequencies between 1 MHz -10 mHz. Rietveld refinement of the SXRD patterns of d) mixture of W-Li3InCl6/C-Li6PS5Cl (1:1 ratio in wt %) and e) mixture of W-Li3InCl6 -W-β-Li3PS4 (1:1 ratio in wt %) after heating at 150 o C for 72h. Experimental data are shown in black circles; the red line depicts the calculated pattern; the difference profile is shown in blue and calculated positions of the Bragg reflections are shown as vertical lines.
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 2 Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes73 Next, we hypothesized that the chemical compatibility issue between Li3InCl6 and the aforementioned sulfide SEs could be the origin of such surface deterioration. Therefore, W-Li3InCl6/C-Li6PS5Cl and W-Li3InCl6/W-β-Li3PS4 mixtures of the pristine powders (in 1:1 wt%) were subjected to a thermal treatment at 150°C during 72 hours in an argon-filled glovebox to promote chemical reactivity. Thereafter, synchrotron XRD of the annealed mixture powders revealed the presence of LiCl and unknown phases as the decomposition products (Figure2.17d). This degradation was found to be more pronounced in the presence of Wβ-Li3PS4 (Figure2.17e), in line with the rapid cycling performance degradation of halidebased cells using W-β-Li3PS4 as the separator. Bear in mind that our heating treatment was in the thermal stability range of electrolytes (W-β-Li3PS4: 155 o C, C-Li6PS5Cl: 550 o C and W-Li3InCl6: 200 o C) and, therefore, we can relate such decomposition to the thermally driven chemical reactivity of W-Li3InCl6 against W-β-Li3PS4 and C-Li6PS5Cl. Furthermore, such reactivity was also evident with solvent-free made C-Li3InCl6 against W-β-Li3PS4 and C-Li6PS5Cl (Figure 2.18a,b).

Figure 2 . 18 :

 218 Figure 2.18: Rietveld refinement of the SXRD patterns of a) a mixture of C-Li3InCl6/C-Li6PS5Cl (1:1 ratio in wt %) and b) a mixture of C-Li3InCl6/W-β-Li3PS4 (1:1 ratio in wt %) after heating at 150 o C for 72h. Experimental data are shown in black circles; the red line depicts the calculated pattern; the difference profile is shown in blue and calculated positions of the Bragg reflections are shown as vertical lines.
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 642 W-b-Li 3 PS Chapter Towards the quest for the best solid electrolyte-layered oxide pair to enable highly performing composite cathodes 74 conducted to transmission electron microscopy (TEM) measurements. STEM-EDX elemental maps (Figure 2.19a) exhibit at least 3 crystalline phases of the annealed powder: In-rich, P/S rich and Cl-rich pertaining to Li3InCl6, Li6PS5Cl and LiCl as deduced from selected area electron diffraction (SAED) patterns (Figure 2.19b). Moreover, EDX measurements demonstrated that for every region P:S ratio maintains 1:5, which suggests that Li6PS5Cl is stable after heat treatment, and all the new phases stem from the decomposition products of solely Li3InCl6. It is challenging to precisely calculate In:Cl ratio because of significant amount of LiCl in the sample. However, after a correction by completely removing the signal from areas with high concentration of LiCl (bright green zones in STEM-EDX maps), the additional retracting Cl-K signal belonging to Li6PS5Cl gives the In:Cl ratio that varies from 1:1 to 1:3. Therefore, the most probable decomposed phases could be InCl and/or InCl3.

Figure 2 .

 2 Figure 2.19: HAADF-STEM image of the Li6PS5Cl + Li3InCl6 sample (1/1 wt. %) along with corresponding color-coded compositional map, elemental maps of In (yellow), P (red), S (pink), and Cl (green). b) SAED patterns for (left) Li3InCl6, (middle) the mixture of Li6PS5Cl with polycrystalline LiCl, (right) single crystal LiCl.

Figure 2 . 20 :

 220 Figure 2.20: Summary of structure, ionic and electronic conductivity and cycling performance of the best SE results in this chapter. a) SEM micrograph of pristine Li6PS5Cl synthesized by solid-state route, b) its ionic (top) and electronic (bottom) conductivity measurements by EIS and DC polarization, respectively. c-d) The best cycling performance was obtained using hand-grinded composite cathode (NMC622:Li6PS5Cl:VGCF).

  1. For instance, sulfide-based solid electrolytes (SEs) partially decompose when they are paired with 4 V-class cathode active materials (CAM, typically layered oxides) and electronic additives (carbons). Such interfacial decomposition yields parasitic products (e.g. S, P2S5, LiCl) that were shown to cause worsening cell resistance and cycle life. Most common interfacial engineering strategies to alleviate this issue, such as the coating of the CAMs by electrochemically inactive Li-free or Li-containing oxides have so far kinetically retarded the interfacial deterioration but not fully eliminated it. Hence, the need to uncover new SE candidates capable of showing enhanced electrochemical stability at high potential, e.g. halide type solid ionic conductors (Li3MX6, M = In and trivalent rare-earth metals Y, Er, Yb, Sc, etc.; X = Cl, Br, and I), as predicted by calculations. Thus, a better understanding of the electrochemical/chemical stability of halide SEs and their ageing process is sorely needed for development of ASSBs. stability of Li3InCl6 against layered oxide positive electrode (LiNi0.6Mn0.2Co0.2O2, NMC622), carbon additive and Li6PS5Cl under both cycling and ageing conditions as a function of voltage. This Chapter will present a new surface engineering strategy to mitigate the interfacial degradation mechanism of Li3InCl6. Lastly, to get further insights into chemical/electrochemical limits of halide SEs, we investigate the scandiumbased one (Li2Sc2/3Cl4) that was reported to offer promising cycling performance. As we demonstrated in Chapter 2, the interfacial decomposition reaction between halide and argyrodite SEs could result from cascade reactions fueled by electrons carried by conducting VGCF between positive electrode and sulfide SE separator, leading to a detrimental triple point (Figure 3.1a). To contour this difficulty, in this chapter, we Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes 81 redesigned our cell architecture using dual SE separators with the halide-argyrodite interface being located in the middle of the separator far from the positive or negative interface as illustrated in Figure 3.1b.

Figure 3 . 1 :

 31 Figure 3.1: Illustration of halide-based ASSBs in a) hetero-structured and b) dual SE cell design. The dual SE cell architecture was assembled as follows. Li3InCl6 (30 mg) were firstly added into the cell and cold pressed at 1t/cm 2 for few seconds under a hydraulic press. Next, Li6PS5Cl (15 mg) was placed onto the single side of Li3InCl6 pellet and cold pressed together. Cathode composite (either Li3InCl6:VGCF in 95:5 wt.% or NMC622/Li3InCl6/VGCF in 70:30:5 wt.%, respectively) was then spread onto the Li3InCl6 separator and next, a mixture of Li0.5In and Li6PS5Cl (in a 60:40 wt.%) was added onto Li6PS5Cl pellet as counter electrode. Finally, the whole stack was further densified at 4t/cm 2 for 15 minutes.
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 363 Figure 3.2: a) Nyquist plot of pristine Li3InCl6 for ionic conductivity measurement. It was fitted with R-C-CPE elements as shown inset. The SE powder was pelletized at 4 t/cm 2 for 5 minutes prior to the ionic conductivity investigations that was measured by EIS at open circuit voltage applying excitation amplitude of 50 mV in a frequency range between 7 MHz-1 Hz with 15 points per decade and was fitted with R-C-CPE elements. b) Rietveld refinement of the XRD pattern of pristine Li3InCl6, exhibiting C2/m space group with lattice parameters as shown inset. Experimental data are shown in black circles; the red line depicts the calculated pattern; the difference profile is shown in blue and the calculated positions of the Bragg reflections are shown as vertical lines. Asterisk indicates Be reflection from sample holder.
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 3 Unraveling electrochemical/chemical compatibility of halide solid electrolytes 87 phases were identified: In-depleted and In-rich (Figure3.6a). In-depleted areas (green color in elemental maps) corresponds to the In:Cl ratio of 16.1(±2.4) : 83.9(±2.4), which is equal to 14:86 in Li3InCl6 within the standard deviation. However, In-rich phases (red color in elemental maps) show the In:Cl ratio equal to 25.5(±2.5) : 74.5(±2.5) or 1:3, which is likely provided by the presence of InCl3. Furthermore, the presence of LiCl was also validated by SAED (Figure3.6b). Noteworthy, these identified decomposed phases are identical to those obtained in pristine Li3InCl6 powder as discussed above (see Figure3.3), hence, discrimination of the newly decomposed phases from pristine one appears to be tedious.

Figure 3 .

 3 Figure 3.6: a) HAADF-STEM image of the Li3InCl6+VGCF mixture after clamping voltage at 3.9 V at 55 o C for 360 h along with corresponding color-coded compositional map, elemental maps of Cl (green) and In (red). b) Ring SAED measurement on the In-rich phase, demonstrating the presence of polycrystalline LiCl in the system.

Figure 3

 3 Figure 3.7: a) Representation of assembled three-electrode cell setup for impedance measurements. b-d)The impedance spectra of the working electrodes (Li3InCl6:VGCF, ~20 mg/cm 2 ) were collected at cut-off potentials (3.3, 3.6, or 3.9 V), and every 10 h during voltage hold. The impedance spectra were measured after 2 h rest for each point using a 20 mV sinusoidal potential perturbation. 15 points per decade were taken with 5 periods per points frequencies varying from 1 MHz to 10 mHz. (e) The evolution of modeled interfacial resistance is plotted as a function of voltage hold time. Rion: ionic resistivity of SE in the composite cathode, Rint: interfacial resistance between SE and VGCF, Qint: capacitance of interface between SE and VGCF and Qaccumulation: low-frequency contribution arising from ionically blocking nature of VGCF were taken into account in electrical circuit of the model.
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 3 3 and 3.6 V) as deduced by voltage-forced protocols. Unraveling electrochemical/chemical compatibility of halide solid electrolytes 90 1.2.3 Decomposition products of Li3InCl6 against NMC622/carbon Having demonstrated that the decomposition process of Li3InCl6 against carbon is enhanced above 3.6 V, a legitimate question now arose how this decomposition evolves in presence of layered-oxide active material. Towards this goal, we made a composite cathode made of Li3InCl6 paired with monolithic Zr-based coating containing LiNi0.6Mn0.2Co0.2O2 (NMC622, 7µm) and VGCF. The resulting composite cathode composition was 70:30:5 wt.% (NMC622:Li3InCl6:VGCF, respectively).

Figure 3 .

 3 Figure 3.8: a) Illustration of assembled halide-based full ASSBs. b) Electrochemical curve of corresponding cell, where the voltage was held for 120 h after the first charge up to defined cut-off voltages (3.3, 3.6 or 3.9 V). c) XRD patterns of NMC622:Li3InCl6:VGCF composite cathodes (~20 mg/cm 2 ) were collected after galvanostatic and constant voltage processes. Highlighted reflections represent evolved crystalline phases and d) are magnified. Asterisks show impurity peaks from the sample holder (Be window).
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 3 Unraveling electrochemical/chemical compatibility of halide solid electrolytes 91 Three two-electrode cells made of a hand grinded NMC622:Li3InCl6:VGCF composite were assembled (Figure3.8a) and charged using a constant current mode to 3.3, 3.6, and 3.9 V prior to being placed in a constant voltage mode for 120 hours (Figure3.8b). Once the charging process was over, the cells were dismantled and the positive electrodes were Xrayed (Figure3.8c). Bearing in mind the peak shifts of NMC622 that can vary depending upon the delithiation state 177 and aside from the Li3InCl6 and VGCF pristine reflections. All XRD patterns, independently of the holding voltage (3.3, 3.6, or 3.9 V) show the appearance of extra peaks located at around 2θ= 13, 31.8, and 47 o (see magnified data in Figure3.8d).

Figure 3 .

 3 Figure 3.9: a) Representation of assembled three-electrode cell setup for impedance measurements. d) Evolution of working electrode (NMC622:Li3InCl6:VGCF, ~20 mg/cm 2 ) resistance at cut-off voltages and during voltage hold for 10, 20, 30, 40, 50, 100 and 150 h. The impedance spectra were measured after 2 h rest for each point using a 20 mV sinusoidal potential perturbation. 15 points per decade were taken with 5 periods per points frequencies varying from 1 MHz to 10 mHz.
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 3 Unraveling electrochemical/chemical compatibility of halide solid electrolytes 93 1.

Figure 3 .

 3 Figure 3.10: a) Constant voltage protocol during cell cycling at 3.3, 3.6 and 3.9 V (cell aging process). b) Initial cycle performance. c) Capacity retention upon cycling (constant voltage was carried out at highlighted cycles) in comparison with the cells without voltage hold (shaded data). Corresponding mass-normalized dQ/dV curves of cells d-f) with potential hold and g-i) without potential hold. Composite cathode loadings were 16-18 mg/cm 2 .
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 33 11a), showing capacity decay between 50 to 70 % for cells cycled at 3.7, 3.8, and 3.9 V after 70 cycles (Figure3.11b). Even in the best scenario, irreversible capacity was 40 % for the cell at 3.6 V after 70 cycles. However, the capacity retention gradually become more stable when increasing the C-rate to C/10, C/2 (FigureS3.6) and 1C (Figure3.11c,d) to the expense of a lower discharge capacity. It is note that varying the initial charge potentials at 1C could be attributed to minor amounts of inhomogeneous repartitions of the active and SE phases in the composite cathodes that effect slightly the grain boundary density (Figure3.11c).179 Unraveling electrochemical/chemical compatibility of halide solid electrolytes95 
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 33 Figure 3.11: a-b) Low rate test. c-d) High rate test. e-f) High rate test with low cathode composite loading. C-rate was calculated according to the theoretical value of NMC622 (C corresponds to 1 mol of Li per mole of the active material in 1 h).

Figure 3 .

 3 Figure 3.12: a) The assembled dual solid electrolyte stack (at 4t/cm 2 ) and b) the corresponding Nyquist plots of EIS spectra after thermal treatment at 80 o C for the given times (impedance measurements were collected at 25 o C at open circuit voltage applying excitation amplitude of 50 mV in a frequency range between 7 MHz-1 Hz with 15 points per decade).
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 3971 Unraveling electrochemical/chemical compatibility of halide solid electrolytes Curing the Li3InCl6 -Li6PS5Cl interface via surface engineering

Figure 3 .

 3 Figure 3.13: a) Schematic of single-surface Li3PO4-coated Li6PS5Cl pellet (30 mg of powder was densified at 4t/cm 2 for 15 minutes) and b) its Nyquist plot in comparison with pristine Li6PS5Cl pellet with identical fabrication protocol (30 mg of powder was densified at 4t/cm 2 for 15 minutes), were collected at 25 o C at open circuit voltage applying excitation amplitude of 50 mV in a frequency range between 7 MHz-1 Hz with 15 points per decade).
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 3 Unraveling electrochemical/chemical compatibility of halide solid electrolytes 98 phosphate sources. The LiOtBu precursor was purchased from Strem Chemicals (purity 98%)

  ALD cycles were performed to obtain a 1 nm thick buffer layer. 34 ALD cycles were performed to obtain a 2 nm thick buffer layer. TMPO and then LiOtBu were pulsed into the chamber alternatively with respective pulse times of 6 seconds and 3 seconds separated by 8 seconds of argon purge.

Figure 3 .

 3 Figure 3.14: a) High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image b) Electron energy loss (EELS) spectrum and c) HAADF-STEM image of the surface of the Li6PS5Cl pellet, mixed O, P and S compositional EDX map and individual EDX maps for Cl, O, P and S. The O signal/O-K edge originates from the Li3PO4 coating layers evenly spread over the surface crystallites. Sample was prepared in an Ar-filled glove box. The Li3PO4-coated Li6PS5Cl pellet was scratched from the surface, gently grinded in an agate

Figure 3 . 15 :

 315 Figure 3.15: Initial cycle performances of cells (NMC622:Li3InCl6:VGCF | Li3PO4-coated Li6PS5Cl | Li6PS5Cl:Li0.5In) with varied surface coating thicknesses (a) at 3.6 V and (b) at 3.7 V cut-off voltages. Long-term cycling performance of these cells with (c) 3.6 V and (d) 3.7 V cut-off voltages.

Figure 3 .

 3 Figure 3.16: a) XRD patterns of Li2Sc2/3Cl4 at various synthesis temperatures, exhibiting Fd-3m space group with lattice parameters as shown inset for the final phase at 550 o C (the hkl lattice parameters were extracted from peak positions) b) Nyquist plot of pristine Li2Sc2/3Cl4 for ionic conductivity measurement. It was fitted with R-C-CPE elements as shown inset. The SE powder was pelletized at 4 t/cm2 for 5 minutes prior to the ionic conductivity investigation that was measured by EIS at open circuit voltage applying excitation amplitude of 50 mV in a frequency range between 7 MHz-1 Hz with 15 points per decade.
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 3317 Figure3.17: Electrochemical curve of a cell (Li2Sc2/3Cl4:VGCF | Li2Sc2/3Cl4 | Li6PS5Cl | Li6PS5Cl:Li0.5In), where the voltage was initially increased by 0.1 mV/s up to 3.9 V and followed by constant voltage application for 120 h at 3.9 V. XRD pattern of the Li2Sc2/3Cl4:VGCF composite cathode after voltage exposure protocol.

  To assess galvanostatic cycling performance of Li2Sc2/3Cl4, we assembled a cell consisting of NMC622:Li2Sc2/3Cl4:VGCF (in 70:30:5 in weight ratio) as composite cathode, Li2Sc2/3Cl4 and Li6PS5Cl as dual SE separators and Li0.5In:Li6PS5Cl as composite anode. Under this cell architecture, the cell delivered discharge capacity of 122 mAh/g after initial cycle with an irreversible capacity of 18 mAh/g (Figure3.19a), which is nearly similar to that of Li3InCl6. In the subsequent cycles, a reversible capacity was obtained with a slight capacity fading (3%) upon 30 cycles.(Figure 3.19b).

Figure 3 .

 3 Figure 3.19: a) Initial cycle cycling performance of cell (NMC622:Li2Sc2/3Cl4:VGCF | Li2Sc2/3Cl4 | Li6PS5Cl | Li6PS5Cl:Li0.5In) and b) its capacity retention upon 30 cycles at C/20 and at RT.
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 3 Unraveling electrochemical/chemical compatibility of halide solid electrolytes 105 As a conclusion, this study on electrochemical/chemical compatibility of Li2Sc2/3Cl4 (high voltage electrochemical stability, chemical robustness and cycling performance) highlight that trivalent metal substitution in halide-based SEs could enhance those studied parameters. It remains now to define the reason, which is more likely rooted in the stability of halide phases that depends on the 3d or even rare earth metals.
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  Figures

1 :

 1 Figure S2.1: Rietveld refinement of the XRD pattern of Li6PS5Cl (synthesized by solventbased route). Experimental data are shown in black circles; the red line depicts the calculated pattern; the difference profile is shown in blue and calculated positions of the Bragg reflections are shown as vertical lines. Asterisk indicates Be reflection.

Figure

  Figure S2.3: a) Scheme of the assembled anodeless halide-based cell. b) Electrochemical curve of the corresponding cell, where after initial charge there was no discharge capacity. c) XRD pattern of the surface of Li3InCl6 facing with current collector after galvanostatic cycling. The obtained pellet is shown in the inset.

Figure S2. 4 :Figure S2. 5 :

 45 Figure S2.4: Corresponding average charge and discharge voltages (Figure 2.8) cells containing a) NMC622/solvent-free SE and b) NMC622/solvent-mediated SE cathode composites upon cycling.

Figure S2. 7 :

 7 Figure S2.7: Ionic conductivity and electrochemical performance results of different synthesis conditions (annealing temperature and time) of W-Li6PS5Cl.

1 :Figure

 1 Figure S3.1: Cyclic voltammetry measurements of Li3InCl6:VGCF / Li3InCl6 / Li6PS5Cl / Li0.5In cell at 0.1 mV/s upon 10 cycles between 2 -3.9 V vs. LiIn/In, where Ti current collectors were employed.

Figure

  Figure S3.4: a) Virtualization of the 1D transmission line model describing the model parameters for cathode composite components and interface (between solid electrolyte and electronic conductor). b-d) The simulated impedance response of working electrodes after 10 h voltage exposure at 3.3, 3.6, and 3.9 V, respectively. Interfacial resistance data in Figure2d-e were calculated using the same parameters, which represent as follows: Rion: ionic resistivity of SE in the composite cathode, Rint: interfacial resistance between SE and VGCF, Qint: capacitance of interface between SE and VGCF and Qaccumulation: low-frequency contribution arising from ionically blocking nature of VGCF.

  

  

  

  

  

  

  Li2Sc2/3Cl4 against sulfide Figure 3.18: XRD pattern of pristine Li6PS5Cl (black), pristine Li2Sc2/3Cl4 (blue) and Li6PS5Cl:Li2Sc2/3Cl4 mixture (in 1:1 wt. %) (red) after heat treatment at 150 o C for 72h.Having demonstrated in Chapter 2 and in previous sections that Li3InCl6 suffers from chemical instability against sulfides (either Li6PS5Cl or β-Li3InCl6). A legitimate question regards the stability of Li2Sc2/3Cl4 against sulfides. Toward this goal, we prepared a hand-Li 2 Sc 2/3 Cl 4 + Li 6 PS 5 Cl heated at 150 o C Chapter 3 -Unraveling electrochemical/chemical compatibility of halide solid electrolytes 104 grinded mixture of Li2Sc2/3Cl4 and Li6PS5Cl (in 1:1 weight ratio) that was annealed at 150 o C for 72 h in an argon-filled glovebox. Interestingly, XRD pattern of annealed powder (see red pattern in Figure 3.18) did not change when compared to that of pristine Li6PS5Cl and Li2Sc2/3Cl4, implying the chemical stability of Li2Sc2/3Cl4 against sulfides that does not invalidate Nazar's group previous results. 143,144 3.4 Cycling performance of Li2Sc2/3Cl4 as part of composite cathode and dual SE separator
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Through this thesis, the electrochemical/chemical compatibility of inorganic SEs as part of composite cathode constituent were investigated in ASSBs. The excitement towards ASSBs stems from the possibility of improved performance, especially when talking about energy density, and safety than that of Li-ion batteries owing to the use of a solid rather than a liquid electrolyte, but also to the use of lithium-metal anodes. However, their practical application is indeed very challenging and is still encountering intertwined roadblocks pertaining to the interfacial decomposition reactions of SEs, which need to be better understood. This is what we have tackled in this thesis and the findings are summarized below.

We first focused on the effect of synthesis methods on structure, ionic and electronic conductivities and compactibility of β-Li3PS4, Li6PS5Cl and Li3InCl6. Although no general trend was observed when switching from the solution route to the dry method, we found that the solvent-free synthesis leads to a high ionic and low electronic conduction, impurity-free structure, and high densification for β-Li3PS4 and Li6PS5Cl (except for Li3InCl6). Next, when we compared their cycling performances in positive electrode pairing with NMC622 and carbon, the best performing one was the one with Li6PS5Cl followed by β-Li3PS4 and lastly Li3InCl6. Additionally, they showed a strong dependence on the battery performance upon the presence of carbon additives that boost the electronic conductivity of the cathode composite. However, one must note that the presence of carbon catalysis electrochemically driven decomposition of β-Li3PS4 upon cycling and Li6PS5Cl upon long-term cycling. These parasitic reactions were found to be even further damaging the cycling performance of Li6PS5Cl-based composite cathode at greater oxidation potentials. Moreover, we have designed the composite cathode preparation procedure in a solution to favor intimate contact between SE and NMC622 particles. Although such approach was conceptually elegant, it showed either detrimental effect of solvents on SEs or chemical instability between the layered oxide and sulfide-based SE at high temperatures, hence leading to limited performance compared to hand-grounded cathode composites. Besides, our study has clearly revealed the chemical incompatibility of Li3InCl6 against sulfides (either Li6PS5Cl Chapter 4 -General conclusion 109 or β-Li3PS4) via combined electroanalytical and spectroscopic measurements that result into a rapid cell failure in the hetero-structured cell design. Altogether, the results found in Chapter 2 show that the main challenges are rooted in the interfacial reaction processes of SEs due to their electrochemical/chemical stability limits, hence undermining highly performing ASSBs.

To further understand limitations pertaining to Li3InCl6, we decided to set-up a systematic study of its electrochemical/chemical compatibility against composite cathode constituents and sulfide-based SE separator in dual SE cell design. Although halides had been predicted to possess greater oxidative limit (~3.7 V vs LiIn/In) by calculations in the literature, we provided evidence for the onset of electrochemically driven parasitic decomposition reactions between Li3InCl6 and NMC622/carbon occurs at lower potentials (3.3 V vs LiIn/In). Products from such degradation reactions resulted in an increase of cell impedance, leading to a capacity retention decay, with this effect being enhanced by cycling protocols comprised of voltage holds at high potential. Moreover, we also provided evidence for the parasitic chemical reactions between Li3InCl6 and Li6PS5Cl SE separators that translates into an interfacial deterioration in the dual SE stack. To overcome the interfacial roadblock, we demonstrated a new surface engineering strategy, which consists on the deposition of a nanometer-thick protective layer (Li3PO4) at the surface of the argyrodite SE separator by ALD method, leading to spectacular electrochemical cycling performance in Li3InCl6-based ASSBs. Finally, electrochemical and chemical stability of halides were found greater when switching to scandium-based one (Li2Sc2/3Cl4), highlighting some positive attributes of the rich family of halides. These results emphasize that the mitigation of the interfacial degradation mechanism of halides enables to achieve high capacity retention upon long-term cycling in ASSBs. 

Appendix

Transmission electron microscopy

Samples for TEM were stored and prepared in an Ar-filled glovebox. A special Gatan vacuum transfer holder was used for analysis and transportation of the sample from Arfilled glovebox to the TEM column to prevent the interaction between the sample and air.

Electron diffraction (ED) patterns, high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images and STEM-EDX compositional maps were acquired on a probe aberration-corrected FEI Titan Themis Z transmission electron microscope at 200 kV, equipped with a Super-X system for energy-dispersive X-ray (EDX) analysis.

Scanning electron microscopy (SEM)

Appendix 113 Solid electrolyte and core-shell cathode composite micrographs were obtained on FEI Magellan scanning electron microscope equipped with an Energy dispersive X-ray spectroscopy (EDX) Oxford Instrument detector. EDX of the composite cathode was carried out using an acceleration voltage of 20 kV.

Battery assembling and electrochemical testing

The battery assembly and electrochemical testing were carried out in a cell, which was developed in our laboratory and consisting of a cylindrical polyetherimide (PEI) cell body and two stainless steel pistons of 8 mm diameter.

The three-electrode cell setup was modified from two electrode cell by placing 15 µm Al metal foil as RE current collector between two PEI body parts.

Galvanostatic cycling studies were carried out in the voltage range of 2.1 -3.6 V vs.

LiIn/In at room temperature at C/20 (C correspond to 1 mole of Li per mole of active material in 1 h). Three-electrode full-cell impedance spectra were measured upon galvanostatic cycling at 3.2 V, 3.4 V, 3.6 V, 3.4 V, 3.2 V and 2.1 V after 4 h rest at each point using a 10 mV sinusoidal perturbation. 10 points per decade were taken for frequencies between 1 MHz -10 mHz.

All electrochemical measurements were conducted with a VMP3 potentiostat/galvanostat (BioLogic) controlled with EC-Lab software. 

Transmission Electron Microscopy (TEM)

Sample for transmission electron microscopy (TEM) was prepared in an Ar-filled glove box. The Li3PO4-coated Li6PS5Cl pellet was scratched from the surface, gently grinded in an agate mortar without solvent exposure and then a copper TEM grid with a holey carbon layer was dipped into the obtained powder. The sample was transferred to the TEM column by means of a Gatan vacuum transfer holder, avoiding contacts with air. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images, energydispersive X-ray (EDX) spectra, STEM-EDX maps, electron energy loss (EELS) spectra and STEM-EELS maps were acquired with a Titan Themis Z transmission electron microscope operated at 200 kV and equipped with a Super-X EDX detector and a Gatan Quantum ER965 spectrometer.

Characterization

Laboratory X-ray powder diffraction (XRD) were performed in an airtight cell equipped with a Be window. XRD patterns were recorded in reflection mode in Bragg-Brentano geometry using a Bruker D8 Advance diffractometer equipped with a Cu-Kα X-ray source (λ = 1.54056 Å) and a LynxEye detector.

Battery assembly and electrochemical tests

The battery assembly and electrochemical testing were carried out in a cell, which was developed in our laboratory and consisting of a cylindrical polyetherimide (PEI) cell body and two stainless steel pistons of 8 mm diameter.

Appendix 126

The two-electrode cells were assembled as follow. 30 mg of Li3InCl6 were firstly added into the cell and cold pressed at 1 t/cm 2 for few seconds under a hydraulic press. Next, 15 mg of Li6PS5Cl was placed onto the single side of Li3InCl6 pellet and cold pressed together.

Cathode composite (either Li3InCl6:VGCF in 95:5 wt.% or NMC622(coated)/Li3InCl6/VGCF in 70:30:5 wt.%) was then spread onto the Li3InCl6 separator and next, a mixture of Li0.5In and Li6PS5Cl (in a 60:40 wt.%) was added onto Li6PS5Cl pellet as counter electrode. Finally, the whole stack was further densified at 4 t/cm 2 for 15 minutes. All assembling procedures were carried out under argon atmosphere in a glove box ([O2] < 1 ppm, [H2O] < 1 ppm).

Galvanostatic cycling studies were carried out in the voltage range of 2.1 -3.6/3.7/3.8/3.9 V vs. LiIn/In at room temperature at defined C-rate (C correspond to 1 mole of Li per mole of active material in 1 h).